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Abstract

Plumbagin, a naphthoquinone mainly extracted from Plumbaginaceae plants, has been
shown to have promising aftancer properties. However, its therapeutic potential is
hampered by its failure to specifically reach tumours at a therapeutic concentraion aft
intravenous administration, without secondary effects on normal tissues. Its use is further
limited by its poor aqueous solubility and its rapid eliminatiowivo. To overcome this
limitation, we hypothesed 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 administraéiod a
subsequently enhanced theeatic efficacy. The aim of this study was to prepare and
characterisé¢ransferrintargeted delivery systems entrapping plumbagin.

In this work, we demonstrated that plumbagin could be formulated in trandfearmg
liposomes, PLGAPEG nanoparticles antipid-polymer hybrid nanoparticlesThe
entrapment of plumbagin ithese tumoutargeted nanomedicines led to an increase in
plumbagin uptake by cancer cellBnd improved its anti-proliferative and apoptosis
activity in B1L6F10, A431 and T98G cell line®mpared to that observed with the drug
solution. The intravenous injection oftransferrinbearing lipidpolymer hybrid
nanoparticleentrapping plumbagin led to the complaienoursuppressiofior 40% of
B16-F10 tumours. In addition, the intravenous tmeatt of B16F10 tumours with
transferrinbearing liposomes and polymeric nanoparticles led to 10% tumour
suppressiorBy contrast, all the tumours treated with plumbagin solution or left untreated
were progressive. The animals did not show\asiple signs of toxicity.

In conclusion, plumbagin entrapped in these transtéesring nanomedicines are
therefore highly promising therapeutic systems that should be furihteénisedas

therapeutic toafor 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 invalerounding tissues arather organs
andcan be lifethreatening Senapatet al, 2018).Thedevelopment of cancer is a mullti

step process, involving the accumulation and acquisition of oncogenic signals through
genetic and epigenetic mutations that émaiormal cells to become tumorigenic and
ultimately malignantMost cancers acquire six essential functional capabilities during
their developmentc al | ed Ot he h al {sufiisiendéysn gowth sg@als,c e r 6 :
insensitivity to antgrowth signals,evasion of programmed cell death, limitless
replicative potential, sustained angiogenesis, and tissue invasion and metastasis
(Hanahan and Weinberg, 2000yvo emerging hallmarks of canaggeprogranmationof

energy metabolism and esran ofimmune destructionand two enabling characteristics
(genomic instability and mutation, and tumgur o mot i ng i npammati on)

to this list (Hanahan and Weinberg, 20{Rigure 1-1).
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Figure 1-1: Schematic representation of the hallmarks &mg features of cancer

(adapted fronHanahan and Weinberg, 2011

Recently, it has been reported that canse¢he second leading cause of death in the
world, following heart disease (Bragt 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 clas®perationfrom a team of expert&.g.
oncologist, pathologist and radiologiand usually involves various types of treatments.
Although local therapies (e.g. surgery and radiotherapy) can be efficacious against
localisedcancers, chemotherapy remains the most common methdde&ment of
metastatic and bloochnces. It may also be used alone or in combination wilhgery

and/or radiotherapy, depending upon the specific tumour sit&@adambcet al, 2013).



Natural derived compounds have gained a considerable interest among cancer researchers
for the potential taffect multiple cancer hallmarké recent survey by Newman and
colleagueg2016)indicated that approximately 55% of the approaati-cancerdrugs

(from the late 1930s to 2014) were derived from natural sources. For example, paclitaxel
(from the Pacificyew tree), doxorubicin (fronStreptomyces peucetiusacterium),
vincristine (from the peri wi nkCamptghecant ) ,
acuminatg and etoposide (from the mayapple pl&adophyllum peltatuiare welt
established drugs comnoeglly available for cancer treatment (Newnsral, 2016). In
addition, several natwderived compounds, such as isoflavones (from soy bean),
curcuminoids (from turmeric) and resveratrol (from grape seed), are currently being
investigated in clinical tals (Cragget 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 mainanti-cancercompounds that are derived from natural sources

Compound Natural Common Oncology indication
source name
Doxorubicin Streptomyces - Breast, lung, gastric and ovarig
peucetius cancer,noHodgki nos
Hodgkinds | ymp
myeloma, sarcoma (Thoet al.,
2011)
Cytarabine Cryptotheca | Caribbean | Leukaemia and lymphoma
crypta sponge | (Schwartsmanet al, 2001)
Gemcitabine Cryptotheca | Caribbean | Pancreatic, breast, bladder anc
crypta sponge | nonsmalkcell lung cancer
(Schwartsmanet al, 2001)
Irinotecan Camptotheca| f Ha p p Colorectal cancer (Igbai al,
acuminate t reel|2017)
Topotecan Camptotheca| @ Ha p p Ovarian and lung cancer (Igbal
acuminate t r eeletal, 2017)
Docetaxel Taxus Pacific yew | Breast, ovarian, prostate and
brevifolia norntsmalkcell lung cancer (Sec
and Pinto, 2018)
Paclitaxel Taxus Pacific yew | Breast, ovarian and lung cance
brevifolia (Seca and Pinto,0A8)




Table 1-1: List of the mainanti-cancercompounds that are derived from natural sources

(Continued)
Compounds Natural Common | Oncology indication
source name
Vinblastine Catharanthus | Madagascal Breast cancer, testicular cance
roseus periwinkle | and norHodgkin lymphoma
(Hait et al, 2015)
Vincristine Catharanthus | Madagascal Acute lymphoblastic leukaemia
roseus periwinkle | Ho d g k i n 6-Blodgkim d
lymphoma and
rhabdomyosarcoma (Hadt al.,
2015)
Etoposide Podophyllum | Mayapple | Small cell lung cancer and
peltatum testicular cancer (Kwokt al,
2017)
Combretastatin A4 | Combretum | Bushwillow | Ovarian cancer (Grishast al,
caffrum tree 2018)
Flavopiridol Dysoxylum | White cedar| Leukaemia, lymphoma, multiple¢
binectariferum myeloma, breast, oesophageal
pancreatic, prostate and liver
cancer (Peyressatet al, 2015)
Ingenol mebutate Euphorbia | Petty spurgg Melanoma (Seca and Pinto,
peplus 2018)
Homoharringtoning Cephalotaxus| Plum yew | Chronic myeloid leukaemia
harringtonii (Seca and Pinto, 2018)




1.2Plumbagin

Plumbagin (5hydroxy-2-methytl,4-naphthoquinone) is a natural naphthoquinone
mainly found in three families of plant8Jumbaginaceae, Droseraceae, and Ebenaceae
(Panichayupakaranant and Ahmad, 2016). It has a wide spectrum of pharmacological
propertiesfor example antinflammatory, antibacterial and antifungal activities (Padhye

et al, 2012). Moreover, plumbagin has recently gained considerable attention for its
chemopreventive and therapeutic efficaciesvitro against many types of cancer,
including breast (Yaret al, 2013), lung (Liet al, 2014), prostate (Zhoet al, 2015),
ovarian (Sinheet al, 2013) cervical (Srinivast al, 2004b), liver (Weiet al, 2017),
pancreatic (Wangt al, 2015), brain (Niwet al, 2015), colon (Eldhoset al, 2014),
oesophageal (Caat al, 2018) and melanoma (Waggal., 2008).

The history othe medical use gflumbagin stretches back for several hundred yweitins

the oldest reference to a Pl unmiciengraianp| ant
Ayurvedic texts of Charaka (second century B.The medical usage of tidumbago

root has been recogeid as a treatment of dyspepsia, piles, diarrhoea andliskiases
(Checkeret al, 2018) The plant extract was also used to treat tuberculosis and leprosy
(Padhyeet al, 2012) In Thai traditional medicine, the root Bfumbago indicagknown

as Chettamurphloengdaeng(Thailand) or officinal leadwor{English) (Figure 1-2)

can be used as carminative drug, appetite stimulant atitetoeatment of Bemorrhoids.
However, this plant must be used cautiously in pregnant woamplumbagin can

stimulateuterus contraction, leading to abortion (Saralated., 1996).



AL \“u\f\\\{ \ \\\\\\\\\\\‘\\\\\\\\\\\\\\\V
10 11 12 13 14 15 16 & }:‘

Figure 1-2: Plumbago indicgPlumbaginaceae): (A) Stem, (B) Flower, (C) Driedt

1.2.1 Physicochemical properties of plumbagin

Chemically, plumbagin is one of tremplest hydroxynaphthoquinones isolated from
the root of Plumbago species where its name derived ftarsually appears as yellew
orange, needishaped crystalline powder with molecular formula of GHsO3 and a
molecular weight of 188.18 g/malt is a lipophilic compound (lod® 3.04) with poor
solubility in water (79g/mL), but good solubility in organic solvents such as alcohols,
acetone, chloroform, dimethyl sulfoxidegnichayupakaranant and Ahmad, 2®&w~ar

et al, 2016). The chemical structuof plumbagin and its physiathemical properties

are shown imable 1-2.



Table 1-2: Physicachemical properties of plumbagin

Chemical structure

0]

CHs

OH o
plumbagin

Chemical name

5-hydroxy-2-methyt1,4-naphthoquinone

Chemical class

1,4-naphthoquinone

Molecular formula

C11HgO3

Molecular weight

188.18 g/mol

Appearance yellow-orange, needishaped crystalline powder wi
irritating odour

Purity > 95%

Melting point 7879 C

log P 3.04

pKa 9.48

Solubility Poorly soluble in water (78g/mL)

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

chloroform, DMSO, pyridine and acetic acid

(adapted from Rajalakshrat al,, 2019



1.2.2 Pharmacology of plumbagin

1.2.2.1Pharmacokinetic andpharmacodynamic properties

Due to the promising pharmacological activities of plumbagin, especialintitsancer
property, its pharmacokinetic and pharmacodynamic properties have been extensively
investigate in different models. Sumsakul and-Bangchang (2016) have demonstrated
that plumbagin has a moderate permeability ac@zs32 human epithelial colorectal
adenocarcinomecell monolayer via a passive transport mechanism. In addition,
plumbagin did not interfere with the function of theylgcoprotein drug transporter and
the expression of multidrug resistance protein 1 (MDRyjene (Sumsakul and Na
Bangchang, 2016). A studpy Hsieh and colleagues (2006) reported that the
bioavailability of plumbagin aftema single oral dose (100 mg/kg body weight) i
SpraguéDawley rat was 3& 5%, with 49 % of drug excreted through feces. Plumbagin
reached a maximum serum concentratiGpa) of 0.35 = 0.10 mg/mL at the time to
maximum concentratiofTmax) of 150 + 46 min (2.5 0.8 h) then its serum concentration
declined rapidly wittan elimination haHife (t12) of 1028 + 323nin (17.1+ 5.4 h). The
authors also suggested thplumbagin is metabaed through phase | aliphatic
hydroxylation and phase Il glucuronidation pathways, as the metabolites of plumbagin
were also detected in rat urine. Howekiferent pharmacokinetics of plumbagin given
by oral administration were alsibserved whemsing other rat specieé single oral
administration of plumbagin (100 mg/kg body weighthiwWistar rat model found that
the drugabsorption was delayedax 0f 5 h), and the elimination halife (t12> of 9.63

h) was relatively shotompared with that previously reported in Spréaddawley ras
(Sumsakulet al, 2016).In addition Kumar and colleagse(2011) reported that the
plasma levels of plumbagin decreased rapidly after itttiavenousinjection of

plumbagin at the dose of 6 mg/kg body weight (solsdxliin PBS containing 25% PEG
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200 at a final concentration of 1.2 mg/mL) in C57BL/6J mice bearing Birf&fdnoma

with the elimination hakHlife of 35.89 + 7.95 min and a plasma clearaot6.03 + 0.01
L/min. The ability of plumbagin to modulate the activities of human and rat hepatic
metabolsing cytochrome P450 (CYP) enzyme was also investigated. Plumbagin was
found to be an inhibitor of humamepatic microsomal enzym&sYP2B6, CYP2C9,
CYP2D6, CYP2E1l and CYP3A4, with the inhibitor constant (Ki) valfdse
concentration required to produce fh@aximum inhibition; a small Ki means that the
inhibitor is more potentabout 2.16vM. Plumbagin waslsofound to be an inhibitor of

rat hepatic microsomal enzymeSYP1A2 and CYP2D1, CYP2B1, CYP2C11 and
CYP2Elenzymeswith Kivalues lessthan9.98M.Bas ed on t thesastieorsy ndi n ¢
concluded that plumbagin would be highly likely to cause toxicity and drug interactions

due to its impact on these cytochrome P450 enzyf@iesnet al, 2016).

1.2.2.2Plumbagin toxicity

The toxicity of plumbagin has been studied by several research groups. Sumsakul and
colleagueg2014)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 wegtutor

and subacute toxicity testing in mice. The same research group also studied the toxicity
of plumbagin in Wistar rats and found that the maximum tolerated dosesta and
subacute toxicity studiesvere 150 (single oral dose) and 25 (daily ddee<8 days)
mg/kg body weightThe 50 % lethal dose (lsg) of plumbagin was 250 mg/kg body
weight for acute toxicity and 5Q00 mg/kg body weight for suhcute toxicity. In
addition, a daily oral administration of plumbagin (25 mg/kg body weight) fora¥8 d

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

11



reported to cause diarrhoea, skin rashes, drowsiness, lethargy, increasetbathitelb

and neutrophil counts (Singtt al, 1997), cardiotoxicity (Shimadet al, 2012) and
hepatotoxicity (Sukkasemt al, 2016). The increased systemic toxicity was further
evidencedn an intravenous administration of plumbagin. Pawar and colle4g0#&6)
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 plumbadirch has been reported to
closely resemble the vitamin K3 (menadione omehytl,4-naphthoquinone)

(Vijayakumaret al.,, 2006).

1.2.2.3Anti -inflammatory activity

Inflammation is the response of cellular and humoral defence mechanisms to injury or
infection. The symptom of acute inflanation ischaracterisedby five symptoms: pain,
swelling, redness, heat and tissue injury (Ricciattid FitzGerald, 2011). These
symptoms occurred from the interaction between granulocytes, macrophages,
lymphocytes as well as celindtissuederived mediatorée.g. histamine, prostaglandins

and leukotrienes)An increase in temperature is caused by cytokines derived from
leukocytes, while pain indicates an inflammation of injured tissues (6&009). If

acute inflammation cannot i@se, it may lead to chronic inflammation whiishnvolved

in almost all chronic diseases such as cancer, cardiovascular diseases and autoimmune

diseases (RicciotandFitzGerald, 2011).
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A study by Checker and colleagu€2009)revealedhatplumbagin inhibited mitogen
induced TFcell activation and proliferation, and secretion of qmfammatory
cytokines such as interleukins (H2) IL-4, IL-6 and interferon (IFND . Il n addi ti
it also prevented translocation Biuclear factotkappa B(NF-a B by inhibiting the
degradation of an inhibitor of NB B t r ans cr (i Ipa)hh gitno. Theaaott o r
inflammatory activity of plumbagirwas further confirmed byuo andcolleagues
(2010) In their study, theral dosing of plumbagin (10 to 20 mg/kg body weigatjuced

the rat paw oedema causbkyl carrageenan and various prndlammatory cytokines
including hstamine, serotonin, bradykiniand prostaglandin £ It also reduced the
number of writhing episodesduced by the intraperitoneal injection of acetic acid in
animals Further examination demonstrated tpatmbagin significantlydecreased the
production of Il-1 b , -6 dndTumour necrosis factor alplf@NF-a), andinhibited the

expression oinducible nitric oxide synthagéNOS) andcyclooxygenas® (COX-2).

1.2.2.4Antimicrobial activity

Numerous studies have found that plumbagin exhibited antimicrobial activities against
many types of human pathogenic microorganisms, inclu@iragmpositive andGram
negative bacteria, antibiotresistant bacteria, fungi and yea&t.study by Paiva and
cdleagues (2003) revealed that plumbagin showed antimicrobial activity against
Staphylococcus aurewsith a minimum inhibitory concentration (MIC) of 1.56 pug/mL
and minimum bacteridal concentration (MBC) of 2ag/mL, as well asmgainsiCandida
albicanswith a MIC of 0.78 pg/mL and a minimum fungicidal concentration (MFC) of
1.56 pg/mL.In another studyplumbagin exerted an inhibitory effect against nine strains
of S. aureusjncluding methicillin and multidrugresistant strains with MICs ranging

from 4 to 10.67ug/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 &. aureusEMRSA15 and MRSA1, resulting in a reduction of oxacillin

MICs by 32fold and 42fold respectively (Rondevaldowet al, 2015).Dzoyem and
colleague$2007)evaluated the antifungal activity of plumbagin against 5 strains of yeast
pathogens@andidaalbicans Candida glabrataCandida kruseiCandida tropicalisand
Cryptococcusneoformans and 7 strains APosfpeylga e mtso upse
Aspergillusniger, Alternaria sp., Cladosporiumsp., Geotrichum candidupFusarium

sp., andPenicilliumsp.). They found that plumbagin inhibited the growth of these fungi

with MICsranging from 0.78 to 6.2%g/mL, which are close to the MICs of ketoconazole

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

1.2.2.5Anti -canceractivity

Plumbagin has demonstratedatgi-cancerpotentialagainst many types of cancer both

in vitro andin vivo. Several studies suggested that plumbagearted its chemopreventive
and anticancerproperties by alteration of various signalling pathwaygsch play a
crucial role incancer cell proliferation, survival, invasion, metastasis and angiogenesis.
It is well establishedhat these underlying activities of plumbagin are mainly due to the
ability to modulate cellular redogycle, resulting inthe generation of reactive oxygen
speciefROS)(Liu et al, 2017;Checkeret al, 2018 Jaiswalet al, 2018. The potential

of plumbagin as therapeutic agent for cancer treatment will be furthestudiedin this

thesis

1.2.2.60ther pharmacological activity of plumbagin
Other pharmacological activities of plumbagin have been investigated by several research

groups asummarisedn Table 1-3.
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Table 1-3: Other pharmacological activities of plumbagin

Pharmacological| Assay method Result
activity
Antioxidant Comet assay Plumbagin (at noiDNA damaging
concentrations of
reduced the catechalduced oxidative
DNA damage in mouse lympha
L5178Y cells (Demmat al, 2009)
In vitro assay in the| Plumbagin exhibited a protective effect il
nucleus pulposus | NP cells by decreasing the generation of
(NP) cells ROS and lipid peroxidation induced by
hydrogen peroxide (Chet al., 2016)
In vivoassay in ROS and lipid peroxide levels were foun
C57BL6/J mice to be decreased in mice treated with
with myocardial plumbagin (5 mg/kg, i.p.) (Wanret al,
injury 2016)
Antimalarial In vitro assay using| Plumbagin inhibited 3D7 chloroquine

SYBR Green |

assay

sensitive and K1 chloroquiresistant
Plasmodium falciparunwith 1Cso of 580
and370 nM, respectively (Sumsaket al,

2014)
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Table 1-3: Other pharmacological activities of plumbag@@ontinued)

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

Swiss albino mice
infected with
Plasmodium

berghei

days) significant reduced parasitaemia a
increased in mean survival time comparé

with untreated group (Guptt al, 2018)

Hepatoprotection

In vivoassay in
carbon
tetrachloride
induced

liver fibrosis in
Sprague Dawley

rats

Oral dosing of plumbagin (4 and 8 mg/kg
threetimes a week for 8 weeks)
significantly decreased liver functional
enzymes (ALT, AST, AP, TBIL) and
inflammaory cytokines (I-:6, TNFa),
andimproved hepatocellular impairments

(Weiet al, 2015)

Hepatoprotection

In vivoassay in
Wistar rats induced
with obesity and
nonalcoholic fatty
liver disease
(NAFLD) by
chronic
consumption of

fructose

Oraladministration of plumbagin (1 mg/k
from Weeks 9 to 16) exhibited adfibrotic
effects, reduced the hepatic lipids and th
hypertrophy of adipocyte$&iet al,

2019)
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Table 1-3: Other pharmacological activity of plumbadi@ontinued)

Pharmacological Assay method Result
activity
Antidepressant | In vivoassay in Mice treated with high dose of plumbag

depressiotike
behaviour induced
Swiss albino mice,
by using tail
suspension and
sucrose preference

tests

(16 mg/ kg, p.o.) ¢
the immobility of stressed mice and
restored their normaucrose preference
Plumbagin was found to inhibit brain
MAO-A activity, decreased plasma
nitrite, brain malondialdehyde and
catalase levels while increasing reduce
glutathione levels in stressed mice. It a
reversed stresaduced increase in
plasma cdicosterone levels. These
results were comparable with imipramif
used as standard treatment in this stud

(Dhingra and Bansal, 2015)
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1.2.3Plumbagin and cancer

The first evidence for thanticancereffect of plumbagin was reported by Melo and
colleagueq1974), when it was used to treat patients with skin cancer. However, the
authors found that plumbagin also caused blghirritation. In 1980 Santhakumari and
colleagueg1980)have demonstratdtiat plumbagin at lower concentrations slowed the
growth of chick embryo ybrobl as,twkilethey i nhi
compoundat high concentratioexhibited cytotoxic effecs to the cells Furthermore,
Krishnaswamy an&urushothaman have shown that plumbagin could inhibit chemically

i nduced ybrosarcoma in rats as well as P,
Purushothaman, 1980). Since then, plumbagin has gained much attentionaftr its
cancermroperties Numerous tudies haveshown thatplumbaginexhibitedin vitro anti

proliferative effec$ on several types of cancer cell linas summarised ihable 1-4.

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

of cancer

Types of cancer

Cell lines

References

Brain cancer

Al72, KNS60, U25IMG,

U251 and ONS76

Khawet al, 2015

Breast cancer

MCF-7, MDA-MB-231 and

MDA-MB-436

Ahmadet al., 2008;
Leeet al, 2012;
Yanet al, 2013;

Somasundararmat al, 2016

Cervical cancer

ME-180, SiHa and HelLa

Srinivaset al, 2004b:;

Jaiswalet al, 2018
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Table 1-4: Overview ofin vitro anti-proliferative effects of plumbagin in various types

of cancer{Continued)

Colorectal cancer | HT29, HCT15, HCT116, Subramaniyat al,, 2011
SW480 and SW620 Eldhoseet al., 2014

Raghuet al, 2014

Liver cancer HepG2, SMMC7721 and Shihet al, 2009
Hep3B Wei et al, 2017
Lung cancer A549, H460, H23, L9981 and| Gomathinayagaret al, 2008;
NL9980 Li et al, 2014
Yu et al, 2018
Melanoma A431, A375.S2 and Wanget al.,, 2008
SK-MEL 28 Duraipandyet al., 2014
Oesophageaancer | ESCC, KYSE150 and Caoet al, 2018
KYSE-450

Ovarian cancer BG-1, OVCAR3, OVCAR5 Srinivaset al, 2004a;

and SKOWZ3 Kapuret al, 2018
Pancreatic cancer | PANC-1 and BxPG3 Wanget al, 2015
Prostatecancer PG3, LNCaP, C4 and Powolnyet al, 2008

DU145 Zhouet al, 2015

In vivo, intravenous administration of plumbadi?-6 mg kg of body weight, dissolved

in alcohol then in buffer salif@vas found to delathe growth ofEhrlich ascitesumours

and increasthelifespan of BALB/c mice by 10.0 to 47.8%. However, a progressive loss
of body weight was observedtimeanimals treated with dose oplumbagin higher than

3 mg/kg of body weight, which & signof severe toxicitfNareshet al, 1999 A study
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by Sindh and colleaguefl996)showed thatheintratumoralinjection of plumbagin (6
mg/kg of body weightday for 14 daysto BALB/c mice showed limited efficacyn
slowing downthe growthof sarcomal80 tumours compared tihe untreated group
(volumedoubling times (VDT) of 7.2 + 0.9 days for plumbagin and 3.5 + 0.5 days for
the untreated group).ai and colleaguef2012)investigated thenti-tumour effect of
plumbaginon human colon carcinoma (HCT116) and prostate cancei3jP@&nograft
mouse models. They found that, followimgratumoral injectiorof plumbagin (dissolved

in DMSO) at the dose of 6 mg/kg (for HCT116 group) and 10 mg/kg (feB B@up)to
mice for 20 day, thet umour v ol ume s i o bdthytreated grdugm decr e
comparison with the control groupn another studyHsu and colleague$2006)
demonstrated thalumbagin 2 mgkg of body weightday for 60 days prepared in 25%
polyethylene glycol, intraperitoneal injectiomhibitedtumaour growth and inducethe
apoptosis of A549mouse xenograft modetompared withthe control group.The
intraperitonealdministration of plumbagin (1 mg/kaf body weightday for 26 days,
dissolved in DMSO then in polyethylene glycol 30% wi/v to reach a final DMSO
concentration of 0.05% v/\has been reported to slow down the groatiPTEN-P2
mouse prostate tumours comparedh®untreated grougyut did not cause regression
(Abedinpouret al, 2013).In addition,intraperitoneal injection gflumbagin(2 mg kg

of body weight5 times a week for 24 day&) mice bearing subcutaneous U87 glioma
tumours, wagound to inhibitthegrowthof glioma by 54.5%¢ompared witlthecontrol
group (iu et al, 2015.

Although some studies have demonstrated the promisingcamter properties of
plumbaginin vitro, its therapeutic potentiah vivo has been limited so faeven after
intratumoral administratianThis is because plumbagin has a shait-life with rapid

elimination, resultingn a decreased plasnw@ncentratiorand a shorteneduration of
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action. Another obstacle to the widespread development of plumbagin lgits
lipophilicity. Poor water solubility of plumbagin is a major problem encountered with the
design of formulation, whictoften 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 hepatotoxicityln this context, the introduction of
nanotetinology could provide a novel approach to overcome the crucial hurdle of

plumbagin's limitations to enhance its therapeutic efficacy.

1.2.4Mechanisms of action

Severalin vitro andin vivo experimentdave supported the hypothesis that plumbagin
could be a promising chemotherapeutic agent for cancer treaviagioius mechanisms
and cell signalling pathways have been proposed foratiiecancer properties of
plumbagin, such ageneration ofeactive aygen speciesR0OS), induction ofcell cycle
arrest, apoptosis and autophagy, and inbibitof cell invasion, metastasis and
angiogenesisHigure 1-3) (Lai et al, 2012; Sinhaet al, 2013;Checkeret al, 2018

Jaiswalet al,, 2018; Liuet al, 2017; Zhowet al, 2015).
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Figure 1-3: A summary of mechanisms andll signalling pathways associated with the

anticanceractivities of plumbagirfadapted fronkiu et al, 2017

1.2.4.1 Generation of reactive oxygen species

Plumbagin has been reported to exertamsi-cancereffects primarily by promoting
generation of ROSsuch as hydroxyl radi cafl)and HOA) ,
hydrogen peroxide (¥#D.), as well as causinglkylation reactions thatlisrupt the
structure and/athefunction of lipids, proteins and DNfPowolnyet al, 2008 Seshadri
et al, 2011; Klotz et al., 2034aiswalet al, 2018).

In mammalian cellsoneelectron reductionngediated byNADPH-cytochrome P450
reductase) and twelectron reluction (mediated byNAD(P)H: quinone oxidoreductase
1 (NQO1 or DT-diaphorase)) convert plumbagin to a seminoneradical or quinol
(also knownas hydroquinone), respectively. These reactions lead to thexdadion

of thesemiquinoneradical and quinol bynolecular oxygen (&) to generate superoxide
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anion (OzA) which subsequentlyundergo disproportionatioto oxygen (Q) and

hydrogen peroxide (#D>), causing oxidation of lipids, proteins and DNA. Alternatively,
quinonegnay cause thalkylation @lso termedrylation) of reduced glutathione (GSH)

as well ascysteine residu@f proteins, resulting ithe depletion of GSH levels and

modi ycation of pr ot Eigum 1-4 (Inbarag andiChignela 2004; f un c t

Klotz et al., 2014Widhalm and Rhodes, 201L6

OH
H H O 20, l- H H O
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OHO g

= . (o]
SO 207 Alkylation
e.g. oxidation of ROS . O‘ - of GSH, —» O‘
active site cysteine 0;’ R
(o] (o]

proteins, DNA

. l Quinone +
| Oxu!a?lon fe e.g. alkylation of acive
of lipids, site cysteine by

proteins, DNA juglone (R = H) or
o o plumbagin (R = CH,)
’
o
Semiquinone
radical

Figure 1-4: Potential mechanisms of plumbagin and other quinonemdnjulation of
cellular redox,generation ofreactive oxygen specieand alkylation reaction with

cysteinerich proteins and DNAadapted 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 asa\Badenosine monophosphate
activated protein kinag@dMPK), phosphatidylinositeB-kinase(P13K)/protein kinase B
(Akt)/mechanistic target of rapamyciimTOR), Mitogenactivated protein kinase
(MAPK)/ Extracellular signategulated kinaseqERK), Wrcatenib including

caspase, -8 and-9 (Liu et al, 2017).
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A study by Li and colleague$2012a)revealedthatplumbagin can inhibit cell growth
and induce apoptosis through downregulatdthe nuclear factekappa B(NF-aB)
regulated geneproducts expression The role of NFaB, a family of cellular
transcription factors, is involved in inflammatory responses @gulation of anti
apoptotic genes expression in various types of candaezeet al, 2007 . Generally,
translocation of NFeB to the nucleus occurs due to its sequestration in cell
cytoplasm mediated by inhibitory kappa BRI proteinsthat are phosphorylated by
IaB kinase compleX IKK; consisting of two highly homologous catalytic subunits,
IKK Uand IKKb) and then degraded by the 26S proteosdmeancer, the activation
of NF-aB activity leads to aberrant IKK activity andhorter haHlife of 1aB proteins
(Leeet al, 2007 . Plumbagininhibited NFaB activity was further supported by
Kawiak and Domachowska (2016)hich demonstrated thgilumbagin suppressed

| K K Hctivity in HER2overexpressing breast cancer ceflad i nhi bi t ed
phosphorylation and degradatidfafviak and Domachowsk&016).In addition, ann
vitro study byKhaw et al. (2015)showed that plumbagiteninduce DNA damage and
apoptosis in human brain tumour cellg upregulation of phosphatase and tensin
homolog (PTEN) a tumour suppressor geres the activation oNF-a Bcansuppress
PTEN expressioand prevent apoptosis (Vasudearal,, 2004) theinhibition of NF

@ B act iupregulagtionaohRTEN geny plumbagin may improve apoptosis and
reduce tumorigenesi§igure 1-5).

In addition, the AMPKandmTORKinase signiding pathways which played critical roles
in controlling cell growth andoroliferation, regulating metabolismapoptosis and
autophagy are considered to be defective signalling pathways in cahwed, the
activation of AMPK leads to the mTOR suppresgiShawet al, 2009; Liet al,, 2019 .

An in vitro study in colorectal cancer cells showed that plumbagin can induce
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apoptosis through activation of AMRKvhich directly leads to phosphorylation of

Raptor protein, and then inhibition of mMTOR complex 1 (mTORC1) activation (Chen

et al, 2013). Plumbagin was alsootind to inhibit PI3K/Akt/mTOR signdling
pathways a key regulator of cell survival under stress condithich eventually
promoted apoptosis and autophagy in cancer cells (Li et al., 2014; Wang et al.,

Zhou et al., 2015(Figure 1-5).
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D' q M\ M- Toll-like receptor

RTKs = Receptor tyrosine kinases 3 J) JJ ﬁE

Plumbagin

NF KB

Plumbagin - ‘, .

,~ Cell proliferation

Activation of NF-kB regulates | »
* Anti-apoptotic genes \
* Pro-inflammatory genes ]

Figure 1-5: Effect of plumbaginon Ni® B ®#IBKIAkt/mTOR signalling pathways

2015;

Furthermore, it was reported that plumbagin can inhibit the activation of ERK pathway

(also known as the R&afFMEK-ERK pathway) (Laet al, 2012). This pathwaig one

of the MAPK pathways that control diverse cellular processes such as growth,

proliferation, differentiation, migration and apoptodhillon et al, 2007; Kohneet al,

2017, Dovizioet al, 2012 Particularly, upregulation of ERK pathway is associated with

mutationor overexpression of Ras and Raf proteass well asthe epidermal growth
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factor(EGPF), vascular endothelial growth factor (VEGE&hd their receptor@d.ai et al,
2012; Dinget al, 2016). Thisled to the stimulation of MEK and ERKresultingin
angiogenesis and cancer cells survii&bberts and Der, 2007 Lai and colleagues
(2012)havedemonstratethat plumbagin inhibited proliferation of human umbilical vein
endothelial cells (HUVEC) by blockin VEGFstimulated Ras activation and
phosphorylation of MEK, ERKIn addition anin vitro study byGomathinayaganet

al. (2008)showed that plumbagin downregulated the expression of EGFR iamaih
cell lung cancer (H460 cells). This reswts similar to that previously reported by
Hafeez and colleagu€2012) In their study, plumbagin was able to inhibit the growth
of pancreatic cancer cells bathvitro andin vivovia the suppression of EGHRigure

1-6).
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Figure 1-6: The ERK signalling pathway which is suppressed by plumbgayapted

from Roberts and Der, 2007
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T h e \Agateninsignalling pathwayhich normally plays a role in various stages of
cell division and growthis anothemberranfpathway established in some cancers such
as colonlung, breast, prostate cancerelanoma, gliobldaema andosteosarcomain
abnor mal stimulation of Wnt signall+4ng
cateninin cytoplasm It is thentranslocated into the nucleus aiedms a complex with
T-cell factor (TCF) lymphoid enhancing factofLEF), causing upregulation of some
proto-oncogene transcriptions such asMgc and cyclin D1and enhancing cell
proliferation (Lin et al, 2014).Plumbaginwas found todownregulate Wnb-catenin
signalling and decrease the expston of eMyc and cyclin D1in human colorectal
cancer cell§Subramaniyat al, 2011; RaghandKarunagaran, 2014; Yaat al, 2015.

In addition, anin vivo study by Niu and colleagug2015) have demonstrated that
plumbagin also inhibited the growth of gliomas via the suppression of forkhead box M1
(FOXM1) transcription factor and downstream its target genes includioin D1

(Figure 1-7).
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Figure 1-7: Effect of plumbagin on Wnii:catenin signalling pathway

Several studies have reported that plumbagin inhibited tumorigenesis by induction of
apoptosis via caspasetivation pathwaysi\n experiment byhenand colleague&009)
indicated that plumbagimigigers the mitochondrial apoptotic pathway by upregulation
of Bax preapoptotic proteinincreasing the release of cytochrome ¢ from mitochondria
to cytosol anatleavingprocaspas®. As a result, the release of cytochrooessociated
with caspas® and apoptotic protease activating factof(Apaf-1) can form the
apoptosome, leading to the activation of casf®adegure 1-8) This outcomeshows
similarities with astudy by Reshmat al. (2016)which demonstratedhat plumbagin
induced apoptosis through the activation of casfasmspas® and caspas8. In
addition, plumbagin has been demonstrated to downregulatapatiotic protein BeR
expression (Seshadet al, 2011)and toactivate apoptosis inducing factor (AlIF), a

caspasendependent apoptotic pathway (Srinivdsl, 2004b).
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1.3 Nanomedicinesin cancer therapy

The aim in cancer treatment is to completely remove the tufmmurthe body, while
maintainingagood quality of lifefor the patien{Brundage, 2013 In early state disease,
although almasall types of solid and locaksl tumours can be treated withrgpery

and or radiation, these treatments cannot cure cancer patients whodeavattlogial
cancerd leukaemia, lymphoma and multiple myelgmar metastaseéArruebo, et al,
2017). Systemic chemotherapyhen becomes a crucial therapeutic modaligs a
chemotherapeutic agent can reach all tumour sites through blood circulation system
(Bhosle and Hall, 2009; Fernando and Jones, RQiHortunately, the chemotherapeutic
agents alséack speeificity in their action areassociated with significant cytotoxicity to
normal cells, particularly among high growth rate cells such as bone marro{Ceddg
andJones, 201R This issue was also the case with plumbaagnt failed to specifically
reach tumours after intravenoadministration, thus resulting @ lack of efficacy on
tumours and secondary effects on healthy tissussn (rashes,cardiotoxicity,
hepatotoxicityjncreased risk of bleedingpinghet al, 1997; Vijayakumaet al,, 2006;
Shimadaet al, 2012; Sukkasenet al, 2016. Furthermore, as a result of its rapid
metabolism and elimination, plumbagin has a shortlifalof 35.89 + 7.95 mirn the
blood(Kumaret al, 2011), leading to plasma plumbagin concentrations much lower than
those necesary to exert effectivanticanceractivity (Sagnellaet al, 2014.

To overcome these drawbackise useof nanotechndogy along with tumour targeting
would be a promising strategyLammerset al., 2008; Bertranet al, 2014; Sagnellat

al., 2019 Nanamedicinesare mostly referred to structures with a sizgeaof 1000

nm (Hartmanet al, 2008; Alexiset al., 2010; Grobmyeet al, 2010; Egusquiaguirret

al., 2012 The size ofnanomedicines is an important parameter that drives several

biological phenomena with discrete @it size ranges, including circulation hdife,
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extravasation through leaky vasculature and macrophage uptake. It is suggested that
nanomedicines in the mge of 100200 nm havehe ability to effectively extravasate
throughtheleaky vasculaturef tumours, escap@cognition bynacrophage as well as
avoidingfiltration by liver and spleen. Nanomedicines wattiameter less than 5 nm are
rapidly clearedby renal clearance upon intravenous administratiohile particles
ranging from 50100 nm may accumulatein a nonspecific mannerin the liver
Moreover,nangarticles larger than 200 ninave been shown to accumulate¢he spleen

and are rapidly recogsed bymacrophage(Blancoet al, 2015)

Nanomedicinefave the ability to carry one or neodrugs and to release thenspécific
locations thus enhancing drug accumulatiarhey also improve the solubility of drugs,
reduce biodegradation, prolong blood circulation, enhance the bioavailability and reduce
toxicity (Peeret al, 2007; Bertranet al, 2014; Wickiet al., 2015 The characteristics

of an ideal tumoutargeted nanomedicine are showTable 1-5.

Table 1-5: Characteristics of an ideal tumetargeted nanomedicindeammerset al ,

2008

(1) Increase drug localisation in the tumour thraugh

(a) passive targeting

(b) active targeting
(2) Decrease drug localisation in sensitive or-temget 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 ellular 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 doxorubicinFigure 1-9) was the firstnanomedicine
approved by the FDA in 1995 for the treatment of Ali2fted Kaposi's sarcoma and
then for the treatment of recurrent ovarian cancer in {8@8elmo and Mitragotri,
2014 Thedevelopment of Doxflwasbased on various aspects of liposome technology
to overcome limitations of doxorubigisuch as increas# drug stability, prolongtion

of blood circulation time and controlled drug release, as well as targeted delivery of
doxorubicin to cancer cellsin viva Doxil® administration resulted in an increase of
circulation time as well aa decrease of murine macrophage uptakelinical trials,
Doxil® exhibited a longr half-life (2-3 day$ compared to free doxorubic{around 10
hour9, and 4 to 16fold increase of doxorubicin accumulationtumours(Wanget al,
2013; Anselmo and Mitragotri, 2014; Weissigal, 2014. Importantly,Doxil® also has

a better toxicity profile with reducedalopecia, nausea, vomiting, myelosuppression,
mucocutaneous toxicity, andore importantly decreasedardiotoxicity, compared to
that of doxorubicin solution (Cagelt al, 2017; Zhaoet al, 2018). The successful
translation from research tdinical use of DoxiP led to the rapid development of
traditionalanticancerdrugs into liposomasystemsSome of them are available in the
market such as Myoc&t (nonPEGylated liposomal doxorubic)p DaunoXomé
(liposomal daunorubici DepoCyP (liposomal cytarabineand AmBisom@ (liposomal

amphotericin B Slihgerlandet al, 2012;Weissiget al, 2019 .
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However, some problems still exiggarding theclinical translation ohanomedicines

For instance, two adverse reactions that were rarely found with doxorubicin solution were
observed in Doxfl. The first one is a grade 2 or 3 radiation dermatitis called palmar
plantar erythrodysesthesiar handfoot syndrome which corresponds taredness,
tenderness and peeling of the sRihis toxicity resulted from the accumulation of D&xil

in the skin due to its long circulation prope¢g§olomonandGabizon, 2008; Barenholz,
2012 The second one mninfusionrelated reactionsuch agpushing and shortness of
breath This acute hypersensitivity immune reactigncalled complement activatien
related pseudallergy, and results from the treatment with several cancer nanomedicines,
including Doxif*. However, this issue can be solved by reducing the infusion rate and by
premedication with antihistamines and corticoster(Bdsenholz, 2012; Doessegger and
Banholzer, 20%) .

To improve the performance while minmimg the side effects and distribution of
nanocarriers to healthy tissyeseveral strategies and advanced functionalities of
nanomedicine platform@.e. use oftargeted ligands antliggered release of the drug)

havebeen used to modify theghysicachemical properties afanomedicinesnd their
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interactions with the human bodyigure 1-10) Wicki et al., 2015 Some ofthese
nanonedicines have been commerciatissuch as lipidbased nanocarrieMargibd®

and Mepa®), polymerbased nanocarriersEligard® and Genexdl), proteiri drug
conjugateq Abraxané&, Kadcyl® Mylotarg® and OntaR) and inorganic nanoparticles
(NanoTherf) Weissiget al, 2014; Wickiet 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, 201 QFigure 1-11). So far, 2,723nanomedicine formulatiorare
currently registered for clinical trial®n ClinicalTrials.gov(search term®liposomey

anoparticlé dmicelled {ClinicalTrials.gov, 2019)
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1.3.2Biological barriers to nanomedicines

Nanomedicinesrave emerged a& promising strategy to overcome the limitatsoof
conventional chemotherapysuch as poorwater solubility, nonspecific tissue
distribution, systemic toxicity rapid clearancand low therapeutic indeXSunet al,

2014 However, the nanocarriers have to overcome numerous biological barriers before
they canspecifically reach tumour sites and achieve their therapeutic effébisse
complex obstacles include opsonisation and recognition by the mononuclear phagocyte
system (MPS), nonspecific distribution, Bemorheological limitationsintratumoral
pressure, cell membrane intersationendosomal escape and multiple drug resistance
via drug efflux pumpgFigure 1-12) Bafua and Mitragotri, 2014; Sriramahal, 2014;

Blancoet al, 2019 .

Mononuclear phagocyte system Nonspecific distribution Hemorheological limitations

(o) Drug-containing
nanoparticle

é:\é} Macrophage

Normoxic
cancer cell

Cell membrane internalization/

endosomal escaps Multidrug resistance

Intermediate
cancer cell

Hypoxic
cancer cell

W MDR pump

Figure 1-122 Framework of sequential biological barriers to maedicinebaseddrug

delivery (adapted fronBlancoet al, 2015

Generallynanomedicines for cancer treatment are administratedrayenous injection
(Sriramaret al, 2014; Suret al, 2019 Oncetheyhave reached the systemic circulation,

theyaresubjected to rapid sequestration by the MIPBe sequestration process begins

36



with opsonisation ohanocarrierdy adsorption of plasma proteifispsonirs), such as
albumin fibrinogen, apolipoproteinsjmmunoglobuling as well as complement
components, onto their surface to form the protein cowiter opsonisationthe protein
corona may trigger recognition of nanomedicines by the MPS, and readily undergo
phagocytosis by phagocytic cells as well as predominantlgeismacrophages in the
spleen, lymph nodes and liy@riramaret al, 2014; Blancet al, 2015 Several studies
have demonstrated thtte formation ofnanocarrierprotein corona complex depended
on the size, shape, charge and surface propertiggmradcarriers, and the MPS is
responsible for the clearance of most nanopatrticles larger than (®umet al, 2014 .
Another significant barrier is the vascular endatidhyer, along with the glycocalyx
coat, which represents a sepgrmeable layer to control solutes and macromolecules
across the blood vesselsenerally, particletargerthan 5 nm cannot cross tight inter
endothelial junctions of the normal vasculatuMMoreover, the negative charge of
glycocalyx coat layer can interact with cationic particles, resulting in preventing them
from extravasation into tissuéSriramaret al, 20149 .

Following extravasation, the nanoparticles have to navigate throughutheutt
microenvironmen{TME) to reach cancer cell$he main characteristics of TMEuch

as abnormal tumour vasculature, abnormal extracellular m@aGM) and high
interstitial fluid pressurdglFP), have been recogmd as the key features for cancer
progression, invasion, metastasis and drug resis{dseget al, 2014; Khawaet al,
2015 Although theenhanced permeability and retenti&@iPR effect is associated with
leaky vasculature and leads to accumulation of meetlicinesit can be negated by the
irregularity of tumour vessekSriramanet al, 20149 The diameter, length, shape and
networks of timour vessels are highheterogeneous, which resiit turbulence flow,

decreaseéblood flow, and subsequently hypoxia and acph(~6.8) in tumous (Tozer
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et al, 2005; Blanceet al, 2015; Klemm and Joyce, 2018 has been demonstrated that
hypoxia contributed tochemoresistande anticancer drugsuch as etoposide, cisplatin,
anthracyclines, paclitaxel, mitoxantrone and topot¢&umannoret al, 2005; Sriraman
et al, 2019 In addition, nanmedicinesare able to cross the ECMhich is composed
of a crosdinked network of collagen, fibronectin, elastin fibres and proteoglydans
highly developed ECM may result in high tumour rigidity and high (Eframanet al,
2014 .These characteristics counteratte transportation of namoedicines and
substantially decrease the delivery of chemotherapeutic drugs to target (@jaonmto
etal, 2019 .

For tumour target cells, nanocarriers are expected to deliver dnpgs cellular
internalsation (Sriramanet al, 2014 Normally, small or hydrophobic drugs can enter
the cells by simple diffusiofiBlancoet al, 2015) while nanonedicinesrequire active
transport via endocytosighich is classified into two major pathwayhagocytosis and
pinocytosigFigure 1-13) (Kou et al, 2013. However theendocytosis of namoedicines
may result in trafficking to a netarget organelle For example, the nanmedicines
entrapped in intracellular vesicléphagosomes, macropinosomes and endosouas
fuse with lysosomes that can degratiheir payloads due to their highly acidic

environment and lysosomal enzyng{8siramaret al, 2014; Blancet al, 2019 .
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Although nanocarriers can enteetumour cells and releasieechemotherapeutic agents

they carry they may be eliminated from the cells by the efflux action of A&Pendent

transporterssuch as Rylycoprotein(P-gp) andmultidrug resistancassociated protein 1

(MRPJ). These transporters are members of the superfamily of Biméing cassette

transporters that are overexpressedcancer cells and are involvedMDR. One key

consequencom MDR is thefailure of treatment as well dsetoxicity to healthy cells

(Blancoet al, 2019 .
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1.3.3Types of nanocarriers

1.3.3.1Liposomes (Lipid-based vesicles)

Liposomes arédipid bilayerbasedhanovesicles formed by selssembly of amphiphilic
lipids (such as phospholipifiby continuous parallel packing of hydrophobic tails, with
hydrophilic head groups poing towards the aqueoyshasgFigure 1-14). Thisbilayer
structure allowed hydrophilic solutes to be encapsulated in the inner cavity while
hydrophobic solutes can be incorporated into the hydrophobic(laleetis et al, 2010;

Kalra and Bally, 2018 Liposomes can rangeom 50 nm to larger than 1 yrdepending

on thetypes of vesiclesmultilamellar vesicle§MLVs, ranging from 500 to 5 000 nNm

large unilamellar vesicled.UVs, ranging from 200 to 800 nnand small unilamellar
vesicles(SUVs, around 100 nm or smalleln addition, the encapsulatienf y cacy and
release of drugom vesicles rely on lipid composition, preparation methods and size
and surface charge characteristi€srchilin, 2010 Liposomes have become important
delivery systems in drug development sitloeir discoveryby Alec Bandpam in 1965
(Banghamet al, 1964; Banghanet al, 1965;Barenholz and Peer, 2012ZThey are
biocompatible, biodegradable, cause no or very little allergic and toxic reactions, while
protecting encapsulated drugs from physiological environm€hoschilin, 2010 .
Liposomes have already been studied for the entrapment of plumbagin. Fplexa
Tiwari and ceworkers (2002) prepaed temperatursensitive liposomesoaded with
plumbaginfor the treatmentof melanomaTheseliposomes encapsulated about 19% of
plumbagin with particle size ranginffom 62 nm to 192 niin vitro, 51% of plumbagin

was released from tke liposomes at 4Z, while only 9% was released at 87
Moreover,the intravenousadministration ofthese liposomesombined withlocalised
hyperthermia(43 C for 30 min or 1 h)has been shown to slow down the growth of

subcutaneouB16F1 tumours in mice, compared to that observeshimals treated with

40



free plumbagirsolution (with or without hyperthermia). In another study, Kumar and
colleagues(2011) have preparedPEGylated ibosomesentrapping plumbaginwhich
showed sustained release of the dmigh(a cumulative drug release of 58.27 + 3.42 %
in 24 h).Following intravenous administratiomhese liposomes significanty delayed
tumour growth of B16F1 melanoma without any sign of tissue toxicity, unlike free
plumbagin.

Although liposomes have many advantages, some problems stilFexisixample, they
are less stablelue to hydrolysis atheirfatty acids and peroxidation tfeir unsaturated
lipids, and have therefore a limited hdife and high leakage of encapsulated drugs
Adding cholesterol as a stalsédr in liposomes formulatiohas been shown improve
their stability(Anderson and OmrR004) Upon intravenous administratioliposomes
are rapidly opsosed and sequestered by the reticuloendothelial sy§REY , mainly
from Kupffer cells in liver within 1630 min which decreasetheir circulation haklife

and accumulation of drugs thetargetcells(Torchilin, 2010; Briuglizet al, 2015 One
key strategyo inaease the efficacy of liposomes is targetimgmodifying their surface
with targeting moieties such as small ligands, peptides and monoclonal antibbodses
can improve systemic circulation, enhance drug accumulation at specific asites,

increasespecificcellular internakation (Deshpandet al, 2013 .

Hydrophilic o Hydrophilic drugs

head groups A Hydrophobic drugs

Hydrophobic core

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

Niosomes have been developed as an alternative vesicular delivery system analogue to
liposomes, by using neionic surfactants instead of phospholip{@sgure 1-15) They

offer several advanggs over liposomes, for exampigher stability, longer sheltlife,
costeffectiveness and larggeale productiofUchegbuandVyas, 1998; Sahin, 2007.
Theyare formed by selassembly of noonic amphiphilic surfactants with some input

of energy, such as physical agitation or hgithegbu and Vyas, 1998; Sahin, 2007;
Marianecciet al, 2013 Several categories of néonic surfactants, such as alkyl esters,
alkyl amides, alkyl ether@rij®) and fatty acid este@weer? and Spafi), can be used

to prepare niosomdMarianecciet al, 2013 .

Niosomes have attracted a lot of attention for delivering drugs, due to their
biocompatibility, biodegradability, low immunogenicity and low toxiciijioreover,

they can encapsulate a wide range of hydrophilic and hydrophobigsdrincludng
genes, proteins and vaccingstreat many diseas@doghassemandHadjizadeh, 2014

For example, transferribearing niosomes encapsulating tocotriena fraction(TRF)
improved cellular uptaké-3-fold) andin vitro cytotoxicity (more than 10dold) against
A431 epidermoid carcinoma, T98G glioblastoma and A2780 ovarian carcinoma,
compared to TRF solutioffFu et al, 2009 Shaker and colleagu€2015) developed
niosomedoaded with tamoxifenthat exhibited higltytotoxicity against MCF7 breast
cancer cells, botim vitro andin vivo. In case of plumbagin, Naresh and colleag896)
developechiosomedoaded with plumbaginyvhich slowedthe growth rate of sarcoma

180 and Ehrlich ascites tumours in BALB/c mice as compared with the drug solution
Oommen and cavorkers (1999) preparedniosomesencapsulatingplumbaginbeta
cyclodextrin complex, witlinigh entrapment efficiency efiedrug conplex (74%) The

subcutaneous injection oiosomes loaded withlumbaginbeta cyclodextrircomplex
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was able todelay the tumour growth oB16F1 compared with free plumbagin or
plumbagin complex in mice. These indicated that niosomes can be used as promising

nanocarriers for delivery gflumbagin

Figure 1-15: Structure of niosomes

1.3.3.3Polymeric nanoparticles

Polymeric nanoparticles are onetloé most extensively explored nanocarriers for cancer
diagnosis and treatmeriiecause of their biodegradability and biocompatibilFgrayji

and Wipf, 2009; Patravalet al, 2012 .Generally, the structure of polymeri
nanoparticles can hlmategoried as nanospherésatrix particle¥, for which the payload

is adsorbed othe surface or encapsulated inside the particle, and nanocafsulsch

drugs are entrapped inthe cavity (Figure 1-16) R&o and Geckeler, 2011Such
nanoparticles can be derived from both natural and synthetic polymers such as chitosan,
gelatine, collagen, dextran, péctic aci PLA) and polylactic co-glycolic acid

PLGA, polyalkylcyanoacrylate poly(methylmethacrylafe and polybutyl)-

cyanoacrylate(Peer et al, 2007; Faraji and Wipf, 2009Jchegbuet al, 2013 .
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Furthermore, the physiechemical properties of these polymdmolecular weight,
dispersity indexor hydrophobicity, as well as size and shape of the polymeric
nanoparticlesalso play an important role in tinefficacy (Alexis et al, 2010; Patravale
et al, 20129 Currently, several polymeric nanoparticles are ingir@cal and clinical
trial phaseqAlexis et al, 2010 Plumbaginhas already been formulated as polymeric
nanoparticles. For exampl®an and colleague017) developed aptameargeted
PLGA-PEG nanoparticles entrapping plumbagiihis formulation increased the anti
proliferative activity of plumbagiim vitro, with a drugconcentration needed for growth
inhibition of 50% of cell population(ICso) of 4.8+ 0.8nmM, which islower than that of
nontargeted nanoparticleidso of 10.3 £ 2.5nM).

Unfortunately, polymeric nanoparticlgenerallyhave some pitfallssuch as poor drug
loading, high particle size variation(due to inherent structural heterogeneity of
polymerg, aggregation and toxicityrelated to anincrease in molecular weight of

polymes) Pegret al, 2007; Danhieet al, 2012 .

Figure 1-16. Various categories of polymeric nanoparticle8)(nanospheres(B)

nanocapsules containing oil af@) nanocapsules containing water
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1.3.3.4Micelles

Micelles are supramolecular cesbell nanostructurgd0-100 nn) thatare composed of
surfactants or amphiphilic block copolymeféiey can spontaneously sesemble as
lipid monolayers witha hydrophobic core andhydrophilic shell(Figure 1-17) Peferet
al., 2007; Jhaveri and Torchilin, 2014Such selassembly occurs by hydrophobic
interactions between the amphiphilic molecules above their critical micelle concentration
(CMC) and critical micelle temperatuf€MT) in aqueous solutiofPatravaleet al,
2012 .The micelle structure allows nguolar drugsto be encapsulated in the
hydrophobic core, polar druge beadsorbed on the surface of hydrophilic micelles,
while drugs with intermediate polarity distribute along amphiphilic moledidleaveri
and Torchilin, 2013 Micelles possess several advantapesirug delivery applications
in cancer, such as increased solubility, enbdmdrug bioavailability andeduced side
effects For examplePawarand colleague@016)developedolic acid-conjugated-a-
tocopheryl polyethylene glycol 10@diccinate nanomicellemntrappig plumbagirwhich
enhancedioavailability, stability and cytotoxic activity ofthe drugcompared wittthe
solution In addition, Bothiraja and colleagueg2013) preparedplumbaginloaded
phospholipid TweerP 80 mixed micelleswhich demonstrated a sustained relezfdbe
drugandresulted ira 2.1fold enhancemenmtf its cytotoxic activity againd¥ICF-7 breast
cancer cellsn vitro.

However, upon intravenousjection, one of the major drawbacks of micelles is that
concentration of micelles is often diluted below their CMC, resultirtgerr disruption

and loss of efficacyMoghimi et al, 200]) .
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surfactants amphiphilic block copolymers

(A) Micelles (B) Polymeric micelles

Figure 1-17: Selfassembledtructures ofA) micelles(composed of surfactantand
(B) polymeric micellegcomposed odmphiphilic block copolymejsn aqueous solution

(adapted fronHusseini and Pitt, 2008

1.3.3.5So0lid lipid nanopatrticles

Solid lipid nanoparticle{SLN) are particles ranging in siZeom 50 to 1000 nmThey

are generally composed of surfactafits. lecithin, polysorbate 80, poloxamer 188,
sodium glycocholajeand physiologic#biodegradable lipids that are solid at body and
room temperature@.e. glycerides, fatty acids, PB@ted lipids, steroids and waxgs
(Muller et al, 2000; Soutoet al, 2013 In the literature,three models for drug
incorporation within SLN are describedepending on the presence of surfactants,
solubility of drugs, miscibility of drugipid and drugdipids ratio(Figure 1-18) Mifller

et al, 2000 SLN have been developed since 1990s to over¢cbamain drawbacks of
polymeric nanoparticles ariggposomegTorchilin, 2006; Sout@t al, 2013 Compared

to liposomes, SLN are more stable due to the solid structure of their lipid rff&tragi
and Wipf, 2009 The main characteristics of SLN are their excellent physical stability,
protection of incorporated drugs from degradation, controlled relefgbe drug
(dependingon the incorporation modelow toxicity and sitespecific targetingWissing

et al, 2009 SLN can beusedfor various administration routes such as oral, derma
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ocular, pulmonary, rectal and intravenous administra{féauto et al, 2013 For
example Videira andco-workers(2012)developed solid lipid nanoparticles entrapping
paclitaxel which showed antiumour effect in preclinical study towards ttiecrease of
the number and size of lung metastadesalso reducedhe systemic toxicity and
increased the therapeutic index of paclitaxel

However, SLNface limitations, such dsw drugloading capacity and drug expulsion
during storage due to lipid pke transitionKaur and Slavcev, 2013; Sowbal, 2013 .
Such problems led to development sgcondgenerationlipid nanoparticles,called
nanostructured lipid carriefdNLC), which areghermodynamicallystable 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 SLNsA)(solid solution model
(homogenous matr)x(B) drugenriched shell model an€) drug-enriched core model

(adapted fronMdiller et al, 2000; Kakadia and Conway, 2014
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1.4 Drug targeting

I n general, the speciycit ydepanddnthembilityto i ty of
interfere with local pathological processes defective biological pathway€Once
intravenously administered, drugs are distributed throughout the whole body,
proportionally to the regional bl ood pow (
many biological barrierssuch asthe mononuclear phagocyte system dachour
microenvironmentwhich otten result in drug inactivation and elimination or cause side

effects, not to mention the need of high dose administration to adhietieerapeutic
concentration (Torchilin, 2010).

Over a century ago, the concept of drug targetivijch was referred tas afimagic

bulleto, was introduced by Paul Ehrli¢Btrebhardt and Ullrich, 2008He postulated that

fif a compound could be made that selectively targets a disaaseng organism, then

a toxin for that organisnfin patienty could be delivered along with the agent of
selectivityo Hq and Chien, 2004 This concept led to the development of targeting

therapy in many diseases, including canbPeug targeting can beéescribed afpassive

or Aactived Figure 1-19) Passive targeting is based on intrinsic factors, such as physico
chemical properties of drugsxddrug carriers, and physiological characteristitshe

target areaActive targeting relies on the intrinsic factors of the targeting moiety or ligand

(Schatzlein, 2003 .
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Figure 1-19: Delivery of passive and active targeting nanocarriers to tum@aniapted

from Peeret al,, 2007

1.4.1 Passive targeting

The theory of passive targeting is based tbe pathophysiological propertieand
microenvironment of the tumouais well aghe physicachemical properties of the drug
delivery systemg§Bazaket al, 2014; Wickiet al, 2015 Under pathological conditions
such as infection, inflammaticend cancer, the vascular endothelium tends to become
more permeable due to fenestrationgisivasculatureThis leakyvascular endothelium
allows theextravasation and accumulation of nandeasr( usually less than 400 nm in
sizg in tumous by convection and diffusion processes without specific targeting
moieties This unique phenomenpralled the enhanced permeability and retention
(EPR effect was discovered by Matsumura and Maeda in X8&8sumura and Maeda,

1986;Maedaet 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 circulablagpdandtheir elimination

from the circulation by renal clearan@daedaet al, 2000 .

In order to achieve optimal tissue accumulation via the EPR efifeegcarries should
demonstrate thing-circulatingability in the bloodstream to provide a sufficient time

for target accumulatio(Deshpandet al, 2013 They should havehe ability to hide

from the recognition of the MPS, which is largely determined by gisisicechemical
propertiessuch as particle size and surface charge. Nanoparticlesawitie less than

200 nm are demonstrated to be less susceptible to MPS reco@daghyaret al, 2019 .
Moreover,thesurfacec har ge of nanoparticles should b
evasion from the renallearance(Danhier ¢ al., 2010 One of the key strategies to

prolong blood circulating of nanopatrticles is the surface modificaiyaronjugating their

surface withwatersoluble polymers such as polyethylene gly@®EG Toftchilin,

2010 .

However,evenwhenpassivéy targeted, antcancer drugs can still lead to side effects on

healthy tissuesThese side effect@are caused by noselective accumulation of
nanoparticlesn healthyorgans with fenestrated endothelitsuch as the liver and spleen

(Wicki et al, 2015 To overcome this limitation, the conjugation of active targeting to
nanoparticlsisa pr omi si ng strategy to i mprove sel

reducing toxicity of the drugdeeret al, 2007; Wickiet al,, 2015 .

1.4.2 Active targeting

Active targeting strategy is performed by conjugating the surfacamfparticles with
targeting ligands able to recogaitheir receptors on the target cellse targeting ligands
can beantibodies, proteingeptides, sugars, lipoproteins amatcleic acidg{Bertrandet

al., 2014; Pattni and Torchilin, 205 he aim of active targeting is not only to increase
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tumour accumulation of nanoparticles but also to enhance their cellular irdztinali

via receptommediated endocytosighe efficiency of active targeting nanopatrticles is
dependent upon a variety fafctors, such as the overexpression of specific receptors on

the surface of target cells compared to-hoar get cel |l s, the Dbindin
ligands to receptors as well as the uptake of the nanopafia@esier ¢ al., 2010. For

effective ative targeting, Ye@2013)suggested that the density of target receptors should

be in the range of T®r 1 copies per cellMoreover, 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 totarget cells, some problems still remalor example,ligandbearing
nanoparticles may lose their specificity after entering in biological fluids as a result of

the corona formation with serum prote{Bsirymanowet al, 2015 Furthermore, in solid

tumou s hi gh afynity bi nding of t he l i gan
internalsation of nanoparticles due to thbinding site barrigy effect (molecules with

high affinities have restricted penetration inside the tumour rflaesjet 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 amdotens, including

transferrin which was selected as a targeting ligand in this gRélezHerreroand

FernandeaMedarde, 201p6 .
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1.4.2 1Transferrin

Transferrin(Tf) is a family of irorbinding proteins with a primary function of serum
iron transportation Tf monomer comprises of 6780 amino acid residues with
molecular weight about 780 kDa Tf molecule is divided into two homologous domains
known as the Nobe and the dobe linked by a short spacer sequefidacGillivray et
al., 1982; Danielset al, 2006b; Tortorella and Karagiannis, 201Bree Tf molecule
(apoTf) is capable of binding one or two iron ateifmonoferric Tf or diferric Tf .
Diferric Tf (holo-Tf) exhibits higher binding affinity to the receptor compared to
monotrric Tf (~30-fold highe) and apelf (up to 506fold highe) Dahielset al,
20068 There are two types of Tf receptdi$R), Tf receptors ITfR1) and Tf receptors

2 (TfR2) The first one is Tf receptors(IfR1), whichis ubiquitouslyexpressed in most
proliferating cells The second is Tf receptors(2fR2) 45(66 % similarity to TfRJ),
whichis oveexpressed in hepatocytes but hasd8 lower affinity to Tf compared with
TfR1. The cellular uptake of iron mediated by-TfR complex @&pends on clathrin
mediated endocytosisvhich recyckes TfR back to the cell surfacéTortorella and

Karagiannis, 2014 Fiqure 1-20) .

52



Diferric-Tf TR Extracellular Space
\f.ea.\)
& E

Diferric-Tf / TfR 2N . Apo-Tf
complex &
Clathrin Coated Pit Plasma
DMT1 (Iron Membrane
Transporter) ’ Proton ‘

Pump
\ " 45 Acidi H'
: cidic
Basic \ Fc:'N s H
O pH 6‘/ Yo I PH - H ;)2(

» %, T

Endosome —7

Cytoplasm

Figure 1-20: Mechanism of cellular uptake of iron via-TfR complex upon clathrin

mediated endocytos(adapted fronDanielset al, 2006l)

The TETfR complexpathway has been exploited as an active targeting stratelgjiver
chemotherapeutic agents into cancer cells due to the overexpression(apTéRLOG
fold) (Danielset al, 20063 on various types of tumours such as pancreatic, colon, lung,
bladder(Peeret al, 2007, lymphomas and breast can¢&hankiet al, 2015 Direct
conjugation of Tf to liposomes and niosoméamproved drug internaation and
therapeutic outcome both vitro andin vivowhile reducingadverse effect@Peeret al,
2007 For exampleLi and colleague$2009) developedTf-bearing stealth liposomes
loading doxorubicin,which enhanced cellular uptake, improved pharmacokinetic,
biodistribution and therapeutic effeat$ the drugin HepG2cancercells. Zhai et al
(2010)reporteda 36-fold increase in the cytotoxicity of ¢hTf-conjugated liposomes
loading docetaxel against KB cells compared to-tawgeted liposome#\n increase in
antrtumour activity of oxaliplatin was also found when encapsulated ibhe&fing

PEGylatedliposomes compared to notargetediposomes and drugolution(Suzukiet
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al., 2009 When usingTf-bearing niosomes, Dufes al (2000)showed an increased
intracellularuptake of FITGdextran in A431 cells compared with plain niosor(@3%o
versus #%) Tf-conjugated pluronic niosomes loading doxorubiailso achieved
cellular uptake andnticanceractivity against MCF and MDAMB-231 human breast
cancer cell linegTavanoet al 2013 Similar resultswere recently obtainedith Tf-
targetedhiosomes entrapping tocotrienol, with 2ddd increment in drug uptake and 2

fold enhancement in cytotoxic effect in human breast cancer(Ealit al 2016 .

Our research group have previously prepared transfesnjugated vesicles entrapping

the gren tea polyphenol epigallocatechin gallate (EGCG) and tocotrienol that shared the
same delivery issues as plumbagin. These targeted vesicles significantly increased the
cellular uptake and angiroliferative 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-Bl® melanoma following
intravenous injection of EGC{®aded and tocotriendbaded vesicles over one month
(Fuet al, 2009; Fwet al, 2011; Lemari@t al, 2013; Fwet al, 2014; Karimet al, 2017),

thus highlighting the need of a tumetargeted delivery system for delivering these
compounds to their site of action.

However, i should be emphasd that thefficiencyof active targeting of nanomedicines
depends on several factorfhree najor parameterdiave to be consideredthen
designing optimally active targeting nanomedicind3} the target(2) the nanocarrier,

and(3) the targeting ligan@igure 1-21) (Lopez and Lalatsa, 20)1.3.
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Figure 1-21: Parameters needed tptimisethe active targeting of nanomedicines

(adapted fronLopez and Lalatsa, 2013

55



1.5 Aim and Objectives
Plumbagin, a naphthoquinone extracted from the officinal leadwort, has been shown to
have promisinganticancerpropertiesin vitro. However, its therapeutic potential is
hampered by its failure to specifically reach tumours at a therapeutic concerdfegion
intravenous administration, without secondary effects on normal tissues. Its use is further
limited by its poor aqueous solubility and its rapid eliminatiowivo.
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 lowlezing
frequency of administration and reducing the adverse effect of the Migover,
conjugating thenanocarriersvith transferrin asn active targeting liganesulted inan
enhanced cellular interngdition and improved therapeutic efficacytioé drugs
The aim of this study is the developmentvafiousnanocarriers entrappingumbagin
and able tdarget cancerdVe hypothese that the entrapment of plumbagin witthiese
novel nanocarriersonjugatedwith transferrin, whose receptors are overexpressed on
many cancer cellsyill significantly improve the therapeutic efficacy of plumbagm
cancer cellsn vitro andin vivo.
The objectives of this study atteerefore

1. to develop andcharacterise novel transferritargeted nanocarriers

entrappingplumbagin
2. to assess their cellular uptake, gmbliferative and apoptosis efficacy on
cancer cellsn vitro
3. to evaluate their therapeutic efficagg vivo, following intravenous

administraion to mice bearing tumours
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CHAPTER 2

Preparation and characterisation of tumour-targeted

nanomedicines entrapping plumbagin



2.1Introduction

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 (Cle¢clkeR018). It iswell
established that plumbagin exerts its aatncer effect through mechanisms such as
generation of reactive oxygen species and depletion of intracellular glutathione,
activation of p53, through suppression of AMPK, -kiB, PISK/Akt/mTOR, Ras,
MAPK/ERK,VEGF R 2, F O X-bhfenin, @dspase B, MMP2/9, STAT3 and JNK
(Sanduret al, 2006; Seshadsgt al, 2011; Laiet al, 2012; Niuet al, 2015; Paret al,

2015; Wanget al, 2015; Xueet al, 2016). This wide range of artancer 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 P8.64),ndck of stdbilityg h I
(spontaneous sublimatidn solid phasgand low oral bioavailability (less than 40%)
(Hsiehet al, 2006; Pawaet 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 & shor
biological halflife of 35.89 + 7.95 min (Kumaet 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
circulationtime 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

(Pee et al, 2007; Bertranet al, 2014; Wickiet al, 2015).
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Liposomes have been exisively investigated and utidid as carriers for the delivery of
pharmaceutically active agents since their discovery irl18&Ds (Marasinet al, 2017).
Theyhave beemsed toentrap many chemotherapeutic agents, owirthe@advantages

they confer to their cargo, suchiasreased drug solubility, stability and bioavailability,
prolonged blood circulation time as well as enhanced therapeutic efficacy of drugs
(Wakaskar, 2017 In addition, they are naturally noftoxic, norimmunogenic,
biocompatible and biodegradalflerchilin, 2010; Olusanyat al, 2018§. Based on thse
properties we hypothesse thatliposomes would be suitableanomedicinedor the
effective delivery of plumbagin to cancer cells.

Polymeric nanoparticldsave become extensively used drug deliwsistemdor various
substances such as vaccines, proteins, peptidesnéirchncerdrugs (Dinarvandct al,

2011; Fredenbergt al, 2011; Sharmat al, 2016) due to the improvement of the
physicachemical prperties of the drug they carrysuch asincreasedsolubility,
bioavailabilty, protection from degradationand interaction with the biological
environment, and controlled release (Kunedal, 2010; Liet al, 2018). Among various
polymers for nanoparties preparation, polylactideo-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 (Shaemal, 2016). In
addition, PEGylation oPLGA nanopatrticles has been shown to in@emsg payload,
stability and circulation time, while escapifrgm theMPS (Sharmeet al, 2016). It has

been reported that incorporation arftrcancerdrugs inPLGA-PEG nanoparticles, for
example paclitaxeldocetaxel, cisplatin, doxorubicin and curcumin, enhanced their

therapeutic efficacy and reductieir side effects (Dinarvanet al, 2011). These results
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therefore suggestedthat the PEGylated PLGAnanopaiitles would bepromising
nanocarries for anefficient delivery of plumbagin to cancer cells.

Lipid-polymer hybrid nanoparticles, a new generation of drug delivery systems, have
been developedo exhibit complementary characteristics of both liposomes and
polymeric nanoparticles: (i) a hydrophobic polymeore that is biocompatible,
biodegradable and capable of carrying a poodtersoluble drug and contrdk release

(ii) a lipid layer that can reduce water penetration into the nanopatrticles, while at the same
time prevers the entrapped drug from freely diffusing out of the nanopatrticles; (iii) a
hydrophilic PEG shell that can prevent a rapid clearance of the delivery sysMRSyy
therebyincreasing thdlood circulation haHife of the drug (Zhangt al, 2008). Based

on thesepropertieslipid-polymer hybrid naaparticles have been choservassatile and
robust delivery systesfor plumbagin.

Although nanocarriers have the potential to improve the delivechemotherapeutic
agentsto target cancer cells, some sidéeefs related to neselective accumulation of
nanocarriers in other organs (e.g. liver and spleen) still.ekigs problem can be
overcome byusing active targetingPeeret al, 2007; Wickiet al, 2015. On the basis

that iron is essential farancer cell growth and can be effectively carredumours by
transferrin (Tf), vihose receptors are overexpressed on many cancer cells ([2amikels
2012), we hypothesg that conjugating nanomedicines with transferrin would enhance
the specific deliery of the carriegplumbaginto cancer cells, resulting in an improved
therapeutic efficacyf 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 tumgetective targetingf plumbaginto the

60



cancer cells (Anabousit al, 2006; Changet al, 2009;Zhenget al, 2010;Gouet al,

2013;Gouet al, 2015;Sunet al, 2016; Jhavest al, 2018).

2.2 Aim and Objectives
The main objective of this chapter is to develop novel transf&argeted nanomedicines
for thedelivery of plumbagirto cancer cellsThree delivery systems halieen chosen,
as follows:

- Liposomes

- Polymeric nanoparticles

- Lipid-polymer hybrid nanoparticles
Thereatfter, the synthesd nanomedicines entrapping plumbagin will be investigated for
their physicechemical characteristics such as morphology, drug entrapeffenency,
transferrin conjugation efficiency, size and zeta potentialir Bh@bility will be assessed
under storage conditismt4 C for 4 weeks by determining potential changegarticle
size and zeta potentias well asany eventuatlrug leakge. Finally, in order to ensure
that plumbagin can be released from the delivery systemsyrelaagsewill be assessed
using dialysisat three different pHs (7.4, 6.5 and 5.8spectively mimicking
physiological pH in normal tissue and blop#i inthe umour extracellular environment

andpH inthe subcellular endosome.
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2.3 Materials and methods

2.3.1 Materials

Materials

Supplier

1,2-distearoydsnglycero-3-phosphoethanolamiri-
(Carbonytmethoxypolyethyleneglycol 2000), sodium s¢

(DSPEPEG2K)

NOF Corporation, Japa

1,2-distearoydsnglycero-3-phosphoethanolamiri-
[maleimide(polyethylene glyceB00J (DSPEPEG2k

MAL)

JenKem, USA

2-Iminothiolane hydrochloridgTraut's reageit

SigmaAldrich, UK

3-(4,5dimethylthiazoi2-yl)-2,5diphenyttetrazolium

bromide (MTT)

SigmaAldrich, UK

Acetone

SigmaAldrich, UK

Cholesterol

SigmaAldrich, UK

CholesterclPEG5K-maleimide(CLS-PEG5KMAL )

Nanocs, USA

Chloroform (CHC%)

SigmaAldrich, UK

Cupric sulphatépentahydrafe(CuSQ.5H,0)

SigmaAldrich, UK

Diethyl ether

SigmaAldrich, UK

Dimethyl sulfoxide(DMSO)

SigmaAldrich, UK

Folin & Ciocaltes phenol reagent

SigmaAldrich, UK

Holo-transferrin, humaxrf)

SigmaAldrich, UK

Hydrochloric acid (HCI)

SigmaAldrich, UK

Hydrogenated soy phosphatidylcholitSPQ

SigmaAldrich, UK

Isopropanol

SigmaAldrich, UK
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Maleimide PEG5kamine, TFA salt (MALPEG5K-NH>)

JenKem, USA

Methanol

SigmaAldrich, UK

N-(3-DimethylaminopropyBANNgthylcarbodiimide (EDC)

SigmaAldrich, UK

N-Hydroxysuccinimide (NHS)

SigmaAldrich, UK

N,N-Diisopropylethylamine (DIEA)

SigmaAldrich, UK

Phosphate buffer salif®B9

SigmaAldrich, UK

Plumbagin from Plumbago indicapurity > 95%

SigmaAldrich, UK

Resomét RG 503 H (poly(D,Llactide-co-glycolide, acid
terminated) (PLGACOOH), lactide: glycolide 50:50,

MW 2400038000 Da, viscosity 0.3@.44 dL/g

SigmaAldrich, UK

SnakeSk® dialysis tubes (3.5K MWCO)

Thermo Fisher

Scientific, USA

Sodium carbonat@nhydrou¥ (NaCQOs)

SigmaAldrich, UK

Sodium hydroxide (NaOH)

SigmaAldrich, UK

Sodium phosphate dibag@nhydrou¥ (NagHPQy)

SigmaAldrich, UK

Sodium phosphate monobagmhydrouy (NaHPQu)

SigmaAldrich, UK

Sodium potassium tartraf€4HsKNaOx)

SigmaAldrich, UK

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

Sartorius Ltd., UK

Vivaspir® 20 centrifuge tubes (100K MWCO)

Sartorius Ltd., &K

2.3.2 Determination of the maximum absorption wavelength of plumbagin

In order to identify thewavelength of maximum absorbanan.y) associated with
plumbagin, a wavelength scanning was carried out using an Agilent Variafi Sary
UV-Vis Spectrophotometer (Agilent Technologies, Santa Clara, EBl&jmbagin stock

solution of 10 mgnL was prepared in isopropanol, thenas further diluted to give a
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final concentration of 25 gL using the same solver®lumbaginsolutionwas then
scamed by spectrophotometrpetween 200 to 800 nnto obtain the specifi@max
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 ug/mL in isopropanol, in triplicateThe absorbance obtainedawthen linearly
correlaed with plumbagin concentratiomsing OriginPro ® software (OriginLab

Corporation, Northampton, MA.

2.3.3 Preparation of transferrin -bearing liposomes

Due to poomwatersolubility of plumbagin~100ng/mL at 25°Q, a highly concentrated
plumbagin stock solution of 100 mmgL was prepared in DMSOo prepare control
liposomes entrapping plumbagin, a mixture of HSPC (19.2 mg), BFSRE2K (6.4 mQ),
cholesterol (5.3 mg) and cholesteREG5k-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. Rigimisolution (40

uL, equivalent to 4 mg of plumbagimeasured from a stock solution of 100 mg/mL
prepared in DMSO) was then added to the mixture, followed by probe sonication using
Sonics Vibraceft VCX 500 (Sonic8, Newtown, CT) for 5 x 2 minuteBlankliposomes

were prepared in the same manner but without plumbagin.

In order to conjugate transferrin (Tf) to liposomesnihothiolane(Traut's reagehtvas

used as a crodmking reagent to produce a thiolated Tf which can interact with-thiol
reactive maleimidgroup of cholesterdPEGmaleimide. 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 46ld molar excess of Traut's reagent (85 pL, 2 mg/mL

in distilled water) undecontinuous stirringat 25 °C for Zhours. The thiolated Tf was

then isolated from unreacted Traut's reagent using Vivagpirentrifuge tubes with a
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molecular weight cubff of 5,000 Daltons (Sartorius Ltd., Epsom, UK), after
certrifugation at 9,500 rpm (10,500 g) for 15 min at 20 °C (HefnZl823K centrifuge,
Wehingen, Germany).

The freshly synthesed thiolated Tf was immediately conjugated to the control liposomes
under continuous stirring at 25 °C for 2 hours. Free plumbkagifor unreacted Tf were
removed from both TFbearing liposomes and control liposomes using Vivasgin
centrifuge tubes with a molecular weight -cfit of 100,0® Daltons (Sartorius Ltd.,

Epsom, UK) by centrifugation at 7,500 rpm (6,600 g) for 15 mir0&i2

2.3.4 Preparation of transferrin -bearing polymeric nanoparticles

2.3.4.1Synthesis of PLGAPEG-MAL

Poly(lactideco-glycolide)b-poly(ethylene glycoPmaleimide (PLGAPEGMAL) used

in the experiments was synth&si according to grevious method describedby
Vasconcelos and colleagues (2015), with some modifications. To do so,-E0&

(1.5 g, 48.4 umadg was dissolved in 3 mL of dichloromethane. PLGIAS was then
synthessed by reacting PLGACOOH with excess EDC (40 mg, 257.7 pewl 5fold
molar excess compared to PLE0OOH) and NHS (23 mg, 199.8 umed,4fold molar
excess compared to PLE2OOH) under continuous stirring at 25 °C for 6 hours to
achieve a complete reaction. PL&S was precipitated with 6 mL of diethyl ether:
methanol (1:1) wdsng solvent and centrifuged at 7,500 rpm (6,600 g) for 5 min at 25
C (Herml€® Z323K centrifuge, Wehingen, Germany). The supernatant was then
discarded, and these washing/centrifugation steps were repeated twice. The polymer
obtained from this step wasield overnight at 25C. To obtain PLGAPEGMAL,
PLGA-NHS (1 g, 32.4 uma9 was dissolved in chloroform (3 mL). MARBEG5K-NH>

(210 mg, 41.2 umais, 1.2fold molar excess compared to PL&S) and DIEA (30
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pL, 176.4 umoeks, 5fold molar excessompared to PLGANHS) were then added. The
mixture was reacted overnight under continuous stirring atC25The polymer was
precipitated with 6 mL of iceold diethyl ether and centrifuged at 7,500 rpm (6,600 Q)
for 5 min at 25 C. After removing the supeatant, the product was further purified by
washing with 6 mL of icecold diethyl ether followed by centrifugation as described
above, and these steps were repeated twice. The resulting-PEGMAL was dried
overnight at 25 C and stored at20 C until further experiments. Its synthesis was
confirmed by!H NMR spectroscopy, using a Bruker AvahcHl HD 500 MHz

spectrometer (Bruker BioSpin Corporation, Billerica, MA).

2.3.4.2Nanoparticles preparation

The polymeric nanoparticles were prepared by nanoprecipitation method. Briefly,
PLGA-PEGMAL (35 mg) was dissolved in acetone (3.5 mL). Plumbagin solution (35
uL, equivalent to 3.5 mg of plumbagimeasured from a stock solution of 100 mg/mL
prepared in DNBO) was then added to the polymer solution. The mixture was
subsequently added dropwise into desediwater (7 mL) under moderate stirring. The
product was stirred overnight at 25 °C in a chemical fume hood to evaporate all acetone.
The nanoparticles wetten collected by centrifugation at 7,500 rpm (6,600 g) for 30
min at 20 °C (Hermf@ z323K centrifuge, Wehingen, Germany), using VivaSp
centrifuge tubes with a molecular weight -ofit of 100,000 Daltons (Sartorius Ltd.,
Epsom, UK). They were washed twice with degedi water (2 mL) to remove exceed
plumbagin, before being resuspended in deexhwater (1 mL) and stored at 4 °C for
further experiments.

Given the fact thgparticle size, zeta potential and drug entrapment efficiency of PLGA

PEG nanopatrticles prepared by nanoprecipitation method can be affected by several
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factors such as polymer concentration, water miscibility of orgaoivent, ratio of water

to organic solvent and theoretical drug loading (Chetngl, 2007), the nanoparticles
wereoptimisedin 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 ofypeer in acetone at 10 mg/mL and
plumbagin loading at 10% w/w of polymer.

Transferrin was conjugated to PL&2EG nanoparticles the same manner as described

in section 23.3.

2.3.5Preparation of transferrin -bearing lipid-polymer hybrid nanopatrticles

Lipidi polymer hybrid nanoparticles were prepared by usingstey nanoprecipitation
method. To do so, a mixture of HSPC (2 mg) and DEEEB2KMAL (3 mg) in 5 mL

of deionsed water was shaken at 75 °C for 1 hour. PLGBOH (25 mg) was disscbd

in acetone (2.5 mL) and plumbagin solution (25 @giuivalent to 2.5 mg of plumbagin
measured from a stock solution of 100 mg/mL prepared in DMSO) 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 (HeffE823K centrifuge, Wehiren,
Germany), using Vivaspfé centrifuge tubes with a molecular weight-otftof 100,000
Daltons (Sartorius Ltd., Epsom, UK). They were washed twice with deidnvater (2

mL) to remove exceed plumbagin, before being resuspended inseiavater (1 rh)

and stored at 4 °C for further experiments.

In order to obtain the lipigbolymer hybrid nanoparticles with desirable size, zeta
potential and high drug entrapment efficiency, the nanoparticles o@mmised by

varying two factors: (1) weight ratio ofpids (HSPC and DSRBEG2KMAL) to
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PLGA-COOH polymer 1:10, 1:5,1:2.5, 1:1.67, 1:1.25and 1:) and (2) the molar ratio

of hydrogenated phosphatidylcholine to DSPEG2KMAL (90:10, 85:15, 80:20,
70:30, 60:40 and 50:50), while fixing thileeoretical 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 nanoparticlesere conjugated with Tf in the same manner as

described irsection 2.3.3.

2.3.6 Transmission electron microscopy

The morphology of nanopatrticles was vissadi using transmission electron microscopy

(TEM). Formvar/Carboitoated copper grids (400 mesh) were glow discharged5A 3

uL drop of each sample (diluted 010 with deiorsed water) was then added to the
hydrophilic support yl m. Dried samples we
electron microscope (JEOL USA, Inc., Peabody, MA) operating &v&8ited with a

Gatan 794 MultiScahcamera (Gatan, Pleagan, CA).

2.3.7 Transferrin conjugation efficiency

The amount of Tf conjugated to the nanoparticles was quantified by Lowry assay (Lowry
et al, 1951), as previously reported (Dusal, 2000; Fet al, 2009). Briefly, 1 mL of
sodium potassium tartrate solution (2% wi/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 carboretlydrous 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 ug/mL). One

hundred microliters of Fbearing nanopatrticles or control nandjmes (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 uyLof INFetni ocal t euds phenol re .
to these samples (with immediate vortexing), followed by iatioh at 25C for 30 min

(protected from light). The absorbance of each sample was determined at a wavelength

of 750 nmusing an Agilent Varian Cafy50 UV-Vis Spectrophotometer (Agilent
Technologies, Santa Clara, CAlank nanoparticles were used as iteierence 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 nanopartiohgsred to the initial

amount of Tf added.

2.3.8 Entrapment efficiency

To assess the entrapment efficiency of plumbagin, 10 puL of nanoparticles were mixed
with 990 pL of isopropanol, followed by centrifugation at 10,000 rpm (9,300 g) & 25

for 10 min usingan IEC Micromax® centrifuge (ThermoFisher Scientific, Waltham,
MA). The absorbance of plumbagin dissolved in supernatant was measured by
spectr oph et d2Benmy using( am Agilent Varian C&y50 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 (YodEdugn

loading capacity (% LCaccording to the equation (1) and (2) indicated below
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% EE 100 (1)

% L C 1100 (2)

2.3.9Size and zetgotential measurement

Size and zeta potential ®f-bearing nanoparticles and control nanoparticles entrapping
plumbagin were measured by photon correlation spectroscopy and laser Doppler
electrophoresis, using a Zetasizer N&®85 (Malvern Instruments, Malvern, UK). All
samples were prepared at a dilution of 1:100 in 5% w/v glucose solution (for liposomes)
or deionsed waer (for PLGAPEG and lipidpolymer 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 assed 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 bygbon 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 wpsrformed using a dialysis techniquader three
different pHs (5.5, 6.5 and 7.4Briefly, plumbagin either formulateds Tfbearing
formulation controlformulationor in solution (500vg of plumbaginn 1 mL phosphate
buffer) was placed into a SnakeSkidialysis tube with a molecular weight eoff of

3,500 Daltons (ThermoFisher Scientific, Waltham, MA) and was shdlpgainst 50 mL

of phosphate buffer (pH 5.5, 6.5 and 7.4) at 37°C ugdatlestirring. At specific time
intervals (30 minutes, then eyenour for the first six hours (1 h, 2 h, 3 h, 4 h, 5 h, 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 amountfoplumbagin 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 omay analys of variance and Tukey multiple comparison gtest

using OriginPro ®® software(OriginLab Corporation, Northampton, NJADifferences

were considered statistically significant fevalues lower than 0.05.
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2.4 Results

2.4.1 Plumbagin quantification

The spectrum of plumbagin obtained fra-Vis scanninglisplayedhewavelength of
ma X i mum a b spat 42GnmEigure @-H. This finding was similar to previous
reports that plumbagihad amaximum absorbanca 420 nm (Chairungst al, 2006;
Srinivaset al, 2011; Vasudevaraet al, 2011). As a result, further quantificatioh o
plumbagin was performed at thigvelength.

For plumbagin quantificationa standard calibration curve of plumbagin was first
prepaed at 8 concentrations in isoproparfelith two-fold dilutions, starting at 50
png/mL) and analysefdy UV-Vis quantificationat 420nm. As shown irFigure 2-2, the
standard calibrationf plumbagin was linear over tle®ncentrationsange used, which
could be described by the regression equation: Y = 0.02204X + 0.00068 with a coefficient

of determination (Rsquare, R of 0.9983.

Abs
(]
1

_],—420

0- ~—_ o -

200 400 600 800
Wavelength (nm)

Figure 2-1. Absorption spectrunof plumbagin obtained usingpectrophotometry

indicatingthewa vel engt h of mandam2mmabsorbance (@&
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Y =0.02204X + 0.00068
R? = 0.99883

=
o
1

Absorbance (O.D.)
o
(3]

0.0

T T T T T 1
0 20 40 60
Plumbagin concentration (ng/mL)

Figure 2-2: Standard calibration curve of plumbagin for quantitative determindatios

absorbance(optical density,O0.D. Wwas obtained from seriawo-fold dilution of

plumbagin in isopropangh=3)
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2.4.2 Preparation of tumour-targeted nanomedicines entrapping plumbagin
Threedifferent delivery systemsvere preparedThe list of their abbreviated namiss

indicated inTable 2-1.

Table 2-1: Abbreviated names @fimourtargeted nanomedicines entrapping plumbagin

and blank formulatiomof the delivery systemsisedin this study

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

Tf-bearing: Transferin-bearing nanomedicineformulations entrappingplumbagin,
Control: nanomedicingformulations entrapping plumbagin bnbt conjugated tdrf,

Blank emptynanomedicindormulationsnot conjugated to Tf

2.4.2.1Transferrin -bearing liposomes

Tf-bearing and control small unilamellar liposomes entrappgihigmbagin were

successfully prepared by probe sonication, as confirmed by TEM inf&igesg 2-3).
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Figure 2-3: Transmission electron micrograph pictures eb€&hring (A) and control (B)

unilamellar liposomekaded withplumbagin (Bar: 100 nm)
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2.4.2.2Transferrin -bearing polymeric nanoparticles

2.4.2.2.1 Synthesis of PLGAPEG-MAL

The maleimid€iunctionalsed PLGAPEG blockcopolymer was synthessid by direct
conjugation of PLGACOOH and MALPEG5K-NH: (Figure 2-4). Theyield of the final

product wa$3.3%.

o]

o
H;N/h/oi\/\ﬁk/\r\l
MAL-PEG-NH,

0
0 0 f \g
4%% > o ML oo 02
0" a 8]
m An 1. EDC/NHS, DCM, 2h, RT b m n X W o)
o] 0

2.DIEA, CHCI;, 24h, RT
PLGA-COOH PLGA-PEG-MAL

y.

Figure 2-4: Schematic of PLGAPEGMAL synthesis

ThelH-NMR confirmedthesuccessfutonjugation of PLGACOOH to MAL-PEGNH,

as shown irFigure 2-5. The characteristic peaks BEGA-PEGMAL were as follows:
IH-NMR (500 MHz, CDC4) : U 5OCHEH]CR0)) (@), 4.71 (M,4OCH2CO0-

) (b), 4.23 {(NCH2CHy-) (c), 3.57 (s,{CH2CH20-) (d), 2.45 (NCH,CH2-CONH-) (e),

1.51 ¢€OCH(CH3)COO) (f). The characteristic peaks of methine protehEJ=CH-) of
maleimide group could be seen at 6.63 ppm (Q).

To determinghe conjugation efficiency between PEG molecule and PLGA molecule,
PLGA-PEG 'H-NMR was integrated using MestreN&d2.0.2 software (Mestrelab

Research, Santiago de Compostela, Spain).

76



A
o c 0
HQN%}/D}\AH%
o g9

g c e

9.0 85 80 7.5 7.0 65 60 55 50 45 40 3.5 3.0 25 20 1.5 1.0 05 0.0
f1 (ppm)

B
0 f b
/%o\)q\! N{OH
b mo ;
o

; L\
M i
90 85 80 75 7.0 65 60 55 50 45 4.0 35 3.0 25 20 15 1.0 0.5 0.0
f1 (ppm)

C

0 f . © \g
N S

e
Jg/ Md N‘Jd eT N

90 85 80 75 7.0 65 60 55 50 45 40 3.5 30 25 20 1.5 1.0 05 0.0
f1 (ppm)

Figure 2-5: H-NMR spectra of MALPEG5KNH; (A), PLGA-COOH (B) andPLGA-

PEGMAL (C)
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2.4.2.2.2 Nanoparticle preparation and optimisation

The PLGAPEG nanopatrticles entrapping plumbagin were prepared@imdisedusing

three important parameters: particle size, zeta potential and entrapment efficiency. In this
experiment, PLGAPEG nanoparticlesentrapping plumbagin were optinsed by
selectng 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 PG polymer. As
shownin 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 &ntl @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% fbrr&tio, 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 ra@s$* 0.3 mV for 1:1 ratio,

-26.2 £ 0.3 mV for 2:1 ratio27.5 £ 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
optimisedformulation of plumbagin loaded PLGREG 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%.

Transferrinbearing and control PLGREG nanoparticles entrappimplumbagin were
successfully prepared using nanoprecipitation methsd;onfirmed by TEM imaging

(Figure 2-7).
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Figure 2-6: Optimisationof PLGA-PEG nanopatrticles based wariousvolume ratic
of water to organic solvent (1:1, 2:1, 3:1, 5:1 and 1arilJ plumbagin loading at 10%

w/w of the polymer=3) (*: p<0.05 vs 2:1)

79



Figure 2-7: Transmission electron micrograph pictures eb€&aring (A) and control (B)

PLGA-PEG nanoparticleladed withplumbagin (Bar: 500 nm)
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2.4.2.3Transferrin -bearing lipid-polymer hybrid nanoparticles
2.4.2.3.1 Nanoparticle preparation and optimisation
The lipidi 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 dnd
resulted in nanoparticles having a desirable combination of particle size (1238at
144.4 + 1.1 nm) and zeta potentiéd{.2 £ 0.3 to-58.9 + 0.8 mV) Figure 2-8). When
increasing the weight ratio froi2.5 to 1:1, the nanoparticles became larger (169.0 +
0.7 to 183.2 + 0.9 nm) and were more negatively char§@d7(+ 0.4 t668.0 + 0.8 mV).
The entrapment efficiency of plumbagin, on the other hand, did not changetts all
testedipid to polymer weight ratis (entrapment efficiency 0f40 %). From this result,
the lipid to polymer weight ratio df:5 was chosen due to the stheal particle obtained
for further studies.
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Figure 2-8: Optimisationof plumbagin loadedpid-polymer hybrid nanoparticldsased
onthe variation of lipid to PLGA weight ratios£3) (*: p<0.05 vsl:5)
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The nanoparticles were then furtlogatimisedby keeping th@ptimumlipid to polymer

weight ratio obtained from the first steplab and varying the molar ratio of HSPC to

DSPEPEG2KMAL. As shown inFigure 2-9, the HSPC to DSREEG2K-MAL molar

ratios 0f90:10, 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 potebfid ¢

0.3 t0-58.5 + 1.4 mV), while the others ratios (60:40 and 50:50) showed an increase in

boththe particle size (151.4 to 157.0 £ 0.7 nm) and zeta poteritaD(+ 0.5 t653.3 +

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

PEG2KMAL (entrapment efficiency of 480 %).
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Figure 2-9: Optimisationof plumbagin loadedipid-polymer hybrid nanoparticlelgsy
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Thus, the optimum formulation of ligiggolymer hybrid nanopatrticles obtained from the
experiment were prepared at the weight ratio of lipid to polymdroénd the molar
ratio of HSPC to DSPIPEG2K-MAL of 70:30 with the concentration of polymer in
organt 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 contrdlpidi polymer hybridnanoparticleentrapping plumbagin were
successfully preparedising onestep nanoprecipitation ethod, where the PLGA
polymer (in wateimiscible organic solvent) and the aqueous lipid dispersion were mixed

and formed by selissemblyas shown iMEM pictures(Figure 2-10).
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200 nm

200 nm

Figure 2-10: Transmission electron micrograph pictures ob€&aring (A) and control

(B) lipid-polymer hybrid nanoparticldeaded withplumbagin (Bar: 200 nm)
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2.4.3 Transferrin conjugation efficiency

Transferrin conjugation efficiency was determined by Lowry adsagribed irsection

2.3.7. The amount of transferrin conjugated to the nanomedicines was calculated by
correlating to BSA standard curves, as showiiable 2-2. The amount of transferrin
conjugated to the liposomes was 5.1 £ 0.1 mg (50.7 £ 0.5 % ofitiatransferrin added

or 1 9fdng ofdiposomes). Similar conjugation efficiency was observed in RLGA
PEG nanoparticles at a level of 5.8 £ 0.1 mg (58.2 + 1.2 % of the initial transferrin added
or 1 erémgfgnanoparticles)The amount otransferrin conjugated tthe lipid-
polymer hybridnanoparticlesvas 7.2 £ 0.1 mg (72.2 + 0.5% of the initial transferrin

addedo r 2 Zflmg of ganoparticlgs

Table 2-2: Amountof transferrin conjugadto liposomes, polymeric nanoparticles and

lipid-polymer hybrid nanoparticlgs=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 efficiencyf plumbagin within the liposomes was respectively 79.2 £
0.3 % Dr Tf-LIP and 78.4 + 0.4 % forastrol LIP, as shown irable 2-3. This was
higher than that obtained in PLGPEG nanoparticle@8.9 + 2.6% for Tf-PN and59.3

+ 1.1% for control PN) and lipidpolymer hybrid nanoparticled8.0 £ 0.5% for T-LPN

and 56.5 £ 0.4% for control LPN). However, in term of drug loading capacity
(representing the amount of drug entrapped per unit @medicines), all nanomedicine

formulations had similar loading capacity.

Table 2-3: Entrapment efficiency of plumbagin in nanomedicine formulat{or8)

Nanomedicine formulations Entrapment efficiency  Loading capacity
(%) (%)

Liposomes

Tf-LIP 79.2 +0.3 4.47 +£0.04

Cortrol LIP 784+04 4.43 £ 0.05

PLGA-PEG nanopatrticles

Tf-PN 489+ 2.6 4.33 £ 0.06
Cortrol PN 593+1.1 5.98 £ 0.02

Lipid -polymer hybrid nanoparticles

Tf-LPN 48.0+0.5 4.00 +0.04

Cortrol LPN 56.5+04 4.71 +0.03

86



2.4.5Sizeand zeta potential

The particle size and zeta potentre@asurementsf the threemnanomedicine formulations
aresummarisedn Table 2-4.

As expected, the conjugation of Tf to the surface of the liposomes resulted in a larger
average size of 113.523 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 TELIP and-17.2 £ 0.1 mV forcontrol LIP). This could be due to the
negativecharge of thiolated TF22.1 + 1.4 mV).

For PLGAPEG nanoparticles, the conjugation of Tf to the surface of nanoparticles led
to an increase in mean diameter sitdBPN (152.9 + 0.6 nm, polydispersity: 0.20 +
0.01) compared tacontrol PN, which had an average size of 93.0 + 0.3 nm
(polydispersity: 0.11 £ 0.01). Both -HN andcontrol PN were bearing a negative surface
charge, with zeta potential values-8#.3 £0.2 mV and-39.8 £ 0.9 mV respectively for
Tf-PN andcontrol PN. The significant increase in the zeta potential ePNfis probably

due to the shielding effect of transferrin on the surface of nanopatrticles including some
of the positively charged aminaids of transferrin as well as ferrous iron{fen the
protein, which neutralized the negative charges €?Nif

For lipid-polymer hybridnanoparticlesthe particle size of TEPN 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 nanopartislsignificantly increased the net surface charge of Tf
LPN (-46.6 £ 0.7 mV) in comparison wittontrol LPN (-66.6 £ 0.6 mV) due to the impact

of Tf, similar to TEPN.
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Table 2-4: Size and zeta potential 6posomes, PLGAPEG nanoparticles and lipid

polyme hybrid nanoparticles entrapping plumbagin3)

Nanomedicine formulations

Particle Size Polydispersity Zeta Potential

(nm) Index (mV)

Liposomes

Tf-LIP
Cortrol LIP

PLGA-PEG nanopatrticles

Tf-PN

Conrol PN

Lipid -polymer hybrid nanoparticles

Tf-LPN

Cornrol LPN

1135+ 2.3 0.33+0.01 -18.4+0.4

106.0+1.5 0.32+0.01 -17.2+0.1

152.9+0.6 0.20+0.01 -34.3+0.2

93.0+0.3 0.11+0.01 -39.8+0.9

2141 +15 0.17+0.01 -46.6 £ 0.7

1452 +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 + 0.01agt ©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 gk 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 O to 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) Kigure 2-11A, 11B). The zeta potential of all liposome

formulations remained stable for 28 dayk3(4 = 0.4 mV at Day 0 t20.2 £ 0.8 mV at
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Day 28 for TfLIP, -17.2 £ 0.1 mV at Day 0 td. 8.6 £ 0.4mV at Day 28 forcontrol LIP

and-17.2 £ 0.2nV at Day 0 t0-19.0 + 0.2mV at Day 28 foblank LIP) (Figure 2-11C).

In term of drug leakage, the percentage of plumbagin retention in bebeafihg

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

(less than 5%) over 4 weeks (from 79.1 + 0.@@5.0 £ 0.9% for FLIP and 78.5 +

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

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

“C for 4 weeksr{=3)
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Forpolymeric nanoparticles, all formulations of PL&G nanoparticlesere found to

be stable under storage condition at 4°C for at least 4 weeld\ Hisplayed 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 fpdippersity), 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)kauok 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 polydispersityflave almost a constant particle size dlerduratiorof the
experiment(Figure 2-12A, 12B). The zeta potential of all PLGREG formulations
showed an increase after 4 weeks but remained negatively cheBde3i£ 0.2 mV at

Day0 to-24.2 + 0.3 mV at Day 28 for I®N,-39.8 £ 0.9 mV at Day 0 t8.4 + 1.0mV

at Day 28 forcontrol PN and-33.5 = 0.5mV at Day 0 t0-26.5 + 1.2mV at Day 28 for

blank PN) (Figure 2-12C). The percentage of plumbagin retention ifPN andcontrol

PN was almost constant, with a slight decrease of plumbagin over 4 weeks (from 43.3 +
0.6% to 40.9 + 0.4% for 7PN and 59.8 + 0.2% to 53.6 + 0.4% tmmtrol PN) (Figure

2-12D).

90



1 [Fe—TrPN
—e— Control PN| —e— Control PN
——Blank PN 4./;77,,,7 - —A—Blank PN
150 —
0.2 i -
= £
g E )
£ D P
g1 81— ~
0 2 ™~
=l
>
e -, So1
90 o
60 T 0.0 T
0 7 14 21 28 0 7 14 21 28
Day Day
C -20 D 709 == Tf-PN
—e— Control PN|
= 60 -
S 30 s e .
E s e
= 5 -
& @ 50
g =
s g
@ e
40 e
3 —
&40
-50 T T T T
0 7 14 21 28 30

Figure 2-12: Size (A), polydispersity index (B), zeta potential (C) and percentage
retention (D) of plumbagin in Hbearing, control and blank PLGREG nanoparticles

after storage at 4C for 4 weeksr{=3)

For the lipidpolymer hybrid nanoparticles, the particle size ofLIPN was found to
increaseover 4 weeksfom 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),cohiiel

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) biashk 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 @ to @ Q1

at Day 28 for polydispersity)ave a constant particle sigggure 2-13A, 13B). The zeta
potential of all lipidpolymer hybrid formulations increased owi&e durationof the

experiment{46.6 £ 0.7 mV at Day 0 t88.0 £ 0.2 mV at Day 28 for TfPN, -66.6 +
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0.6 mV at Day 0 te50.7 + 0.emV at Day 28 forcontrol LPN and-66.5 + 0.3mV at Day

0 to-47.2 + 1.0mV at Day 28 forblank LPN) (Figure 2-13C). The percentage of

plumbagin retention in FLPN slightly decreased over 4 weeks (from 48.0 £ 0.5% to

41.9 + 0.5%), which was lower than that observecbmmirol LPN (from 56.5 + 0.4% at

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

To confirm thatplumbagin 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 physiologicgiH 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 houFsdure 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-200 % in 10 hours. The conjugation of Tf to the surface

of vesicles had a slight impact on the relegas#ile of plumbagin at pH 7.4~{gure 2-

14A), with a percentage cumulative release of 88.3 £ 1.5 %, slightly lower than that
observedat 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 ariddeidendent

trend (cumulative drug release of 96.51 + 1.59 % af @194.20 + 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 htfe 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 solutionce released from the liposomes.
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Figure 2-14: Drug release profile of plumbagin formulated asb&aring 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 (=3)

For polymericnanopatrticles, plumbagin was released from botRNfandcontrol PN

in two phases with initial burst release in the first hour, followed by a sustained release
of plumbagin in a pklependent manner over 24 houkgy(ire 2-15). The conjugation

of Tf to the surface of the nanoparticles also had an impact on the relefiseqb the

drug. More precisely, at pH 7.&igure 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 nanopa#dgpestively at pH

6.5 Figure 2-15B) and 5.5 Figure 2-15C) during the same period. Then, a steady
release of plumbagin from N 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 5.5hetu24. The drug
release from theontrol PN followed a similar trend and pé#ependent 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 nanopatrticle, both-bearing and control lig-polymer hybrid
nanoparticles also exhibited a sustained release of plumbagin Hlepaident manner
with an initial burst release~{gure 2-16). In addition, the conjugation of Tf to the
nanoparticles slowed the release of the d&pmgecifically, at pH 7.4Kigure 2-16A),
plumbagin was steadily released from theLIPN with a cumulative drug release of 81.7

*+ 1.4 % over a 2hour period, while 87.2 + 1.1 % and 95.4 + 0.7 % of the drug was
released from this nanoparticle respectivelgtd 6.5 Figure 2-16B) and 5.5 Figure 2-

16C) within the same period. Thmntrol LPN also exhibited a similar release trend of
plumbagin with pHdependent manner, but faster than that ef HlN (cumulative drug
release of 90.3 £ 1.0 % at pH 7.4, 95.1.¢ % 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 naturderived naphthoquinone, has been reported to exexhiksancer
effect in various types of cancer bdthvitro andin vivo, for example breast, lung,
prostate, cervical, liver, colon, brain and melanoma (Panichayupakaranant and Ahmad,
2016; Rajalakshimet 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.
Furthermoe, plumbagin failed to specifically reach tumours at a therapeutic
concentration due to its lack of tumour specificity and rapid elimination, with a short
biological halflife.

To overcome this issue, we hypotlsesi that loading plumbagin into a tumetargeted
delivery system would enhance the specific delivery of plumbagin to cancer cells and
increase the therapeutic efficacy botlvitro andin vivo, while at the same time reduce
secondary effects to healthy tissues.

In this study, liposomes, polymem@noparticles and lipigolymer hybrid nanopatrticles
were used as carriers of plumbagin. A liposomal formulation similar to that of®Doxil
liposomes was selecteds it demonstrated long blood circulation Heé achieved by
sterically stabilized liposomes with PEG (PEGylation) using DBREG 2 K et dl,e h
1997). PLGAPEG block cepolymer was used in this study due to their physico
chemical properties such asobompatibility, biodegradability, increasing drug
solubility, enhancing drug bioavailability, protecting the drug from premature
degradation and interaction with the biological environment and controlling drug release
(Kumariet al, 2010; Makadia and Siefj 2011; Liet al, 2018). Finally, plumbagin was
entrapped in novel lipigholymer 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 polyrmecore of the hybrid nanoparticles which entrapped
plumbagin, surrounded by a lipid monolayer consisting of HSPC and {PPEERK

MAL that provided a stealth effect (from PEG) as well as facilitating surface
modification. In addition, all lipids and polyneeused in this study have also been
approved by the United States Food and Drug Administration (US FDA) and the
European Medicines Agency (EMA) fasein humans (Barenholz, 2012; Sharetal,

2016).

Using unmodified nanocarriers, however, mayot be enough to improve tumour
targeting of plumbagin, resulting from nselective accumulation in othérealthy
tissues. Therefore, conjugation of nanocarriers with an active targeting ligand would be
a promising wayo improwe tumour specificity and cellular uptake via recehadiated
endocytosis. In this study, we selected Tf, an-transportingprotein, as a targeting
ligand whose receptors are overexpressed in most proliferating cells including cancer
cells (Tortorellaand 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 tartgd niosomes significantly increased the cellular uptake and anti
proliferative activityof the drugsn comparison with control niosomes and drug solution

for all the tested cancer cell lines. This resulted in complete tumour suppression of
respectively 8% and 60% of B1&10 melanoma following intravenous injection of
EGCGloaded and tocotriendbaded vesicles over one month @wal, 2009; Fuet al.,

2011; Lemariéet al, 2013; Fet al, 2014; Karinet al, 2017). In another study, systemic
administration of Timodified polymeric nanoparticlésading resveratrah rats bearing

C6 gliomasi gni ficantly decreased tumour vol unm

compared to unmodified nanoparticles and free resveratrol g6al, 2013), thus
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highlighting the need of a tumotmrgeted delivery system for delivering these
compounds taoheir site of action.

For liposomes preparation, a stock solution of plumbagin was first prepared using DMSO
prior vesicle preparation d@gishaspoor solubility in waer. The presence of DMSO also
contributes tdheincrease otirugentrapmen{Fu, 2010; Dhakaet al, 2012; Shariaet

al., 2019 The lipids were heated at 7& above the phase transition temperature of
phospholipids.Probe sonication was then uses self assembly of lipid bilayer is
generally requires an input of ener@ychegbuand Vyas, 1998;Gregoriadis, 200)7 .

After preparation of control liposomes, tréarsin was conjugated to the vesicles using
the thioimal ei mi de 6clicko react(20a3withdsome r i bed
modifications Figure 2-17). This method is one of the most widely used thated
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 corithn (Stenzel, 2013; Pongt 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 dimetlsyberimidate as a crosslinking agent (Dugésl, 2000;
2004). This result is also consistent with previous reports by Lopalco and colleagues
(2018)when dopamindoaded liposomes (HSPC:cholesterol at 7:3 molar ratio and 2.5
mol % of DSPEPEG2K-COOH) wa conjugated with transferrin (120 mg per mmol of
lipid) using NHS/EDC coupling reagents (incubated for 12 h @ resultingin a Tf
conjugation efficiencyf 48.8% Jhaveri and colleagu€2018)reported slightly higher
conjugation efficiency (600%) when preparing TFfargeted resveratrdbaded

liposomes. In their stugya carbonate PEG derivative of DOPE (pRIEPG3400DOPE)
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was synthesed and directly conjugated with Tf to obtainHEG3400DOPE micelles,

followed by postinserion inthe liposomes.

é 0
H \
Qs e NWO\/X\O/\/N
Q. O 0

,x‘rd Plumbagin-loaded liposomes
b containg thiol reactive PEG-maleimide

Transferrin containing
available thiol group

,x‘rd b Transferrin coupled to liposomes
via thio-maleimide linkage

Figure 2-17: Conjugation reaction of Tf to the liposomes entrapping plumbagin
CholesterclPEGmaleimide is used to provide thicdactive groups(maleimidg .
Thiolated Tf can then be conjugated this reactive intermediate to form covalent

thioether bond¢adapted from Hermanson, 2013

For preparation of PLGAEG nanoparticles entrapping plumbagin, nanoprecipitation
method was selectedwing to its advantages over emulsification technigsashas
simple, rapid and surfactafree preparationinarvandet al, 2011; Almoustafat al,
2017).Acetone was chosen as an organic solvent dits limw toxicity andlow risk to

human health (iternational conference on harmonisation of technical requirements for
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registration of pharmaceuticals for human use (ICH) solvent classification: class Ill)
(ICH, 2018) as well ags ease ofemoval (low boiling point, 56.2C) (Almoustafaet

al., 2017).For nanoparticleptimisation we studied the effect of varying the volume
ratio of water to organic solvent on the physical properties of RBE&& nanoparticles.

The smallest size of PLGREG nanoparticles was obtained at low volume ratios of
water: orgaic solvent of 2:1 and 3:1 and slightly increased when the ratiosrarggang

from 5:1 to 10:1. The largest size of PL&XEG nanoparticles was found at the volume
ratio of water: organic solvent of 1:1. This could be due to poor phase separation between
apolymerrich phase (organic phase) and a polyp®or phase (water phase) (Cheg

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 colleag(x 7)whenoptimisingaptameitargeted PLGA

PEG nanopatrticles entrapping plumbaghfter successfulbptimisation PLGA-PEG
nanoparticles were conjugated with Tf usingttielima | ei mi de O6,withiack 6 r e
conjugation efficiencyc5 8. 2 N 1.2 % of the initial Tf .
per1l mg of nanoparticlesYhis was higher thathat was previosly reported bysahoo

and Labhasetwar, who obtained a very low transferrin conjugation (only 2.9%Ilw/w)
their study, PLGA nanoparticles entrapping paclitaxel (containing polyvinyl alcohol;
PVA) were activated by an epoxy compound (a polyglycerol potydyy ether; Denacol
EX-512), followed by conjugation with transferrin at 37 °C for 2 h (Sahoo and
Labhasetwar, 2005)n addition, Frasco and colleagug2015) prepared transferrin
adsorbedPLGA nanoparticles entrapping bortezomib (PLGA, MW 24-88(M00Da)

using physical adsorption method (incubation overnight with -liblcat room

temperature), resulting in 49.g of Tf adsorbedo nanoparticles (1 mg).
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For the lipidpolymer hybrid nanoparticles, PLGBOOH, 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
DSPEPEG2KMAL that provided a stealth effect (from PEG) as well as facilitating
surface modification (from MAL). The lipigpolymer hybrid nanoparticles were prepared

by using onestep nanoprecipitation method, where the PLGA polymer (in water
miscible organic solventy 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 xeid (or ultrasonicated) and then homogenised (Hadetab

2013). For nanoparticleptimisation based onthe above information obtained from the
PLGA-PEG nanopatrticles, we also usadetone as an organic solvent, wHiking
polymer concentration (16g/mL), plumbagin loading (10% w/w of polymer) and a
volume ratio of water to acetone of 2:1. The optimal formulation of-|yoilymer hybrid
nanoparticles was found at low lipid to polymer weight ratio-Z@@0) which can be
explained by the fact that, ttis range, the entire surface of the PLG®OH polymer

core was covered by the amount of lipids used (Zlerag, 2008). On the contrary, at
high lipid to polymer weight ratios, the excess HSPC and DBPG2K-MAL can
spontaneously form liposoma®suting 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 [PECRK

MAL (40-50 mol%) also influenceldoth particle size and zeta potential of ljpidlymer

hybrid nanoparticlesvhich might be due to the molecular conformations of PEG chains
at different grafting densities (Zhanal, 2012; Zhangt al, 2015b). At low density (20

30 mol%), the PEG chias formed @mushroond configuration which had lownfluence
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on the particle size and zeta potential of lipmlymer hybrid nanoparticles. However, at

high density (4660 mol%), PEG chains begin to stretch away from the surface and
formed afibrusho structure, leading to an increase in the particle size as weétas z
potential due to shielding effect of PEG moleculegshe same manner, the conjugation

of Tf to lipid-polymer hybrid nanoparticlesas achieved by the thicgha | ei mi de o6 c |
reaction with a conjugation efficiency 62.2 £ 0.5 % of the initial Tf adxdl.

The encapsulation efficiency is one of the important parameters in the design of drug
delivery systems.This parameter relies on several factors suchthastypes and
compositionsof nanocarrigras well as the nature of drug lo@dchegbuet al., 1998 .

Due toits lipophilic characterplumbagin can be entrapped mainly in the lipid bilayer of
liposomes and the hydrophobic core of polysbased nanoparticles. Our results
indicated that altypes of nanocarriers prepared in this study exhibited dmgtapment
efficiency of plumbagin, ranging from 480%. Plumbagin hapreviouslybeen reported

to be entrapped in various types of delivery systems. Our liposomes have higher
entrapment efficiency of plumbagin than that was previously reported by Namdsh
colleagus (1996) who developed plumbaginaded niosomes (cholesterol: span 60:
dicetyl phosphate at molar ratio of 47.5:47.5:5), which were able to entrap 52% of

pl umbagi n. A ma x i mu nof 66 86t wasa fpumde whéen emtrappinge n c y
plumbagin n liposomes (soybean phosphatidylcholine and cholesterol at molar ratio of
9:3) (Kumaret al, 2011). For PLGAPEG nanomedicines, Pan and colleag2€4.7)

reported a lower entrapment efficiency than our polymeric nanoparticles (ab60%&60
entrapment) when entrapping plumbagin in aptataeyeted PLGAPEG nanoparticles

(PLGA, lactide: glycolide 50:50, MW17 kDa) withane nt r ap me n ofab®utci e n c
38 %. Rumbagin has also been entrapped in PLGA microspheres (PLGA, lactide:

glycolide 50:50, MW 54 kDa) with 70% entrapment (Sieglal, 1996) higherthanthat
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of our PLGAPEG formulation. This variation in plumbagin entrapment efficiency
observed in PLGAasd nanoparticles might be explained by the differenmcethe
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 shidd 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 (Zkaiad, 2014).

To our knowledge, this ithe first report for the preparation of-béaring lipidpolymer
hybrid nanopatrticles entrapping plumbagin. We could not find any studies reporting the
entrapment efficiency of plumbagin loaded lymdlymer hybrid nanoparticles to allow

a comparison witlour results.

Particle size and morphology are also importdwaracteristics of nanocarriefihey can

affect several biological phenomena such as a recognititmelPS, blood circulation

time, biodistribution, extravasation through leaky vasculature, accumuiltiomours,
targeted and cellular interngdtion(Toy et al, 2014; Blancet al, 2015 Small particles

(less than 5 nirare rapidly cleared from blood cidation by renal clearancehile large
particles are rapidly recogresl by the MPS. Rarticles larger tharsmallestblood
capillaries(higher tharb um) can causembolism(Mdller et al, 1999 Moreover, the
vascular endothelium of tumours tentb become more permeablallowing the
extravasation ofianoparticleganging from 40 to 600 nm(Yuanet al, 1995 In term

of morphology, spherical or ovoidal particles can be more rapidly intszdddythecells
compared to elongateadlipsoids and wornlike particles(Herdet al, 2013;Toy et al,

2014 All Tf-bearing and control formulations our studyhad spherical shape and
displayed the required sg&anging from 930 216 nm)that should theoretically allow

their extravasation through the leaky vasculatofenost tumours vidhe EPR effect
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(Yuanet al, 1995)In addition,the polydispersity index of all formulatiomsas low(0.10

i 0.34), indicating a uniformlydispersed 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 accumulatiotumours Negative(zeta
potentiallessthan-10 mV) and positive hanopatrticl¢seta potential higher thatD mV)

exhibit high opsonisation with serum proteins compared to neutral par(izkts
potential within £10 mV), resulting in rapid clearance blye RES and short circulation

time (Ernstinget al, 2013 Blancoet al, 2015 Gessneket al (2013)demonstaretd that
positive nanopatrticles tend to adsorb proteins with an isoelectric ([gm)ntower than

5.5, such as albumifpl = 4.7), while negative nanoparticles adsorb proteins with pl
higher than %, such as IgGpl = 6.6-7.2) Moreover, it show be noted that the
aggregates of positive nanoparticles and negatively charged serum proteins are often
large,thus causingransient embolism in the lung capillarids andHuang, 2008 In

this study, zeta potential experiments have shown thktTf-bearing and control
nanomedicine formulation&ere bearingnegativecharge (between-17 mV and-67

mV). Therefore, thsenegativelychargedhangarticles would eventually reduce the risk

of having electrostatic interactions between nanocarriersiagatively charged serum
proteins, avoiding a rapid clearancethg MPS and prolonging blood circulation time
(Ernstinget al, 2013; Blanccet al, 2015). In addition, theellular internalsation is
known todepend on the net surface chanf@anoparticles. Althougpositively charged
nanoparticles have been shown to improve intesatadn in many cancer cells (by
interaction with negatively charged cell membrane), they also have a higher rate of non
specifc uptake in normal cellBfancoet al, 2015) Thus, thenegative surface charge

on the Tf-bearingnanomedicinesn our studywould enhance a specific delivery of
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plumbagin to cancer cells, whilainimising nonspecific uptake ohanomedicinedy
healthy cells. The zeta potential is also related to the stability of a colloidal system.
Colloidal dispersions witketa potentials of motan +30 mV and 230 mV, £1620

mV and 010 mV, are commonly classified as highly stable, maiddy stable,
relatively stable and highly unstable, respectively (Bhattacharjee, 2086).
nanocarrierghereforehavethe requiredcolloidal stability for being efficient delivery
systems of plumbagin.

The physicechemical stability of drug delivery siggns is one aheessential parameters
that affect their quality, safety and therapeutic efficadyor liposomeformulations, the
changesin size, zeta potential and drdgakage ability of Tf-bearing and control
liposomes was minimal when they were stored at low temperature, unlike blank
| i posomes, whose size signiycantly increa
presence of plumbagin in the lipid bilayer of the liposomes, ithareasing membrane
rigidity while maintaining the negative surface charge and preventing liposome
agglomeration. A similar observation was recently reported by Tsermentseli and
colleagueg2018)regarding the entrapment of shikoni, another natural naghihone
compound, in PEGylated liposomes made of DOPC, DSPG and-DBE2K. The
authors reported that the drigaded 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 nanoparticlealthough the deterioration in size and drug
leakage abilityof Tf-bearing and control formulations was low, the zeta poteoitiall
nanoparticles was found to increase. This may betaltlee hydrolytic degradation of
PLGA to acidic oligomers and monomers of both lactic acid and glycolic acid, thus
causinga pH drop and zeta potential increaskthe nanoparticle formulations. This

observationwas previously reportedby Hirsjarvi, regardingthe effect of pH on the
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stablity of poly(lactic acid) (PLA) nanoparticle$Vhen the pH of PLA nanopatrticles is
titrated to acidic values (from pH 7 to pH 2) by adding hydrochloric acid, the zeta
potential of thee nanopatrticles increased (frofBO mV to-10 mV) (Hirsjarvi, 2008).
Simon and colleague42016) recently reported a similar trend when the PLGA
nanoparticles were exposed to gastric pH (pH 2), the zeta potential became close to
neutral faisedfrom -36 mV to 0.35 mV).

Drug release proyle i s o0ne tha devwlopmentsof not i
controlled release systemeghich determines the concentration of the drug at the targeted
sites as well as its therapeutic efficacy upon administration (Mahetrahj 2013) In

this studythe release profile gflumbaginloaded nanomedicinegas determinedsing

a dialysis method in phosphate buffer at three differes{pH, 6.5 and 55) Thisrelease
experiment indicatedhat plumbagin could be efficiently released frone targeted
liposomalformulation in a sustained manner within 10 hours. Howetgereleasenvas
faster than expected and not-pptimal yet, andghouldthereforebe furtheroptimised

The release of phbagin from Tfbearing liposomes followed a similar trend as
previously described from plumbagimaded liposomes (made of phosphatidylcholine,
cholesterol at a 9:1 molar ratjoyith 100% cumulative drug release being observed
within 12 hours at pH 7.@&Kumaret al, 2011).

Plumbagin was released fropolymeric and hybrid nanoparticlesa sustained manner
with initial burst release. In generghplymerbased nanoparticles can release their
entrapped drug usirfgur basic mechanisms: (i) diffusion throughterfilled pores, (i)
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 (Pawat al, 2016), the diffusion of drug thrgh watetfilled pores is the

most common mechanism (Fredenbetgal, 2011). A pordorming processhighly
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dependent on the hydrophilicity of polymeoscursimmediately aftewvater absorption

by polymerbased nanoparticles. Thus, the initial burst release obsereedpolymer

based nanoparticles may be due to pmesence ofPEG 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 mentioriaglow molecular
weight compound (i.e. plumbagin MW of 188.17 g/mol)also have a high propensity

for burst release due to osmotic pressure (Karreiady, 2016). The following sstained
release of plumbagin fre polymerbased nanoparticles may occur by diffusiorthaf

drug entrappeth polymeric core through watditled pores. Pan and colleagu@017)
described a similar release of plumbagin. In their study, plumbagalso rapidly
released (66%n PBS pH 7.4) from aptaméargeted PEGPLGA nanoparticles in the

first 2 hours, therits cumulative release increased constantly to &fr 24 hours. In

our study, Tfbearing polymeric and hybrid nanoparticleshowed slower release of
plumbagin than their control coumparts. This may be due to the abilifyTf conjugated

to the surface of nanoparticlesredu® water absorptioty the nanoparticles, therefore
slowing the rate of plumbagin diffusion throughterfilled pores. Similar to our results,

the release of docetaxel from-fergeted TPGS micelles (in PBS pH 7.4 containing 0.1%
w/v Tween 80) was significantly slower than A@aingeted micelles (Muthet al, 2015).
Moreover, plumbagin was released fraolymeric and hybrid nanoparticleés 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, minimsing any secondary sidéfects onnormal tissue. Once the nanoparticles
reach the acidic tumour microenvironment (pH 5&5), they will rapidly release

plumbagin, allowing ito exert its therapeutic effect.
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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-pré i ni c al stage, since th
HelLa, was introduceth the late nineteenth century (Raati al., 2015; Jaroctet al,

2018). The main feature of cell cultureare the ease to control the plgshemical
environment (i.e. pH angtmperaturg the pexibility of experimental designs as well as
therepeatability and reproducibility of measuremeiiRa\ et al, 2015; Ameliaret al,

2017). By carefully selecting suitable cell lines and experimental conditionshas#d
assays can providandamental information which can be ugegredictpossiblan vivo
outcomes such as therapeutic activity, bioavailability and tox(é&tya et al, 2014;
Amelianet al, 2017; Gordoret al, 2018). In the field of drug delivery systems, cell
cultureis used as a baseline téstevaluate narmoedicinedor their biological efficacy,
cellular accumulation and internsdtion of drugsandsafety (Kureaet al, 2014).

In this study, the main ppose of using tumottargeted nanomedicines is to incretse
specificdelivery of plumbagin upon cellular interradtion at the target sitevhere they

can exert their therapeutic effects in specific subcellular compartments such as cytosol,
mitochondria or nucleuéSriramanet al, 2019 . Therefore, investigatingthe cellular

uptake and internaation mechanismof nanomedicinesentrapping plumbagin will
confirm the hypothesis that conjugating nanocarriers with a targeting ligand would
enhance the uptake of plumbagin by the targeted cells.

Althoughlow molecular weight drugs or hydrophobic drugs, like plumbagin, are able to
enterthe cells by simple diffusioBlancoet al, 2015, the uptake of nanoparticles
requiresan active transport called endocytosis, which is classified into two major
pathways, phagocytosis and pinocytd&isu et al, 2013 Phagocytosis is a process by

which phagocytic cellqi.e. macrophages, neutrophils, monocytes and dendritic cells)
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engulf lage particles(larger than 0.5 um) including nanopartiasonin complexes
(Rosales and Uribe, 201 Rinocytosis is a procesdlowing the uptake of fluids, solutes
as well as nanoparticlet can be further divided into four sydathways clathrin

dependent endocytosis, caveetlpendent endocytosis, clatiicaveolaendependent

endocytosis and macropinocytodtgure 3-1) (Sahayet al, 2010; Ernstingt al, 2013 .

Pinocytosis
Caveolae-mediated . \
[ Clathrin-mediated av:: daoec;::silsa € C|Iath‘m:j- ahdd t
Macropinocytosis endocytosis s , caveolae-inaependen
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X

Passive —~ e 4 4 //
diffusion &5 o .
Macropinosome /',/. \ \/ . P4

& Eac o} XX :; X« Phagosome
| O Ll
Lysosomes Caveosomes / x
(pH 4.5)
Early °©

—— = Clathrin \@

X = Caveolin \ e endosomes 6"0

e = Dynamin endosomes Ll
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x = Opsonized target

Figure 3-1: Summary of cellular internation pathways of nanocarrigadapted from

Panaritiet al, 2019

Several inhibitors have been used to investigate the cellular uptake mechanisms of
nanocarriersChlorpromazine iscommon blocker of clathrimediatecendocytosisthe
mainuptakemechanism ofmost nanocarriers, which causes the depletion of clathrin and
adaptor proteins required for the formation of clatwoated ps (Herd et al, 2013).

Filipin, a mixture of four isomeric polyene macrolides isolatemm Streptomyces
filipinensis is used to inhibitaveolaemediatel endocytosis by bindingaveolaerich

cholesterol, thus causing malfunction of cavedl&ehnitzer et al., 1994). Another
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blocker,colchicing inhibits macropinocytosisanonspecific process for internsadition

of fluids and large particles (> 200 ni) inhibiting the polymerigtion of microtubules,
thereby preventing membrane ruffling (Hexidal, 2013).

In vitro cytotoxic assayarewidely usedo monitor the cell resmsefollowing treatment

wi t h test substances, generally usi ng
techniquegAmelianet al, 2017) MTT assay, detrazoliumbased assaysing 3-(4,5
dimethylthiazol2-yl)-2,5-diphenyttetrazolium bromide (MTT), s a colorimetric
techniqueused to determine the cytotoxic effect of drugs by measuring the percentage of
cell viability. The principle of MTT assay is based on the mitochondrial actiiliving

cells that can convert MTT, a yellpwatersoluble tetrazolium salt, into insoluble purple
formazan productHigure 3-2). The formazan crystals can be dissolved in DMSO,
ethanol, methanol, acidified isopropanol, and their absorbance can keretkat a

wavelength 0670 nm (Luiet al, 1997; Meerloet al, 2011; Stockert et al., 2012).

N~ N* S Mitochondrial reductase N— N
C | > 7/ H
N NN

MTT (yellow) Formazan (purple)
Figure 3-2: Reduction o8-(4,5-dimethylthiazol2-yl)-2,5diphenyttetrazolium bromide

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

Apoptosis is a form of programmed cell death that plays a crititeln regulating the
development, hmeostasis and function of multicellular organisms (Zimmerneira,

2001). Cellsthat undergo this procesemonstrate morphological changes sucheds

114



shrinkage, chromatin and cytoplasmic condensatiaclear fragmentation and finally
formation of small membranéound fagments (known as apoptotic bodjeshich are
removed by phagocytosis. Importantly, the intracellular constituents are not released into
the extracellular environment, therefore reducitigge inflammatory response on
neighbouring cell§Zhanget al, 2018)

By contrast, necrosis is a mode of cell death in which the cells suffer an acute injury
resuling 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 ¢etisie 3-3) (Duprezet al, 2009).
Although nost cytotoxic drugs are considered to mediate cell death mainly through
apoptosisit has been reported that some compounds may not only cause apoptosis but
other forms of cell death such as necrosis and autophagy (Maetsdla 2012). As
mentioned in Gapter 1, apoptosis induction is one of the mechanasssciated with

the anti-canceractivity of plumbagin.Therefore,investigatingmechanisra mediating

cell death using apoptosis assélf confirm that apoptosis is the mechanisesponsible

for theanti-cancereffect ofnanomedicines entrapping plumbagin.

Several methods have been developedcharacteriseapoptotic cells based on
morphological changes, DNA fragmentation, DNA lossn@mbrane change8nnexin

V FITC/ propidium iodidedouble staining assayg one of the most common techniques

for the detection opoptotic cells usinlow cytometry The principle of the asgas

based on thaifferences in plasma membrane integrity and permeability of viable,
apoptotic and necrotic cells (Riegefr al, 2011). In the early stages of apoptosis, the
alteration of plasma membrane results in the translocation of phosphatidyfsamthe

inner side to the outer layer in which Annexin V, & @ependent phospholipitinding

protein, binds specifically to phosphatidylserithge to its high affinity (Demchenko,
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2013). On the other hand, Annexin V doesstainviable cells as tlsi protein is not able

to penetrate the intact phospholipid bilayer. In conjunction with Annexin V, propidium
iodide, a membranenpermeable nucleic acid stain, is used to discriminate between
necrotic and apoptotic cell$his dye is generally excluded frobothviable cellsand
early apoptotic cellglue to the intact plasma membramdiereaslate apoptotic and
necrotic cells lost their plasma and nuclear membrane integrity, allgwomdium
iodide to penetrate through the plasma membrane then bind to nucleiqREdsret

al., 2011)
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3.2 Aim and Objectives

In Chapter 2, we demonstratéte successfubntrapment of plumbagin in three novel
transferrinbearing nanomedicines, namely liposomes, polymeric nanoparticles and lipid
polymer hybrid nanoparticles. We hypottsesihat the entrapment of plumbagin within
these novel nanomedicinesonjugated with transferrin, whose receptors are
overexpressed on many cancer cells, would incréesspecific delivery of plumbagin

to cancer cells, therel®nhancing its therapeutic efficacy.

In this chapter, these transferbearing nanomedicines will be investigatied their
ability to increase the cellular uptaked uptake mechanisaf plumbaginformulations

We will also investigatehe antiproliferative and apoptotiefficaciesof plumbagin

entrapped inhesenovel transferrirfbearing nanomedicines

118



3.3 Materials and methods

3.3.1 Materials

Materials

Supplier

3-(4,5-dimethylthiazol2-yl)-2,5-diphenyttetrazolium

bromide (MTT)

SigmaAldrich, UK

Accutas® cell detachment solution

BD Biosciences, USA

Alexa FluoP 647 dye

Invitrogen, UK

BD Pharmingefi FITC Annexin V apoptosis detectio

kit |

BD Biosciences, USA

Chlorpromazine

SigmaAldrich, UK

Colchicine

SigmaAldrich, UK

Coumarin6

SigmaAldrich, UK

Dimethyl sulfoxide(DMSO)

SigmaAldrich, UK

Dulbecco's Modified Eagée Medium(DMEM)

Invitrogen, UK

Filipin complex fromStreptomyces filipinensis

SigmaAldrich, UK

Foetal bovine serurfFBS)

Invitrogen, UK

Formaldehyde solution

SigmaAldrich, UK

Holo-transferrin, humaiTf)

SigmaAldrich, UK

Human epidermoid carcinon{a431)

European and American
Collection of Cell Cultures

(ECACC)

Human glioblastom&rog8g

European and American
Collection of Cell Cultures

(ECACC)
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L-Glutamine

Invitrogen, UK

Methanol

SigmaAldrich, UK

Mouse melanom&B16-F10-luc-G5)

American Type Culture

Collection(ATCC)

N-(3-DimethylaminopropyBNMNgthylcarbodiimide

(EDC)

SigmaAldrich, UK

Penicillin-Streptomycin

Invitrogen, UK

Phosphate buffer salif®BS

SigmaAldrich, UK

Roswell Park Memorial Institu@PMI)-1640 medium

Invitrogen, UK

Plumbagin (Shydroxy-2-methyl1,4-naphthoquinone)

SigmaAldrich, UK

TPP® Tissue Culture 98Vell Plates

SigmaAldrich, UK

TPP® Tissue Culture Vell Plates

SigmaAldrich, UK

Triton X-100

SigmaAldrich, UK

TrypLE® Express

Invitrogen, UK

Vectashiel@mount i ng medi um ¢

diamidine2-phenylindole (DAPI)

Vector Laboratories, UK
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3.3.2Cell lines

Three cell lines were used to investigate the activity of plumbagin entrapped in
transferrin bearing nanomedicingscontrol nanomedicineor free in solution A431
human epidermoid carcinonderived from an epidermal carcinoma of the skin tissue
of an85-yearold woman(ECACC) A431 cells were previously reported to overexpress
transferrin receptor®ufes, 2011Danielset al,, 2019 Moreover, this cell line has been
used to investigate the efficacy of transfertergeted delivery systems, such as
polymeric chitosan vesiclegiosomes andendrimergDuféset al, 2004; Fiet al., 2009;
Koppuet al, 2010, which makes it a desirable cell line to evaluate the targeting efficacy
of our newtransferrinbearingformulations

T98G glioblastom#s derived from a glioblastoma multiforme tumour from ay@ar old
Caucasian manECACQ). This cell line was included in this studys it also
overexpresses transferrin recept@anielset al, 2012).

B16-F10luc-G5 mouse melanoma, a mixturespindleshaped and epithelitike cells
derived from the skin of C57B&J mous€ATCC), was used in this study.ike A431

and T98G cells his cell line also expresses high levetrahsferrin receptordloreover,

it hasalreadybeen used fan vitro and in vivoevaluatiorof transferrinbearing niosomes

(Fuet al, 2011; PerchandTorchilin, 2013 .

3.3.3Cell culture

B16-F10luc-G5, A431 and T98G cell lines were groas monolayer culturaa either

Roswell Park Memorial Institutd&kPMI)-1640 mediun{for B16-F10-luc-G5 cells) or in

Dulbecco's Modified EagéesMedium (DMEM) (for A431 and T98G cells)

supplemented with 10% (v/v@étal bovine serum, 1% (v/v)glutamine and 0.5% (v/v)

121



penicillin-streptonycin. Cells were cultured at 37°C i@n incubator with a humid

atmosphere of 5% carbon dioxide

3.3.4 Cellular uptake

3.3.4.1Quantification of cellular accumulation of plumbagin

Intracellular accumulation of plumbagin formulated Bs bearing nanomedicines
control nanomedicine®r free in solutiorwas quantified by spectrophotometry. Cells
were seeded at a density of 2 X &6lls/well in 6well plates and grown at 37 °C for 72
hours before being treated with plumbagin (10 pg/well), either entrappEd biearing
nanomedicingscontrolnanomedicinesr free in soluton Af t er 3 hour soé t
cells were harvested usifgypLE® Express Subsequently, culture medium (500 pL)
was added to the cell suspension to stop the tngasiom reaction. Cells were then
centrifuged at 2,000 rpm (370 g) for 5 min using an IE@romax’ centrifuge
(ThermoFisher Scientific, Waltham, MA). The cell pellets were washed twice with cold
PBS (3 mL) before being lysed with 5% Tritdh(1 mL/sample) and incubated for
another 24 hours at 37 °C. After incubation, cell lysates were cegadfat 10,000 rpm
(9,300 g) for 15 min using an IEC Micronfaxentrifuge (ThermoFisher Scientific,
Waltham, MA). The amount of plumbagin in the surfactant was quantified by
spect r op hmatd20mm)t usiyg a FlexStatioff Bulti-mode microplate read
(Molecular Devices, Sunnyvale, CA), awdlculated by correlating absorbance with

standard calibration curve of plumbagin

3.3.4.2Preparation of transferrin -targeted nanomedicines entrapping coumarirb
To further confirm the cellular uptake nAnomedicingsplumbagin was replaced with

coumariné as a fluorescent lipophilic drug model for quantitative and qualitative
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measurements of drug cellular uptake in 81® cells using flow cytometry and
confocal microscopy.Coumarin6 loaded transferribearingand controlliposomes,
PLGA-PEG nanoparticles and lipblymer hybrid nanoparticles were prepaftxing
theoretical loading of coumar® at 0.2% of total lipids weight (for liposomeaipd
polymer weightfor PLGA-PEG nanoparticles and lipjgblymer hybrid nanoparticles))
and characterisedn the same manner as describeds@ttion 23, for formulations

entrapping plumbagin

3.3.4.3Confocal microscopy

The cellular uptake of coumarth formulated asTf- bearingnanomedicingscontrol
nanomedicines or free in solutisras qualitatively assessed using confocal microscopy.
B16-F10 cells were seeded at a density of 13c&ls/well on coverslips in-@vell plates

and were grown for 24 hours at 37 °C. They were treated with couétimug/well),
either entrapped iff-bearingnanomedicingscontrol nanomedicines or fraesolution.
After 2 hoursodé incubation, the medium was
cold PBS (3 mL) before being fixed with 2 mL formaldehyde solution (3.7 % in PBS) for
10 minutes at 25 °Clhey were then washed twice with cold PBS (3 mL) and incubated
at 25 °C with 3 mL TritorX100 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. Ce#l were then stained with Alexa FI8o847 dye (one unit of dye
diluted in 200 uL of PBS), incubated for 20 min at 25 °C, before a final wash with 3 mL
cold PBS. Upon staining of the nuclei with VectasHieldounting medium containing
DAPI, the cells werexamined 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: 41891 nm), while Alexa FluSt 647 (which stained the cell
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cytoplasm) was excited witlhé 633 nm laser line (emission bandwidth: -G4® nm),
and coumarir6 was excited with the 505 nm laser line (emission bandwidth5585

nm).

3.3.4.4Cellular uptake of transferrin -bearing nanomedicines entrapping coumarirb
The cellular uptake of coumarth formulated asTf- bearingnanomedicingscontrol
nanomedicines or free in solutiomas quantified by flow cytometry. To do so, BEGO

cells were seeded at a density of 1 XddIs/well and grown at 37 °C for 24 hours before
being treated with coumar® (50 ng/well) entrapped in Tibearingnanomedicines
control nanomedicine® r free in solution. After 2
washed twice with cold PBS (3 mL) and trypsad using TrypLE Express (250 pL).
Subsequently, RPM1640 medium (500 uL) was added to the cell suspension to stop the
trypsinisation reactionThe mean fluorescence intensity (MFI) of coumditaken up

by the cells was quantified by flow cytometry using a FACSCafftov cytometer (BD
Biosciences, San Jose, CA) with a fluorescein isothiocyanate (FITC) filter(B94

nm / Emnmax 520nm). Terthousand cells (gated events) were counted for each sample.

3.3.4.5Mechanisms of cellular uptake

The mechanisms involved in the cellular uptake of counuentrapped in Fbearing
nananedicinesand control nanmedicineswere investigated using various uptake
inhibitors. To do so, B1&10 cells were seeded iawkll plates at a density of 2 x 10
cells/well and incubated for 24 hours at 37 °C. Cells were theinpubated with
transferrin (50 uM), chlorpromazine (20 pdim filipin (4 pg/mL) and colchicine (40
png/mL) at 37 °C for 30 min. After incubatiothe treatment was removed and replaced

with fresh medium containing 50 ng/mL of coumaBirfeither entrapped in dearing
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and control nanmedicine$ and the same condeation of each inhibitor (except
chlorpromazine, added at a concentration of 5 pg/mL) for a furtheu® incubation at

37 °C. After incubation, cells were then washed twice with cold PBS (3 mL) and
harvested using TrypLlEExpress (250 pL). SubsequentlRPMI-1640 medium (500

puL) was added to the cell suspension to stop the tngasion reaction.The nean
fluorescence intensity (MFI) of coumatthtaken up by the cells was quantified by flow
cytometry using a FACSCarftdlow cytometer (BD Biosciencesas Jose, CA) with a
fluorescein isothiocyanate (FITC) filter (B 494 nm / Emiax 520nm). Ten thousand
cells (gated events) were counted for each sanipie. results were expressed
percentage of cellular uptake relative to treated cells withoutiiohil00% relative

cellular uptake).

3.3.5Anti -proliferative assay

The MTT assay was used to evaluateahg-proliferative activity of plumbagirither
entrapped in Fbearingnanomedicingscontrol nanomedicingsor free in solutn, as
well as blank nanomedicineSells were seeded in 96ell plates at a density of 5,000
cellswell and were incubated for 24 hours in an atmosphere o€ 3%%6 CO; to allow

for cells attachmenfThey were then treated with plumbagin entrappedfibearing
nanomedicingscontrol nanomedicines, or free in solutian final drug concentrations
ranging from 71 x 10°to 10 pgmL. Cells were then incubated for selected exposure
time of 24 hoursAt the end of treatment period, 50 UL MTT solution(0.5 % wi/v in
PBS was added in each wehlfter 4 hour®incubation(with protectionfrom light), the
treatments were removed, a2@0 uL ofDMSO was then added in each well to dissolve
the formazan productThe optical density of the formazan solution was measured at an

absorbance at 570 nm using Multiskan Ascent microplate r¢&dermo Labsystems,
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Beverly, MA) and calculated as the percentage cell viability compared with the non
treated ells. Doseresponse curves were fitted to obtain the growth inhibitory
concentration for 5% of cell population(ICso) by plotting percentage of cell viability
versus logarithm of concentration of treatmesing OriginPro ® software(OriginLab

Corporaton, Northampton, MA)

3.3.6 Apoptosis assay

The number of apoptotic cells following treatment with plumbdgmmulated as

bearing nanmedicines control nanmedicinesor free drugwas determined using BD
Pharmingefi FITC Annexin V apoptosis detection kit | (BD Biosciences, Franklin
Lakes, NJ), as described in the mawuf act ui
plates at a density of 2 x 16ells per well and grown for 24 hours before being treated

with plumbagin (1 pg/well), either entrapped in-Béaring nananedicines control
nananedicineor free in solution. After 4 hours®o
usingAccutas€ cell detachment solutiof500 pL). Subsequently, culture medium (500

uL) 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 Microfaentrifuge (ThermoFisher
Scientific, Waltham, MA). The cell pelletgere 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 Cag@). Cell suspension (100 pL) was then transferred to a 5 mL culture tube,
followed by 5 pL of annexin MFITC labelingreagent and 5 pL of propidium iodide.

After incubation for 15 minutes in the dark at 2 400 pL of 1X Annexin V Binding

Buffer was added to each tube before analysis of apoptosis using a FACS{amto
cytometer (BD Biosciences, Franklin Lakes, NJn Tieousand 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 iodideositively and FITGnegatively stained cells
indicate necrosis (upper left, Q1), propidiundice and FITC doublstained cells
demonstrate late apoptosis (upper right, Q2), propidium iodide and FITC dmgatve
(unstained) are live cells (lower left, Q3) and Fip&sitively and propidium iodide

negatively stained cells indicate early apot¢®wer right, Q4).

3.3.7 Statistical analysis

Results were expressed as means + standard error of the mean. Statistical significance
was assessed by emay analysis of variance and Tukey multiple comparison-{esst

using OriginPro D software( OriginLab Corporation, Northampton, MADifferences

were considered statistically significant fevalues lower than 0.05.
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3.4 Results

3.4.1 Preparation of transferrin -targeted nanomedicines entrapping coumarirb

The specific wavelength of coumaitin(Cu-6) wasdeterminedusing an Agilent Varian
Cary Eclips€ spectrofluorometer (Agilent Technologies, Santa Clara, . CK)e
spectrum of coumarié obtained from a fluorescence scan indicated two excitation
peaks asmall one aa wavelengthof 300-305nm and thénighest pealat a wavelength
of 460-465 nm(Figure 3-4A). Thus,the emission spectrum obumariné was measured
using the maximum excitation at 463 nmMhe maximum emissioccurredat a
wavelengthof 508515 nm(Figure 3-4B). As aresult, determination of coumarthwas
performed at an excitation wavelengtméBnm and an emission wavelengtrbdOnm.

To measure the entrapment efficiency, coum@nimas first prepared at 7 concentrations
in isopropanol(2, 5, 10, 25, 50, 10a&nd 150 ngmL) and analysed by fluorescence
quantification at the specif@xanda=mwavelengths obtained aboves shown irFigure

3-5, thestandard calibrationf coumarin6 was linearfor the concentrationsange used,
which could be described by the regression equation:4.85959X+ 1.55967 with a

coefficient of determination @quare, B of 0.99078
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Figure 3-4: Excitation wavelengt{A) and emission wavelengtf8) obtained using

fluorescence scaof coumarin6 solution, prepared at 50 ng/nrLisopropanol
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Figure 3-5. Standard calibration curve of coumaBinThe fluorescence intensity in
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mg/mL) inisopropano(n=3) (error bars small er than

For the purpose of qualitative and quantitative cellular uptake studresiomedicines
using flow cytometry and confocal microscopy, coumadinvas used as a fluorescent
lipophilic drug model because plumbagin does not contain a fluoroptarean emit
light upon excitationCoumarin6 loadediposomes, polymeric and lipidolymer hybrid
nanoparticles were preparadd characterised f@antrapment efficiency, size and zeta
potential measurement#is shown inTable 31, all nanomedicinesformulations
displayed relatively high entrapment efficiency of coumé&r{about 40686% entrapment
depending on nanomedicine formulations), veithmilar trend ofsize and zeta potential

as in nanomedicines entrapping plumbagin
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Table 3-1: Entrapment efficiencysize and zeta potential ibosomes, PLGAPEG

nanoparticles and lipigolymer hybrid nanoparticles entrappicgumariné (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 nanopatrticles

Tf-PN 42.9+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 -40.9+1.3

Lipid -polymer hybrid nanoparticles

Tf-LPN 40.9+0.6 2224+31 0.22+0.01 -37.6 £0.2

Control LPN 47.6 +0.7 139.1+05 0.18+0.01 -49.9+0.3

Theentrapment efficiencgf coumarin6 within the liposomes86.6 + 1.2% for Tf-LIP
and86.2 + 1.4% for cortrol LIP) was higher than that of PLGREG nanoparticle@?2.9
+ 0.3 % for T-PN and51.4 + 0.2% for cortrol PN) and lipidpolymer hybrid
nanoparticles40.9 + 0.6% for Tf-LPN and47.6 + 0.7% for corirol LPN). Thisresult
might be explained by the vesicular structure of liposomes that can eotrayarin6
within the lipid bilayer. The similagntrapment efficiencgf coumariné betweerPLGA-
PEG nanoparticles and lipjgblymer hybrid nanoparticlesan be explained bthe fact
that both formulations used the same theoretical loading of coudaain0.2% of

polymer weight.
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As expected, the conjugation of Tf to the surface of the three nanomedicine formulations
entrapping coumar#® led to an increase in mean diameteze of Tfbearing
nanomedicines103.1 £ 0.8 nm for FLIP, 138.7 + 0.7 nm for TPN and 222.4 + 3.1
nm for T-LPN) compared to cdmol nanomedicine$100.9 + 0.5 nm for control LIP,
98.7 £ 1.5 nm for control PN and 139.1 £ 0.5 nm for control LA)thermorethe
polydispersity index of all formulationswas low(0.107 0.22), indicating a uniformly
dispersed nanomedicine formulation with a narrow diggibution.

In addition, the zeta potential of all nanomedicines entrapping coudavare bearing
a negative surface charge, ranging frd®.1 £ 0.2 mV t649.9 + 0.3 mV.

Theseresuls therefore demonstratdédat the entrapment of couma#nin the three
nanomedicinedid not change thiephysicachemical propertiesuch asheparticle size

and surface charge, compatkeith the original fornulations entrapping plumbagin.

3.4.2 Cellular uptake

3.4.2.1Qualitative and quantitative analysis

3.4.2.1.1 Transferrin -bearing liposomes

The intracellular accumulation of plumbagin either formulated dseafing and control

liposomes or free in solution was investigatethimthree tested cell linegigure 3-6).

As expeted, the entrapment of plumbagin in-daring liposomes significantly
increasedplumbagin uptake by theells in comparison with control liposomes and
plumbagin solution. In B1:&10 cells, the amount of plumbagin accumulated in the cells

treated with Tfbearing liposomes was 1f6ld and 2.4fold higher than that of control

| i posomes and free drug, -tLeéePpedtiovelNy O( 1.5
contolL1 P and 0.70 N 0.17 g for pludodagin s

and 2.%fold for Tf-LIP in comparison with control liposomes and plumbagin solution,
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respectively (1.197 N .B.52 BuinteflglPLA6d 09y F 60D r

eg for free plumbagin). The highest i ntra
T98G cells incubated with Tearing liposomes which was significantly higher than that
observed after being treated with control liposomes and freebplgim respectively by
l.4foldand2.4f ol d (3.02 -NI B, 2. &t§ cbhudLIPBAd143y f or

N 0.05 g€g for free plumbagin).

47 I Tr-LiP
[ control LIP

[ Plumbagin solution

Intracellular amount of plumbagin (ng)

B16F10 A431 T98G
Cell lines

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

F10, A431 and T98G cell lines£5) (*: p<0.05 vs TiLIP)
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The cellular uptakef liposomes entrapping coumairwas qualitatively anabed by
confocalmicroscopy in B16-10 cells Figure 3-7). As expected, Fbearing liposomes

led to a higher cellular uptake of couma@incompared to that observed in control
liposomes. Cells treated with coumafin solution showed coumariiderived
fluorescence in theytoplasm, probably due to the nepecific diffusion of the drug. In
addition, coumarin6-derived fluorescence was only disseminated in the cytoplasm
following all treatments, with no visible docalisation within the nucleus after 2 h

incubation with théreatments.

DAPI Alexa Fluor® 647 Coumarin-6 Merge

Control LIP Tf-LIP

Free coumarin-6

Untreated

Figure 3-7: Confocal microscopy imaging of Baf610 cells, showing the cellular uptake

of coumarin6 entrapped in Fbearing liposomes, control liposomes or as solution
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Coumarin6 uptake was also quantitatiyeconfirmed by flow cytometryKigure 3-8).
Theconjugation of transferrin to the liposomes significantly increased cowtartake
(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 coumarin6 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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Mean fluorescence intensity of coumarin-6 (a.u.)

Tf-LIP Control LIP Free coumarin-6
Formulations

Figure 3-8: Flow cytometry quantification of the cellular uptake of coum#érantrapped
in Tf-bearing liposomes, control liposomes or as solution in-BI® cells (=3) (*:

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

The entrapment of plumbagin in -bBearing PLGAPEG nanoparticles significantly
improved plumbagin uptake compared to that of control nanoparticlestimeadisted
cell lines Figure 3-9), respectively by 1-8old in B16-F10 cells (2.83 £ 0.16 mg for Tf
PN and 2.18 + 0.05 mg faontrol PN) and A431 cells (3.11 + 0.13 mg forHN and
2.40 £ 0.05 mg focontrol PN), and 1.5old in T98G cells (3.65 + 0.10 mg for -HN
and 2.43 £ 0.06 mg farontrol PN). It was more thanféld higher than that of free
plumbagin for B16F10 cells (0.70 + 0.17 mg), 3fdld higher for A431 cells (0.92 +

0.07 mg) and 28old higher for T98G cells (1.43 £ 0.05 mg).

[ Plumbagin solution

5 —_
[ T-PN
. - Control PN

Intracellular amount of plumbagin (ng)

B16F10 A431 T98G
Cell lines

Figure 3-9: Cellular uptake of plumbagin (10 pg/well) either formulated ab&dring
(orange) and control PLGREG nanoparticles (green) or as free drug in solution

(purple), in B16F10, A431 and T98G cell lines£5) (*: p<0.05 vs TfPN)
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Confocal microscopy confined the cellular uptake of couma6n which was
disseminated in the cytoplasm of BE®O cells, with no visible ctocalisation within
the nucleusKigure 3-10). As expected, the intensity of couma6iaerived fluorescence
appeared to be more pronounciedthe cells treated with Tibearing PLGAPEG

nanoparticles than that of control nanoparticles and free couarin

DAPI Alexa Fluor® 647 Coumarin-6

Tf-PN

Control PN

Free coumarin-6

Untreated

Figure 3-10: Confocal microscopy imaging of Bi&10 cells, showing the cellular
uptake of coumari® entrapped in Fbearing and contrd?LGA-PEG nanopatrticles or

as solution
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Similarly, the highest uptake in B&6L0 cells was observed following treatment with
coumariné entrapped in Fbearing PLGAPEG nanopatrticles (MFI of 8690 + 129),
which was 1.3fold and 1.3fold higher than thatbserved in the cells treated with control
nanoparticles (MFI of 7883 + 86) and free coum#&i(MFI of 6567 + 79) Figure 3-

12).
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Figure 3-11: Flow cytometry quantification of the cellular uptake of coumd&rin
entrapped in Fbearing and control PLGREG nanoparticles or as solution in BABE0

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

The cellular uptake of plumbagin in BEEO cells treated with fibearing lipidpolymer

hybrid nanoparticles was higher than that of control {gmtymer hybrid nanoparticles

and free drug, respectively by f@ld and 2.3f ol d (1. 44 HNPNQ0.9D6 &g f
0. 13 eoqtfr o LPN and 0.70 N OFiduie3t2ginf or pl
A431 cells, itwas 1:3old and 2.7fold for Tf-bearing lipidpolymer hybrid nanoparticles

in comparison with control nanoparticles and drug solution, respecfively 46 N 0. 0 4
forTFLPN, 1. 95 BbnOt.r0o5S egPN oarnd 0. 92 N 0.07 ¢
T98G cells, treatment of this cell line with-béaring lipidpolymer hybrid nanoparticles

resulted in the highest cellular uptake of plumbagin, which significantly higher than

that observed after treatment with unconjugated nanoparticles and free plumbagin

respectively by 13oldand2f ol d (2. 80 -INPN, 22. 24 dnwél. T3 ¢ g

LPN and 1.43 N 0.05 g for free plumbagin)
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Cell lines

Figure 3-12: Cellular uptake of plumbagin (10 pg/well) either formulated abddring
(orange) and control lipipolymer hybrid nanopatrticles (green) or as free drug in solution

(purple), in B16F10, A431 and T98G cell linega£5) (*: p<0.05 vs TfLPN)

For confocal microscopy, the cellular uptake of coumé@rantrapped in lipigbolymer
hybrid nanoparticles followed a similar trend as previously described in liposomes and
PLGA-PEG nanopatrticles. Tdearing lipidpolymer hybrid nanopadies led to a higher
cellular uptake of coumari compared to that observed in control nanoparti€liggife

3-13). Cells treated with coumar® solution showed coumariirderived fluorescence

in the cytoplasm, probably due to the repecific diffusionof the drug. Coumarig-
derived fluorescence was disseminated in the cytoplasm efFBQ&ells following all

treatments, with no visible docalisation within the nucleus.
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Control LPN

Free coumarin-6

Untreated

Figure 3-13: Confocal microscopy imaging of Bal6l0 cells, showing the cellular
uptake of coumari® entrapped in TFbearing and control lipigpolymer 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 increasedumarin6 uptake (MFI of 5784 + 121 a.u.) by 1.6

fold compared to control nanoparticles (MFI of 3576 + 123 akigu¢e 3-14). The

highest uptake was observed following treatment with cour@asimiution (MFI of 6567

+ 79 a.u.), similar to that observadliposomes formulation.
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Figure 3-14: Flow cytometry quantification of the cellular uptake of coumérin
entrapped in Fbearing and control lipigpolymer hybrid nanoparticles or as solution in

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

3.4.2.2.1 Transferrin -bearing liposomes

Free transferrin, chlorpromazine, filipin and colchicine were used to inhibit transferrin
receptormediated, clathrimediated, caveolamediated and macropinocytosis
mediatedendocytosis, respectively (Cheaal,, 2014).

Unexpectedly, the cellular uptake ofbéaring vesiclebaded with coumarié was not
inhibited by free transferrim B16-F10 cells indicating that there was no competition
between free transferrin and-béaring vesicles at the studied experimental conditions
(Figure 3-15).

Pretreatment of B16-10 cells with chlorpromazine significantly decreased the cellular
uptake of coumari® entrapped in Fbearing liposomes, which was 16% lower than that
observedwithout pretreatment 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 andcontrol LIP, with the relative cellular uptake without inhibitor set at
100%).

Thecellular uptake of coumari entrapped in Fbearing liposomes was also partially
inhibited by filipin, unlike control liposomes. It decreased to 92.5 + 1.7% compared to
that measured in cells without pireatment, indicating that Ffearing liposomes ere
taken up by caveolamediated endocytosis through caveosomes.

Colchicine, however, did not inhibit the cellular uptake ofb€&hring and control
liposomes, meaning that macropinocytasiediated endocytosis pathway was not

involved in the cellular irgrnalsation of these liposomes.
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Figure 3-15: Relative cellular uptake of coumatthentrapped in Fbearing liposomes
(orange) or control liposomes (green), in the presence of endocytosis inhibitors; in B16

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

PretreatmentofB1& 10 cel |l s with 50 &M of free tran

cellular uptake of Fbearing PLGAPEG nanoparticleaded with coumari®, which
was 10% lower than that observed without{peatmenirelative cellular uptake of 90.2
+ 1.0 % following treatment with TPN, with the relative cellular uptake without
inhibitor set at 100%)Higure 3-16). This result indicated a competition between Tf
nanoparticles and free Tf for binding to Tf receptsrgggesting that the internsdtion

of Tf-bearing PLGAPEG nanoparticles is partly due to Tf receptoediated
endocytosis.

In this study, chlorpromazine, a cationic amphiphilic drug that prevents clattated
pits assembly at the plasma membraneaserf(Cheret al, 2018), caused the most
significant inhibition in both Tbearing and control PLGREG nanopatrticlebbaded
with coumariné (decrease afelative cellular uptake to 84.1 + 0.4% forFN and 85.7

+ 4.7% forcontrol PN), confirming that cthrin-mediated endocytosis is a major pathway
for theinternalsation of these nanoparticles.

Following preincubation with filipin, the cellular uptake of coumagrentrapped in Ff
bearing PLGAPEG nanoparticles decreased to 90.4 + 1.6%, indicating Tthat
nanoparticles was partially taken up by caveohaeliated endocytosis.

By contrast, colchicine did not inhibit the cellular uptake of courr@rlnaded T
bearing and control PLGREG nanoparticles, suggesting that macropinocytosis

mediated endocytasiwas not responsible for the cellular uptake of these nanopatrticles.
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Figure 3-16: Relative cellular uptake of coumat@hentrapped in Tbearing PLGAPEG
nanoparticles (orange) or control PL&AG nanoparticles (green), in the presence of

endocytosis inhibitors, in B1610 cells (=3) (*: p<0.05 vs No inhibitor)
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3.4.2.2.3 Transferrin -bearing lipid -polymer hybrid nanoparticles

As expected, prereatment of B14-10 cells with 50 uM of free transferrin caused a
significant cellular uptake inhibitionf Tf-bearing lipidpolymer hybrid nanoparticles
entrapping coumar#s, with a relativecellular uptake of 79.8 + 0.9 % compared to that
observed in the cells without pteeatment (relative cellular uptake set as 100Pigure

3-17). This result confirmed the involvement of Tf receptorsdiated endocytosis for

the internakation of Tfbeaing lipid-polymer hybrid nanoparticles.

Pretreatment 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 clathrimedided endocytosis is a major pathway for inteszion

of these nanoparticles.

The cellular uptake of coumarth entrapped in TFbearing lipidpolymer hybrid
nanoparticles was weakly inhibited by filipin, which decreased to 92.2 + 8di¥pared

with cells without pretreatment, meaning that caveclaediated endocytosisias
partially responsiblefor the cellular uptake ofTf-bearing lipidpolymer hybrid
nanoparticles.

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

uptake of controlipid-polymer hybrid nanoparticles
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Figure 3-17: Relative cellular uptake of couma#thentrapped in Fbearing lipid
polymer hybrid nanoparticles (orange) or control kpmlymer hybrid nanoparticles
(green), in the presence of endocytosis inhibitors, in-Bl® cells (=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 -grbliferative activity of
plumbagin either entrapped in-béaring and control liposomes or as a free drug
Theentrapment of plumbagin in liposome formulations significantly improved the anti
proliferative activity of plumbagin, compared with the free solution, by at leastolds
(Table 3-2, Figure 318). The conjugation of transferrin to the liposomes further
increased plumbagin arproliferative efficacy, by 2-3old for B16-F10 cells, 4.Fold

for A431 cells and 4-2old for T98G cells, compared to that of plumbagin solution
following 24 h o u treandent. These results correlateell with the improved cellular
uptake of the drug following treatment with the targeted liposomes.

Plumbagin loaded in Tihearing liposomes exhibited the highest -ntliferative
efficacy against B1#-10 cells (IGo: 0.22+ 0.01 pg/mL), followed by A431 cells (Ka.
0.41 £ 0.01 pg/mL). However, Tdearing liposomes entrapping plumbagin only exerted
a limited antiproliferative effect in T98G cells (Kg: 1.47 £ 0.27 pg/mL). Although the
highest plumbagin uptake was found®8G cells after treatment with plumbagin loaded
in Tf-bearing liposomes, improved aptioliferative activities were found in Bi610
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 PLE&2EG nanopatrticles led to a significant increase
of in vitro antiproliferative activity of plumbaginTable 3-2, Figure 3-19). Moreover,
the targeting of the nanoparticles with transferrin further improved plumbagin therapeutic
efficacy. In B16F10 cells, the increase was 2dld for Tf-bearing PLGAPEG
nanoparticles and 1-#®ld for control nanoparticles compared to plumbagatution
(ICs0: 0.24 + 0.01 pg/mL foif-PN, 0.34 £ 0.01 pg/mL focontrol PN and 0.51 + 0.02
pug/mL for plumbagin solution For A431 cells, both TFbhearing PLGAPEG
nanoparticles and control nanoparticbedy exerted a limited therapeutic improvement
onthis cell line(ICso: 1.47 + 0.21 pg/mL foiff-PN, 1.61 + 0.28 pg/mL focontrol PN
and 1.78 £ 0.20 pg/mL foplumbagin solutioh In T98G cells, the increase was at its
highest, by 2.8old for Tf-bearing PLGAPEG nanoparticles andf8ld for control
naroparticles compared to that of free plumbad®@e¢ 2.18 £ 0.51 pg/mL foil f-PN,
2.03 £ 0.58 pg/mL forcontrol PN and 6.19 + 0.20 pug/mL fgslumbagin solution).
However, there was no significant difference in the i&tween Tdbearing and control
PLGA-PEG nanoparticles in T98G cells. By contrast, blank PLEEG nanoparticles
did not exert cytotoxicity to any of the cell lines at the tested condititempnstrating

the safety oPLGA-PEGMAL polymer at the tested experimental conditions

3.4.3.3 Transferrin -bearing lipid-polymer hybrid nanoparticles

Theinvitroantrtpr ol i ferative activity of pl umbagi
formulated in lipidpolymer hybrid nanoparticles on the tested cell linBsble 3-2,

Figure 3-20). In addition, theconjugation of transferrin to the nanoparticles further
improved plumbagin therapeutic efficacy when compared to the free drug. {RIB16

cells, the antproliferative efficacy of plumbagin loaded-b&aring lipidpolymer hybrid
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nanoparticles was hightiran that of control nanoparticles and drug solution respectively
by 1.6fold and 3.2fold (ICse: 0.16 £ 0.02 pg/mL for FLPN, 0.26 + 0.01 pg/mL for
control LPN and 0.51 + 0.02 pug/mL for plumbagin solution). In A431 celldyéring
lipid-polymer hybridnanoparticl es significantly enha
plumbagin by 1.4old and 2.8fold when compared with control nanoparticles and free
plumbagin, respectively (K& 0.63 £ 0.03 pg/mL for FLPN, 0.86 + 0.03 pg/mL for
control LPN and 1.78 +.20 pug/mL for plumbagin solution). In T98G cells, the efficacy
was 3.6fold for Tf-bearing lipidpolymer hybrid nanoparticles and Zdd for control
nanoparticles in congrison with plumbagin solution.dwvever, there was no significant
difference between Tthearing and control lipigholymer hybrid nanoparticles (3¢ 2.03

+ 0.15 pg/mL for TfLPN, 2.40 + 0.49 pg/mL focontrol LPN and 6.19 + 0.20 pug/mL
for plumbagin solution). By contrast, blank lipmlymer hybrid nanoparticles did not
exert any cytotoxicity to the cell lines at the tested concentrations, $ymddiposomes

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

formulations, or free in solution, expeesl as 16 values, in B16~10, A431 and T98G

cells, following 24 h treatmenh£15) (n.d.: not determined)

ICs0 (Mg/ml) Mdan + 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+0.01 147 +0.21 2.18+0.51
Cortrol 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
Cortrol 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 | i posomes entrapping plumbagin
cellular apoptosis in BE610 cells compared to that of control liposomes and free
plumbagin, with 88.4 £ 0.4 % of cells beimmgapoptosis 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 apoptben treated

with free plumbaginKigure 3-21 and 3-22). In A431 cells, the apoptosis effect of Tf
bearing liposomes (total apoptosis of 43.3 +%.&ells) was lower tharhat observed

with B16-F10 cells, but was still 1-fbld higher than that observed following treatment
with control liposomes (total apaysis 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 Tfbearing liposome was further reduced compared to that of the 2 other cell
lines, but was stilkignificantly higher §<0.05)than that observed following treatment
with control liposomes and free drug in solution (total apoptosis of 24.9 + 0.8 % cells
following treatmentwvith 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 antiproliferative assay, showing that -béaring liposomesentrapping
plumbaginexhibited the highest anproliferative effect on B1410 cells followed by

A431 and T98G cells.
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3.4.4.2 Transferrin -bearing PLGA-PEG nanoparticles

The conjugation of transferrin to plumbagin loaded PERRG nanopatrticles led to a
significant increase in cellular apoptosis on B cells compared to that of
unconjugated nanoparticles and frgambagin Figures 3-23 and 3-24), with a total
percentage of apoptotic cells respectivefy78.8 + 1.4 % for Tbearing PLGAPEG
nanoparticles, 72.3 £ 0.8 % for control nanopatrticles and 27.5 £ 1.0 % for free plumbagin.
For A431 cells, Tbearing PLGAPEG nanoparticles exhibited higher apoptosis activity
than free plumbagin whicdid not exertany apoptosis on this ¢dine at the tested
conditions. 1s efficacy was nadhigher tharthatof control nanopatrticles (total apoptosis
of 27.2 + 1.2 % for PN, 25.4 + 0.8 % forcontrol PN and 7.9 £ 0.9 % for free
plumbagin). By contrast, ingBG cells, only free plumbagin solutiorduced apoptosis,
while both Ttbearingand controlPLGA-PEG nanoparticles did not exert apoptosis at
the tested conditions (totapaptosis of 7.7 + 0.6 % for I®N, 7.2 £ 0.5 % focontrol

PN and 17.1 + 1.5% for free plumbagin).
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3.4.4.3 Transferrin -bearing lipid-polymer hybrid nanoparticles

Tf conjugation on plumbagitoaded lipidpolymer hybrid nanoparticles significantly led

to the highest cellular apoptosis in BE®O cells Figure 3-25 and 3-26), with 89.2 +

0.4 % of cells being apopio as a result of their treatment. By contrast, 80.5 + 0.6 % and
27.5 + 1.0 % of cells were apopitowhen treated with the control nanoparticles or the
plumbagin solution, respectively.

In A431 cells, the apoptoseffect 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 8.3 % forcontrol LPN, 7.9 + 0.9% for plumbagin solution), similar

to the 11.4 £ 0.3 % apoptosibtainedwhen treated with the blank nanopatrticles.

In T98G cells, the apoptosis effect ofdaring lipidpolymer hybrid nanoparticles (total
apoptosis of 2.0 + 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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3.5 Discussion

The possibility of using plumbagin for cancer treatment is limited byntdality of this
compound to specifically reach tumours at a therapeutic concentration following
intravenous injection, resulting from short biological Hé# and rapid elimination. To
overcome this issue, we hypotltsesithat loading plumbagin into tmourtargeted
delivery system would enhance the specific delivery of plumbagin to cancer cells and
increase its therapeutic efficacy.

In Chapter 2, we successfully prepared transfdreiaring liposomes, PLGREG
nanoparticles and lipigolymer hybrid naoparticles entrapping plumbagirand
demonstrated that these tumdargeted formulations have suitable physit@mical
properties for being efficient delivery systems for plumbagin. Thereafter, it is necessary
to investigate the capability of these delly systems tenhancehe specific delivery of
plumbagin to cancer cells ardhancementf its therapeutic efficacy

For the PEGylated liposomes, cellular uptake studies demonstratedfthaaring
liposomes led to higher cellular accumulation of plagih in comparison with control
liposomes and plumbagin solution. A similar result was obtained when replacing
plumbagin with coumari® as a lipophilic fluorescent drug model. These results were
similar to that previously reported by our group when udifipearing SolularC24 /

Span 66ebased vesicles as drug carsiéor tocotrienol and epigallocatechin gallate (Fu

et al, 2009; Lemariéet 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 seaslas increasedh U87MG human glioblastoma cells
following treatment with THearing liposomes compared to control liposomes. Among
the three tested cancer cdihes, T98G cells exhibited the highest cellular uptake of

plumbagin aftetreatmentwith transferrinbearing vesicles. This might be explairisd
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the high level of transferrin recepsmn the surface of T98G cells compared to H16

and A431 cell line¢BauschFluck et al, 2015).

The cellular uptake of Fibearing liposomes was not inhibited following reatment

with free transferrin. This result was observed for a fixed set of experimental conditions,
but may have been different followirggptimisaton (e.g. using various amougf Tf,
various duratiosof incubatior). The explanation for this result might be the elasticity of
vesicles. Guo and colleagu¢®018) demonstrated that the vesicles that have high
elasticity such as liposomes, can entescpredominantly 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 chfwomazineonly. Both chlorpromazine and
filipin are pinocytosis inhibitors: chlorpromazine has been reported to inhibit ckathrin
mediated endocytosis, which is a major pathway tfa internalsation of various
nanomedicines (Cheat al., 2018), whereaslipin blocks the caveolamediated process,

a clathrinindependent endocytosis (Getoal, 2013). These results therefore confirm the
involvement of clathrirmediated endocytosis, which is a requisite for Tf receptor
mediated endocytosis, and caveeataaliated endocytosis in the interrsaliion of Tf
bearing liposomes. This result is in agreement with previous segbidwingthat
clathrirmediated endocytosis is the main mechanism of nanomedicine irdatioal(Li

et al, 2012b; Gacet al, 2013; Alshehriet al, 2018). For instance, cellular uptake of
Tf/TAT -liposomes containing doxorubicin in B16 cells was decreased by 20 % after pre
treat ment with c¢chl or pr omaetal,20d6).( 20 ¢ g/ ml
The entrapment of plumbaginthin liposomesncreasedts anti-proliferative activityby

at least 1.5o0ld compared with free drugrurthermore, the conjugation of transferrin to

liposomes furtheimprovedthe 1G values, showing approximatelyp to 4 3-fold,
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compared to that gblumbagin solution Although the highest plumbagin uptake was
found in T98G cells after treatment with-béaring liposomesoading plumbagin
improved antiproliferative activities were found in B1#610 and A431 cells, probably
because T98G cells are maasistant to plumbagin than the two other cell lines. T98G
cell line is a glioblastoma multiforme (GBM), known to be one of the most malignant
and aggressive forms of brain cancer due to its high resistance to chemotheramt (Kriel
al., 2018). Glioblastmas have recently been reported to be resistatftetalkylating
agent temozolomide (TMZ) (Munoet al, 2014), and may also be resistant to the
alkylating properties of plumbagin (Klo&t al, 2014), therefore limiting its therapeutic
efficacy on T98G ells. Several delivery systems have previously been reported to
improve the therapeutic efficacy of plumbagin. For example, silver caged nanoparticles
containing pl umbagi n 2.5 OM (0. 47 € g/ mL)
epidermoid carcinoma cells 180% while free plumbagin at the same concentration
reduced cell viability by only 20% (Duraipandst al, 2014). In another work,
PhospholipidTweerf 80 mixed micelles containing plumbagin improvedritgitro anti
proliferative activity on MCF7 cells ty 2.1-fold (Bothirajaet al, 2013). The cytotoxicity

of plumbaginloaded nanoemulsion (composed of oleic acid and polysorbate 80) on
PTEN-P2 murine prostate cancer cells \eafianced by.4-fold in comparison with free
plumbagin (Chrastinat al, 2018).In comparison, our Fbearing vesiclegntrapping
plumbaginmight inhibit cancer cells proliferatianore efficientlythanwith nontargeted
deliverysystens, due to transferrin active targeting.

The entrapment of plumbagin in-bkaring liposomes alsocreased apoptosis in the
three tested cancer cell lines, unlike drug solution. Tinsovementorrelated well with
anti-proliferative results showing that Tbearing liposomes exhibited the highest

apoptosis on B1&10 cells followed by A431 and T98Gells. Our results were in
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agreement with previous reports by Duraipandy and colleaddé$4) who
demonstrated that the treatment with plumbagin entrapped in silver nanocages led to the
apoptosis of A431 cells, unlike free drug solution. In another vgilker nanoparticles
entrapping plumbagin was reported to induce apoptosis in Hela cells, unlike free
plumbagin (Appadurai and Rathinasamy, 2015).

The entrapment of plumbagin in PLE&2EG nanoparticles significantly improvéue
cellular accumulation of pinbagin compared to free drug. It was further impravidn
conjugatinghese nanoparticles with transferrin. These results were comparable with the
cellular uptake of PLGAPEG nanopatrticles entrapping coumgsirOur data are in line

with the flow cytomety results of Zhao and colleagues (2014), who found that the uptake
o f pacl it ax e l-gluthnoicaadidmaleinmideco-lp-lactidg)(,2-dipalmitoyl
snglycerec3-phosphoet hanol aRGAMAL-PLADPPEPE) pamparticléso
modified with transferrirvas significantly enhanced by more than Zdi@ and 1.32

fold respectively in C664 and Hela cells compared with unmodified nanoparticles. Tf
conjugated poly(lactidelp-a-tocopheryl polyethylene glycol succinate diblock
copolymer (PLATPGS) nanoparties were also found to increase the uptake of
coumarinb6 in a timedependent manner compared with unmodified nanoparticles in C6
glioma cells (Gan and Feng, 2010). In another study, entrapping resveratrol within Tf
modi yed pol y-@dyHagtic amh @EGPLAY manoparticles also increased

its cellular uptake by C6 glioma cells (Geo al, 2013),confirming the potentialof
transferrinfor tumourtargeting.

The study investigating theechanisms of cellular uptakedicatedthat there was
competition between Tihearing PLGAPEG nanopatrticles and free Tf for binding to Tf
receptorsconfirmingthat the internagation of Tfbearingnanoparticles is partly due to

Tf receptorsmediated endocytosidlumerousstudies have repad similar finding
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where the presence of free Tf reduced cellular uptake of transtemjogated
nanoparticles in various cancer cell lines (Chengl., 2009; Zhangt al,, 2012; Jhaveri
et al, 2018). Clathrirmediated endocytosis is well known fds irole as the main
mechanism for internaation of most nanocarriers (Gabal, 2013; Oh and Park, 2014).
As expected, chlorpromazine was found to have the maximum inhibitory effect on the
cellular uptake of Tbearing and control PLGREG nanoparticke (around 15 %
reduction). Caveolamediated endocytosis waksofound to be one of the internsdtion
mechanisms for Fbearing PLGAPEG nanoparticlesas their cellular uptake was
inhibited by filipin.

Treatment of the cells with Tdearing PLGAPEG naoparticles entrapping plumbagin
resulted in an enhanced aptoliferative activity on the three tested cell lines in
comparison with free plumbagin. Theseuleswere in accordance with & previous
reports, which demonstrated thiae therapeutic efficacy of plumbagin is improved by
entrapment in drug delivery systems. For example, folic -emigugated TPGS
nanomicelles containing plumbagin improved its ntliferative activity on MCF/
cells (IGoof 3.2 £ 0.4 pg/mL) by 24old ard 4.1-fold in comparison with unconjugated
nanomicelles (16 of 7.8 + 0.8 ug/mL) and free drug @6of 13.5 £ 1.31 pg/mLjPawar

et al, 2016). Pan and colleagu@®17)have demonstrated that aptartemgeted PLGA
PEG nanopatrticles increased the cytatit of plumbagin on LNCaP prostate cancer
cells by 2.2fold (ICso0f 4.78 £ 0.83 uM) compared with ndgargeted nanopatrticles @€

of 10.33 + 2.48 uM), while blank PLGREG nanoparticles showed low toxicity,
following a similar trend as our experimets.

Consistent with anproliferative studiesflow cytometric analysis revealed thtte
treatment of the cells witplumbagin entrapped in dfearing lipidpolymer hybrid

nanoparticles led tan increase in the percentage of total apoptotic cells off206and
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A431 cells, unlike thostreated withdrug solutionHowever, in T98G cells, Fbearing
lipid-polymer hybrid nanoparticles entrapping plumbagin did not cause apoptosis at the
tested experimental conditions. T98G cells, known to be highly resistant to alkylating
agents such as temozolomide, the frontlinattnent for glioblastoma multiforme (Keiel

et al, 2010), might also resist the alkylating properties of plumbagin (i€tadk, 2010),

as mentioned above.

Lipid-polymer hybrid nanoparticles, cellular uptake studies demonstrated that the
conjugation of Tfto lipid-polymer hybrid nanoparticles significantly increased
plumbagin uptake in comparison with control nanoparticles and plumbagin solution on
the three tested cell lines. Our data are in line with the finding of Guo and colleagues
(2015) who found thathe use of Tf as a targeting ligand on lipidlymer hybrid
nanoparticles entrapping doxorubicin improved the cellular uptake of doxorubicin by 2.8
times compared with netargeted nanoparticles on A549 cells. This outcome was also
reported by Zheng analbeagueg2010) who showed that T¢onjugated lipiepolymer

hybrid nanoparticles entrapping calcein was more efficiently taken up by SKi&is
compared with the netargeted formulation.

The cellular uptake of Hbearing lipidpolymer hybrid nanopadies was partially
inhibited by free Tf, chlorpromazine and filipin, while control nanoparticles was partially
inhibited by chlorpromazine and colchicine. freatment of B14-10 cells with free Tf

led to competition between -Blearing lipidpolymer hybrd nanoparticles and free Tf,
suggesting that the internsdtion of Ttbearing lipidpolymer hybrid nanoparticles is
partly due to Tf receptonsiediated endocytosis. This result is in agreement with previous
data obtained by Zheng and colleag(#&10) who revealed that the cellular uptake of
Tf-conjugated lipigb ol ymer hybri d nanoparticles carrtr

(4-amino)phenylthiel,4-androstadien8,17-dione, was reduced by the excess free Tf in
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the culture media. Chlorpromazines ia commao blocker of clathrirmediated
endocytosiswhile filipin is known to block the caveolasediated endocytosis.

Our study has showmhat the cellular uptake of Ffearing lipidpolymer hybrid
nanoparticles was blocked by these inhibitors. This result therefore confirms the
involvement of clathrirmediated and caveolaeediated endocytosis in the
internalsation of Ttbearing lipidpolymer hybrid nanoparticles. Colchicine had a
minimal inhibitory effect on control lipigholymer hybrid nanoparticles, meaning that
macropinocytosis, a nespecific process to internsdi fluids and particles together (Oh

and Park, 2014yas involved in thenternalsation of this nanoparticles. Although
clathrirmediated endocytosis pathway mainly participated in the uptake of beoth Tf
bearing and control lipigpolymer hybrid nanoparticles, it should be noted that the
conjugation of Tf to the surface of camitnanoparticles also modified the cellular uptake
pathway from clathrirmediated endocytosis and macropinocytosis to caveoéakated
endocytosis. This could have a significant impact on the therapeutic efficacy of Tf
bearing lipidpolymer hybrid nanopécles, as the caveosome is a neutral pH endocytic
compartment, thus partially avoiding the degradation of the drug by the acidic pH of
endosome and lysosomein the clathrinrmediated endocytosis pathway (Xiaegal.,

2012; Gacet al,, 2013).

The conjugation of Tf to lipigpolymer hybrid nanoparticles increased the -anti
proliferative activity of plumbagin in the three tested cancer cell lines. These results may
be attibuted to the enhanced cellular uptake when treated with plumbagin formulated as
Tf-bearing lipidpolymer hybrid nanoparticles. The entrapment of plumbagin in various
delivery systems has previously been reported to improve its therapeutic efficacy. For
instance, micelles entrapping plumbagin improved itsgotiferative activity on MCF

7 cells by 2.1fold compared with free drug (Bothirag al, 2013). In another study,
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Pawar and colleagug¢2016) have demonstrated that loading plumbagin into fadid a
conjugated BJtocopheryl polyethylene glycol 1000 succinate nanomicelles was able to
improve its antiproliferative activity on MCF7 cells in comparison with unconjugated
formulation and free drug respectively by-20fd and 4.%fold, in line with ar results.

The entrapment of plumbagin in -bearing lipidpolymer hybrid nanoparticles also
increased apoptosis in BEE0 and A431 cell lines, unlike drug solution. This effect was
more pronounced on B1El0 thanon A431 cells, probably due to an incsedl
sensitivity of B16F10 cells toward plumbagimediated apoptosis.

By comparing thecellular uptakeof Tf-bearing nanomedicines entrapping plumbagin,
we can conclude that -Hfearing PLGAPEG nanoparticles exhibited higher cellular
uptake of plumbaginhian Tfbearing liposomes and lipjgolymer hybrid nanoparticles

in all thetested cell lines. This result is in agreement with findings in literatuveving

that rigid nanoparticles normally have a higher cellular uptake/membrama than
their flexible counterparts (Anselmet al, 2015; Zhanget al, 201%). For example, a
cellular uptakestudy in SKOV3 2D cell monolayers and 3D tumour spheroids model
demonstrated that the cellular uptake of folatdified PEGPLGA NPswas much
higherthan that offolatemodified PEGylated liposomes (Wameg) al., 2018).Similar
observatiorwas also reported yui and colleague018) who showed that the uptake
ofrigdsi lica nanocapsul es (Youngods modul i C
macrophagesvass i g n i y gtemthah thdlekiblesi | i ca nanocapsul e
moduli of 704 kPa).

However, this trend was nfiillowed when assessirige antiproliferative and apoptosis
activity of the formulations. e highest therapeutic &ficy in A431 and T98G cells
were achievewith Tf-bearing liposome treatmeivllowed by Tfbearing lipidpolymer

hybrid nanoparticleandthenPLGA-PEG nanoparticlesn B16F10 cells, howevethe
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anti proliferative efficacy d Tf-bearing lipidpolymer hybridnanoparticlesvas higher
thanthetwo other Tfbearing plumbagin formulation$he potentanti proliferative and
apoptosisactivity of Tf-bearing liposomes over the other two formulations may be
explained as follows: 1The lipid bilayer of TfLIP (or lipid shell of TELPN) may
enhance the ability to adhere to the cell membrane due to the similar nature of the lipids
and thecell membrandLi et al, 20173. 2) The Tf-LIP have higheelasticitythanTf-

LPN and T£PN, allowing them toenter the cells via two pathwaysgmelyfusion and
endocytosis. On the other haiid;LPN and TfPN can enter the cell via endocytosis
only (Guoet al, 2018) 3) The release of plumbagin from thelDP is faster than the
Tf-PN and TfLPN, therebyreleasinga faster amount of drug in the cells.

A similar observation was recently reported @y and colleague®016) comparing
temozolomiddoaded nanostructured lipid carriers, solid lipid nanoparticles and
polymeric nanoparticles for glioblastoma therapy. The authors reported that
temozolomiddoaded nanostructured lipid carriers exhibited ndigantly higher
cytotoxicity in U87MG glioblastoma cells thahe two other formulations

In summary, the results obtained from cellular uptake assays cedfin@ advantage

of using drug delivery systent®njugated to transferrinyh i ch si gni ycantl y
the cellular accumulation of plumbagin in cancer cells overexpressing Tf receptors.
Although free plumbagin enters the cell by passive diffusion due to its low molecular
weight, Tfmodified nanomedicies entrapping plumbagin are taken up by endocytosis,

a comparatively sl ower process but hi ghly

therapeutic efficacy of plumbagin.
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CHAPTER 4

In vivo evaluation of tumour-targeted nanomeditnes

entrapping plumbagin



4.1 Introduction

Although cell culture systentgave been proven to be indispensable for a wide range of
experiments in assessing thielogical responsef cancer cells to drug delivery systems,
they areinsufficient to provide a full understanding of the therapeutic efficacy and
eventuatoxicity of systemcally adminisereddelivery systems. This is mainly due to the
complexity of biological processes anthet tumour microenvironmerthat the drug
delivery systerawould facefollowing intravenous administration (Klinghammetral,
2017). Therefore, the use of animal models remains an important component of the
development process for drug delivery systé@asré Sinoussi andMontagutelli, 201%.

In cancer research, the animal models (usually mice) arenigethe aim ofpredicting
theimpact of a treatment ipre-clinical stage, whether it ithe therapeutic efficaayr the
toxicity of any promisinganti-cancercompound (Morton and Houghton, 200.4pne of

the most widely used models to generate tumours is based on the transplantation of cancer
cells into immunocompromisednimals (syngeneic or xenogeneic). Another animal
model used for studying cancer is the genetically engineered mouse (GEM) nitbdel w
as p e cangecgenotyp@richmond and Su, 2008)

The discovery of nude athymic (nu/nu) mice that areell deficient, enabledhe
possibility oftumour xenograftingither subcutaneously or orthotopically (into the tissue
type in which they originad) (Morton and Houghton, 2007). In fastthotopic models
have been demonstrated to be more predictive of a clinical responsititataneous
models as they reflect the organ environment in which the tumour grows, with the
potential for distant metastis formation. However, the major challenge of this model is
the difficulty of following tumour growth unless using magnetic resonance imaging
(MRI) and micreimaging techniques. Moreover, tdevelopment obrthotopicmodels

is a lengthy processhich requires advanced surgical skills (Richmond and Su, 2008;
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Ruggeriet al, 2014). These reasons make shbcutaneous xenograft models a popular
alternativeoption for assessing the therapeutic response to treatrdaat the ease of
model reproducibilityand tumour growth monitoring (loalliper measuremenand cost
effectivenesgRuggeriet al, 2014;Klinghammeret al, 20173. One major concern
regarding these models is the validity of predictive values when estimating the clinical
performance. The main reason behind this concern is the use of immortalised gell line
which have been subcultured for a period of time (Morton and Houghton, 2007).
Neverthegss, according to a retrospective analysis of most chemotherapeutic agents by
the National Cancer Institute (NCI), about 33% of their therapeutic activity performed
using subcutaneous xenograft models was found to correlate well with their clinical
outcome(Takimoto and Wick, 2012). This indicated that the xenograft tusmactually
share a number of characteristics witb original tumours, enough to make them good
modebkto assesthetherapeutic efficacy of aanomedicine.
Amongtheimagingmodalitiesusedn vivo, bioluminescenceimaging (BLI) hasbecome

one ofthemost common techniqaeised to detedight emission from cells or tissués

small living animals (Satecet al., 2004) Bioluminescenceimaging is gaining preference
over other imaging technique@.e. fluorescence) because the absence of endogenous
bioluminescent reactions in mammalian tissue enhances backegreendmnaging
conditions resulting in higlerimage resolutionin addition,this type of optical imaging

is easy to operate and facilitateattime visualgation without animal sacrifice, alling

for continuous monitoring on disease progressiba single animal and reduciegrors
resulting from intefanimal vaiations (Closeet al., 2011)

The principle of this imaging technique is based on a napmehomenoncalled
bioluminescence, which occurs in several namnammalian specieshaving a

bioluminescence reporter gerseich aghe North American firefly Rhotinus pyrali.
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Luciferase enzyme produced from the firefly luciferase gk is able to catalyse the
oxidation of Dluciferin substrate with the help of ATg?* and oxygen to form
oxyluciferin and emit yellowgreen light at a wavelength of 562 nithe light emission

can be detected using sensitt@rged coupled device (CCD) cameras which take a
photographic image of the subject followed by a bioluminescent one. The acquisition
time required to take the imagesn range from a few seconds to several minutes
depending on signal strength.specific softwarecan be usedtdisplay the image ia
psewlo-coloured format which carelate to luminescence quantificatiofFigure 4-1)
(Closeet al,, 2011)

To date, some commercial cell lines have been genetically engineered to carry a luciferase
reporter genemainly firefly luc gene(Closeet al., 2011) In addition, no sightings or

toxic effects related to multiple injectisof D-luciferin substrate havieeen reportedo

far (Aswendtet al,, 2017).

Several factors may affect the information obtained fbdohuminescenceimaging. First,

the rate of luciferase reaction depends on ATP, oxygen and luciferin. If the target cells or
tissues lack any of these components, light emisd@aactedmay not reflect the true
activity of luciferase. Another factor is the depth of target tisswhich is known to
decrease the intensity of photons by approximatelolDfor each centimeter depth.
Therefore, the process of data collection and analysis has to be approached with caution,

and validation f or e ac h(SadikotandiBackwelk 0058.r i me n t
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Transferring of genetically engineered Injection of D-luciferin substrate Detection of light emission
cells consisting luciferase reporter gene into animals with optical bioluminescence
into small animals imaging systems

AT

HO

D-luciferin

Lot

Figure 4-1: Schematic illustration of thien vivo bioluminescenceimaging technique in

small animalgadapted fronMezzanotteet al, 2017

4.2 Aim and Objectives

In Chapter 3in vitro experiments demonstrated that the entrapment of plumbagin within
these novel transferdbearing nanomedicines, namely liposomes, polymeric
nanoparticles and lipidolymer hybrid nanoparticles, led to an increase in plumbagin
uptake by cancer cells, impred the anti-proliferative efficacy and apoptosis activity in
the three tested cell linegspeciallyin B16-F10 cells compared to that observed with
the drug solution.

In this chapter, thén vivo therapeutic efficacyand toxicity of thesehree transfeim-
bearing nanomedicines entrapping plumbagin will be investigatea intravenous
administration using a murine B16F10luc-G5 xenograft model. Assessment of
tumoricidal activityis based on tumour growtdmnd animal survivalwhile the animal

weight ismonitoreddaily as a surrogate marker of toxicity of the treatments.
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4.3 Materials and methods

4.3.1 Materials

Materials Supplier

Foetal bovine serurfFBS) Invitrogen, UK
Glucose SigmaAldrich, UK
L-Glutamine Invitrogen, UK
Luciferase assay reagent Promega, UK
Mouse melanom&B16-F10-luc-G5) ATCC
Penicillin-Streptomycin Invitrogen, UK
Phosphate buffer salif®B9 SigmaAldrich, UK
Roswell Park Memorial Institut@RPMI)-1640 medium | Invitrogen, UK
Plumbagin(5-hydroxy-2-methyl1,4-naphthoquinone) SigmaAldrich, UK
TrypLE® Express Invitrogen, UK

4.3.2 Cell culture

B16-F10luc-G5 cells were growras monolayer culturegn RPMI- 1640 medium

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

atmosphere of 5% carbon dioxide

4.3.3 Animals

Female immunodeficient BALB/c mice were selected forith@vo experiments. They

were kept at 19 to 23 °C with 4®ur lightdark cycle and fed with a conventional mice
diet and water. The experiments were approved by the local ethics committee and

perfamed in accordance with the UK Home Office regulations
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4.3.41n vivo tumoricidal activity

To investigatan vivo tumoricidal activity of plumbagin formulations, BEaLO-luc-G5

cells in exponential growth were subcutaneously implanted to both flanks of female
immunodeficient BALB/c mice (1x1%0cells per flank). Once tumours became palpable
and reached a diameter of 5 mm, the animals were raseidmiio groups of five. They

were treated with plumbagin formulated asb&faring and control formulations or drug
soluion, by intravenous tail vein injection (2 mg/kg of body weight per injection) once
every 2 days for 10 days. The weight of the animal was measured daily to monitor the
toxicity of the treatments. The tumour volume was also determined by calliper

measurem@s and calculated a&s thefollowing equation

Tumour v/&T—(Elme

WhereA: tumourdiameter measured lmalliper.

The results were expressed m@ative tumour volumeaccording to the following

equation

Re61l 1 0
. =T
WhereR e 6 1 I relative tumour volumes T I tumour volume on the day of treatment;

6 1 L initial tumour volume on the first day of the experiment.

Tumour responses were classiyed in accord
Solid Tumours (RECIST) guidelines @inhaueet al, 2009). Progressive diseaise

deyned as an increase i n r-boldastabiediscase asmour
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relative volume between 0.7 and 1.2 of starting volume, partial respoasecasurable
tumour with a volume reductianore than 30% (0 to 0-fold) and complete response as
the absence of any tumour. Any animal that lost more than 20% of its initial body weight
or its tumours reaching the maximum allowed size of 10 mwvoyld have to be

euthansed.

4.3.5Bioluminescence imaging

Tumour growth or regressiarf mice treated with plumbagin formulations was assessed
by bioluminescence imaging, using an IVIS Spectrum (Caliper Life Sciences, Hopkinton,
MA). Briefly, mice bearing subcutaneous BE&CO-luc-G5 tumous were intravenously
injected with plumbagin formulations as describedention 4.3.40n Days 1, 3,5, 7,9

of the experiment, mice were intraperitoneally injected with the luciferase substrate, D
luciferin (150 mg/kg body weight), followed by inhalated anaesthesia with isoflurane.
After 10 minutes, the light emitted from the bioluminescent tumours was detected for 2
min using Living Imag® software. The resulting images were displayed as a pseudo
colour overlay onto a grey scale image of the anitdahtical illumination settings were

used for althe acquiredmages.

4.3.6 Statistical analysis

Results were expressed as means + standard error of the mean. Statistical significance
was assessed by emay analysis of variance and Tukey multiple comparison-{gsst

using OriginPro D software( OriginLab Corporation, Northampton, MADifferences

were considered statistically significant fevalues lower than 0.05.
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4.4 Results
4.4.1 Transferrin -bearing liposomes

4.4.1.1In vivo tumoricidal activity

The intravenous injection of plumbagin entrapped ib&aring and control liposomes

led to ahigh variability of responseto treatment within the same group of mice and an
overall reduced tumour growth compared to plumbagin solution treatFigntd 4-2).

For these 2 treatments, some tumours kept regressing while others started growing. At
Day 6 mice bearing growing tumours had to be euttahdue to their tumours reaching

the maximum allowed size. The remaining mice, whose tumours were regressing or had
completely disappeared, were kept until the end of the study (Day 10). On the contrary,
tumours treated with plumbagin solution or blank liposomes grew steadily at a growth

rate close to that observed for untreated tumours.
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Figure 4-2: Tumour growth studies in a murine BEA0-luc-G5 xenograft model after
intravenous administration of plumbagin (2 mg/kg of body weight/injection) entrapped
inTF-bearing | iposomes (Y, dar k ogreegnesaiutionand cC ¢

(€ ,orange),bl ank | i posdmnes :hfiteattkmild e )
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No apparent signs of toxicity or animal weight loss were observed during the experiment,

thus showing the good tolerability of all the treatments by the anifigisré 4-3).
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Figure 4-3: Percentage variation in animal body weight throughout the treapreaot
with plumbagin either entrapped in-Bfear i ng | i posomes (Y, dar
|l i posomesr (Orree eidn , soblankl ii @ s (0gne s(oy(,& nkyldal cuke )

untreategl (n=5)
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On the last day of the experiment, 10% of the tumours treated witbaFing liposomes
entrapping plumbagin completely disappeared, while another 10% of tumours showed a
partial responseF{gure 4-4). Following treatment with control liposomes, 20% of the
tumours were regressing, and 20% were stable. However, it should be noted that all the
mice treated with this formulation had to be eutbeghiat Day 6 due to their tumours
reaching the maximum allowesize (10 mm), unlike those of -Bearing liposomes. By

contrast, all the tumours treated with plumbagin solution, blank liposomes or left

untreated were progressive.

Response to treatment (%)

Tf-LIP Control LIP Blank LIP PBG solution Untreated
Treatments

Figure 4-4. Overall tumour response at the end of the stulligr areatment with
plumbagin either entrapped in -béaring liposomes, control liposomes, free in
solution, blank liposomes, andntreated tumourgred: progressive response, orange:

stable response, yellow: partial response, green: compkgiense)
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The improved therapeutic efficacy observed following treatment witlbeafing
liposomes entrapping plumbagin resulted in an extended survival of the méogalyy

compared to untreated tumouFRsgure 4-5).
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Figure 4-5: Time to disease progression where animals were removed from the
experiment once theitumour reached 10 mm diametdif-pearing liposomes (dark
green), control liposomes (regjumbagin solution (orangd)lank liposomes (blue) and

untreatedumours(black))
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4.4.1.2Bioluminescence imaging

The therapeutic effect resulting from treatment with liposomes entrapping plumbagin was
also qualitatively confirmed by bioluminescence imaging on mice bearing subcutaneous
B16-F10luc tumoursFigure 4-6). Luciferase expression in the tumours treated with the
Tf-bearing and control liposomes decreased from Day 1 to Day 3, but increased again on
Day 5. By contrast, all the other treatments led to a steady increase of luciferase

expression in the growing tumisu

186



Tf-LIP

Control LIP

Luminescence

.

Blank LIP

C -
i) I
-+

S 400
o) M

w -
O I
m
o

200

o

[0}
-——

(4]

(O]

e
ot

C Counts
D Color Scale

Min = S0

Max = 700

Figure 4-6: Bioluminescence imaging of the tumoricidal activity of plumbagin entrapped
in Tf-bearing liposomes, control liposomes, or as drug solutionBAGF10-luc-G5
tumour model (Controlsblank liposomesand untreated tumours). The scaldicates
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4.4.2 Transferrin -bearing polymeric nanoparticles

4.4.2.1In vivo tumoricidal activity

Mice treated withplumbagin entrapped in Jfearing and control PLGREG
nanoparticles showed a variability of responses to treatment within the same group
(Figure 4-7). Tumours treated with Tiearing PLGAPEG nanoparticles showeth
immediate response within 24 hours after the first treatment with continuous regression
until Day 5, where the tumours showad eventual regrowthForty percent of the
tumours kept regressing after receiving the final dose, while the others stopped
resporling to the treatment after Day 6 and had to be sacrificed. The intravenous injection
of plumbagin entrapped in control PLE2EG nanopatrticles only slowed the growth rate

of tumour and all of them had to be removed from the study after 6 Qaythe other

hand mice treatedwith plumbagin solution or blank nanoparticles had a growth rate

similar to untreated tumours.
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Figure 4-7: Tumour growth studies in a murine BEA0-luc-G5 xenograft model after
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Mice showed a good tolerability to all treatmerats there were no significant variations

in animal body weight or apparent signs of toxicity observed during the expesiment

(Figure 4-8).
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Figure 4-8: Percentage variation in animal body weight throughout the treapreant
with plumbagin either entrapped in-BearingPLGA-PEG nanoparticles y, dar k gr e
and controlnanoparticle 6, aredf)r,ee 1 n s o blanknamnopartideg , or a
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On the last day of the experiment, 10%tloé tumours completely disappeared after
treatment with Tdbearing PLGAPEG nanoparticles, while 30% of tumours had a partial
response and another 10% were stdhbilgufe 4-9). Tumours treated with control PLGA

PEG nanoparticles had 20% of regression &% Zere stable. On the contrary, all the
tumours treated with plumbagin solution, blank nanopatrticles or left untreated were 100%

progressive.
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Response to treatment (%)

Tf-PMN Control PN Blank PN PBG solution Untreated
Treatments

Figure 4-9: Overall tumour response at the end of the study after treatment with
plumbagin either entrapped in -Bearing PLGA-PEG nanoparticles control
nanoparticlesor free in solution,blank nanoparticles and untreated tumourgred:

progressive response, orangtable response, yellow: partial response, green: complete

response)

The average survival rate in two animals treated withbearing PLGAPEG
nanoparticlesvas significantly improved b%7 days compared to those of the untreated
animals, withone animaburviving until the end of the experimeat Day 30(Figure 4-

10). On the other handrgatment with both control PLGREG nanoparticles and

plumbagin only extended mice survival by 2 days compared with untreated animals.
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Figure 4-10: Time to disease progression where animals were removed from the
experiment once their tumour reached 10 mm diaméfébearing PLGA-PEG
nanoparticlegdark green), controhanoparticleqred), plumbagin solution (orange),

blank nanoparticlegblue) anduntreated tumourglack)

4.4.2.2Bioluminescence imaging
Bioluminescence images showed that luciferase expression in the tumours treated with
plumbagin entrapped in Ifearing PLGAPEGnanopatrticles was much lower than that

observed in other treatment&dure 4-11).

192



Figure 4-11: Bioluminescence imaging of the tumoricidal activity of plumbagin
entrapped in Fbearing and control PLGREG nanopatrticles or as drug solution in a
B16-F10luc-G5 tumour model (Controls:lank nanoparticles and untreated tumours).

The scale indicates dace radiance (photons/s/ésteradian)
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