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Abstract

Nanoparticle-mediated drug delivery is a promising approach for the delivery 

of various drug types to the site of disease in an effort to improve efficacy. 

Development of polymeric nanoparticles (NP) with slow drug-release kinetics coated 

with targeting ligands enables cell-specific sustained drug delivery, whilst 

minimising off-target side effects. In this thesis, a range of novel poly(lactic-co- 

glycolic acid) (PLGA) NP formulation strategies to deliver various drugs to targeted 

cells were examined.

A NP formulation for the intracellular delivery of plasmid DNA was 

developed, whereby the DNA was encapsulated within PLGA NP by combining 

salting out and emulsion-evaporation processes. This process reduced the 

requirement for sonication which can induce degradation of the DNA. A 

monodispersed NP population with a mean diameter of approximately 240 nm was 

produced, entrapping a model plasmid DNA in both supercoiled and open circular 

structures. To induce endosomal escape of the NP, a superficial cationic charge was 

introduced using positively charged surfactants dimethyl-didodecyl-ammonium 

bromide (DMAS), which resulted in elevated zeta potentials. Fluorescence and 

transmission electron microscopy demonstrated that the DMAS coated cationic NP 

were able to evade the endosomal lumen and localise in the cytosol of treated cells. 

Consequently, DMAS coated PLGA NP loaded with a GFP reporter plasmid 

exhibited significant improvements in transfection efficiencies with comparison to 

non-modified particles, highlighting their functional usefulness.

A second study presented in this thesis was focussed on the development of 

NP covalently conjugated with anti Death Receptor 5 (DR5) monoclonal antibodies
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(mAbs) to target DR5 expressed on the surface of colorectal tumor cells. Anti DR5 

mAbs conjugated NP demonstrated specific targeting and internalisation to colorectal 

carcinoma HCT116 cells, but more interestingly, also demonstrated activation of the 

DR5 triggered extrinsic apoptosis pathway. Furthermore Anti DR5 mAbs conjugated 

NP loaded with camptothecin demonstrated significant cell toxicity; a result of 

synergistic efficacy between camptothecin delivery and DR5 triggered apoptosis.

In a third study, PLGA NP were conjugated with sialic acid di(a,2^ 8) N- 

Acetyl-neuraminic acid (o2-8-NANA) to target siglec receptors expressed on 

immune cells as the basis of a novel anti-inflammatory therapy to treat acute lung 

injury and the more severe acute respiratory distress syndrome. 02-8-NANA 

conjugated NP demonstrated RAW 264.7 monocyte cell targeting and internalisation. 

Co-incubation of these particles in RAW 264.7 cells induced inhibition of the LPS- 

stimulated release of pro-inflammatory cytokines. Furthermore, 02-8-NANA 

conjugated NP loaded with camptothecin demonstrated significant targeted THP1 

leukemic cells toxicity. Therefore sialic acid conjugated NP may have therapeutic 

usefulness in the targeting of myeloid cells in a range of disease conditions such as 

acute lung injury and leukaemia.

In conclusion, the results presented here demonstrate the broad diversity of 

drug delivery approaches that can be developed with PLGA-based nanoparticles. 

Furthermore, results obtained with NP conjugated with antibodies and sialic acid 

demonstrate that NP should not only be considered as a drug carrier anymore, but 

also as extremely potent drugs that could be included in a global therapeutic strategy.
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1. Chapter 1 Introduction

Conventional cancer treatment remains centred on systemic chemotherapy 

and radiotherapy. These therapeutic approaches are plagued by poor tissue targeting 

inducing destruction of healthy tissue, and resulting in toxic side effects as well as 

suboptimal dosing of the targeted area. Furthermore, countless experimental drugs 

have demonstrated useful efficacies in vitro, but have failed in their ability to 

alleviate the disease in vivo due, at least in part to poor dosing of the target area, low 

bioavailability and an inability to remain localised at the disease site. Drug delivery 

research has the potential to address these issues. In recent years, nanoparticulate 

drug delivery research has examined the formulation of a wide spectrum of 

nanoparticles (NP) that are suitable carriers for a diverse range of drugs molecules, 

with various perimeters such as size, entrapment efficiencies and release profile 

studied in depth. Additionally, delivery of poorly water soluble chemotherapy drugs 

(such as Docetaxel or Paclitaxel) have been improved through their encapsulation 

inside nanoparticle carriers, demonstrating improved in vivo efficacy over free-drug 

administration. Furthermore, in an attempt to produce specific targeted delivery 

carriers, a range of molecules have been grafted on the surface of the NP to induce 

specific cellular interactions and induce internalisation of the particles. In the 

following sections the main classes of NP and targeting strategies are discussed.
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1.1. Diversity of NP

1.1.1. Gold-based NP

The therapeutic application of gold-based NP has been documented in the 

treatment of rheumatoid arthritis since the 1930s and has been investigated 

extensively in other diagnostic and imaging applications. Research into the 

application of gold-based NP has examined different compositions and shapes, such 

as the conventional nanospheres, gold nanoshells (composed of a silica core enclosed 

in a thin layer of gold) (Hirsch et al., 2003; Loo et al., 2004) and gold nanorods (Liu 

et al., 2007; Yu and Irudayaraj, 2007) which are all employed to exploit the attractive 

physiochemical properties of elemental gold (Pissuwan et al., 2007). Gold particles 

can be used as probes in molecular biology assays (Hainfeld and Powell, 2000; Qiao 

et al., 2008) as they can be conjugated to a range of biological molecules. Gold is 

resistant to oxidative corrosion and therefore likely to be stable to various 

environments encountered within the human body (Pissuwan et al., 2007) facilitating 

NP in vivo applications. Furthermore, modification of their dimensions allows the 

“tuning” of specific light wavelengths at which the NP will absorb or scatter (Loo et 

al., 2004). For biological applications, gold sensitivity to wavelength in the near 

infra-red region is advantageous as tissues have low background absorbances in these 

spectral regions (El-Sayed et al., 2005).

Exploiting near infra-red radiations, El-Sayed and co-workers demonstrated 

that light imaging techniques based on surface plasmon scattering or surface plasmon 

resonance (SPR) can be used to detect NP at low concentrations (El-Sayed et al., 

2005). An interesting feature of SPR is an ability to differentiate the dielectric
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environment immediately surrounding the NP under investigation, enabling distinct 

signal emissions from NP bound to cell surfaces and from signals emanating from 

unbound NP. This ability to change the gold NP resonance profile can also be 

exploited to direct the distribution of the NP within tissues as the dielectric 

environments of cytosol and extracellular spaces often differ. This key feature is used 

as the basis of image generation in techniques such as optical tomography (Gobin et 

al., 2007). Other diagnostic uses of gold NP are exemplified through the 

development of optoacoustic techniques, which entail measuring emissions of 

acoustic waves from tissue under thermal stress caused by localised, short laser pulse 

illumination. This draws strong similarities to the induced excitation of gold NP in 

photothermal therapies (PTT) (El-Sayed et al., 2006), in which they are used as 

photosensitisers, emitting heat to bring about cell death (Huang et al., 2006b).

Recent developments in gold NP-based therapeutics and diagnostics have 

been instrumental in FDA authorisations for application of these colloidal materials 

in vivo (Huang et al., 2006a). Results from toxicity studies have demonstrated that 

mice injected intravenously with 10 mg gold NP per mL of blood displayed normal 

blood chemistry and haematology (Geso, 2007). The same study also showed that 

mice injected with gold NP at 2.7 g kg"1 survived over one-year duration without any 

signs of toxicity. In contrast, several studies have demonstrated a significant 

reduction in cell viability when exposed to high concentrations of gold-based NP 

(Pemodet et al., 2006; Patra et al., 2007; Lewinski et al., 2008; Uboldi et al., 2009) 

and so additional long-term toxicity studies are required before a more widespread 

application of gold NP in therapeutic strategies can be applied.
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1.1.2.Single-wall carbon nanotubes

Single-wall carbon nanotubes are cylindrical molecules (McDevitt et al.,

2007) comprising a tube structure made of a single atom thick graphite layer. These 

structures were first developed as potential semiconductor device for the 

microelectronics industry (Guo et al., 2007). Manufacturing processes have enabled 

the production of single wall nanotubes with defined diameters, lengths and 

chiralities (Carlson and Krauss, 2008). Carbon nanotubes have been described that 

demonstrate high absorption of near infrared light wavelengths (Welsher et al.,

2008) . This feature, together with their non-toxicity at low concentrations (Shao et 

al., 2007) have made them suitable as an alternative to gold NP in SPR absorbance 

detection and possibly, for photothermal therapy directed towards bacterial infections 

(Kim et al., 2007) and cancer (Shao et al., 2007).

1.1.3. Quantum dots

Quantum dots (QD) are fluorescent semiconductor crystal nanostructures that 

have been applied extensively in biological imaging. QD have a narrow emission 

bandpass (20-30 nm) (Cai et al., 2007) that can be tuned by using different crystal 

sizes or compositions, whilst still maintaining a constant excitation spectrum. Further 

properties, such as resistance to photo-bleaching and a high extinction coefficient, 

give them advantages over conventional molecular dyes. Conjugation of QD to 

different proteins has been examined in several strategies without significantly 

affecting the dye fluorescence and many consider them powerful tools for biomedical 

or biological imaging (Gao, 2007). Questions about their toxicities due to leakage of 

the toxic metal core are currently under scrutiny (Dubertret et al., 2002; Chang et al., 

2006).
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1.1.4. Liposomes

Liposomes are spherical vesicles composed of one or more aqueous cores 

which are enclosed in a single or multi-lamellar lipid bilayer (Figure 1.1). The 

development of liposomal vesicular carriers has been examined, attempting to mimic 

natural lipid bilayers since the first description of an endosome/lysosome in 1961. 

Liposomal drug formulations have been used as they can provide longer drug half 

lives as well as tailored drug release profiles, reducing high peak plasma 

concentrations. Moreover, liposomes demonstrated the tendency to accumulate 

within the tumour as a result of the Enhanced Permeability and Retention effect 

(EPR) (Nagae et al., 1998; Kontermann, 2006; Hatakeyama et al., 2007). Liposomal 

formulations appear particularly attractive for drugs such as doxorubicin as they 

decrease the drug uptake by the heart, reducing the treatment’s myocardial toxicity 

(Nagae et al., 1998; Ranson et al., 2001). They now constitute a common technology 

for drug delivery with commercial liposomes available since 1987 and two liposomal 

formulations of anticancer drugs; doxorubicin (Doxil®/Caelyx® and Myocet®) and 

daunorubicin (Daunoxome®) (daunorubicin and doxorubicin), have been clinically 

approved to date (Hans, 2005; Latagliata et al., 2008; Camera et al., 2009; Sparano et 

al., 2009).
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Polymeric matrix

Hydrophilic drug Q 

Hydrophobic drug Q

phospholipid I
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Polar head 
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Hydrophobic tail r

Amphihilic polymer

Polymeric micelles

Figure 1.1 Diversity of the NP used as drug delivery carrier. Based on their 
chemicals properties, nanoparticular carriers may be suitable for delivering specific 
chemicals entities.
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Liposomal lipid bilayers are usually composed of naturally-derived 

phospholipids such as egg phosphatidylethanolamine, hydrogenated soy 

phosphatidylcholine and cholesterol. Cationic surfactants such as diol-eolyl- 

phosphatidyl-ethanol-amine have also been used to produce positively charged 

structures that promote interaction with the negatively charged molecules as 

deoxyribonucleic acid (DNA) and SiRNA (Rodriguez et al., 2002; Zhang et al., 

2002; Gregoriadis et al., 2003; Pardridge, 2007; Geusens et al., 2008). Liposomes 

may also have potential in the encapsulation and protection of hydrophilic drugs 

including various biologies.

The long-established method which has been used for liposomal formulation 

is called the sonication and rehydration process. During the sonication procedure, a 

blend of phospholipids is sonicated in an aqueous water solution and the shear rate 

intensity determines the particle sizes. Newer methods have been developed to 

produce therapeutic liposomes. In the extrusion process, lipids are dissolved in 

chloroform and, after evaporation of the organic solvent, the resulting lipid film is 

hydrated in ammonium sulphate. The hydrated liposomes are then sequentially 

extruded through a series of polycarbonate filters to produce primarily unilamellar 

vesicles of the same required size (Atobe et al., 2007).
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o-^1- 
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00 o o

filter
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Figure 1.2 schematic presentation of the extrusion process. A multilamellar 
vesicles solution is pushed through a filter with defined pores size which 
mechanically generates the formation of mono-disperse unilamellar vesicles with a 
size similar to pore diameter.

In order to avoid opsonisation and clearance from the blood circulation, 

incorporation of Poly(ethylene glycol) (PEG) on the liposome surface has 

demonstrated a substantial increase in blood half life (Papahadjopoulos et al., 1991; 

Meyer et al., 1998; Dos Santos et al., 2007; Kim et al., 2009). Futhermore, many 

groups have examined the decoration of the surface with ligand molecules such as 

antibodies, antigens, or saccharides to enable specific cell targeting (Koo et al., 2005; 

Mamot et al., 2006; Atobe et al., 2007; Beduneau et al., 2007; Gupta and Torchilin, 

2007; Pan and Lee, 2007; Garg et al., 2009) (discussed in later section of the 

introduction).
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1.1.5.Niosomes

Niosomes are vesicles with a similar structure to liposomes but their 

membranes are only composed by nonionic surfactants such as polyglyceryl alkyl 

ethers or /V-Palmitoylglucosamine (Dufes et al., 2004). Niosomes, also named Non- 

Ionic Surfactant Vesicles form a wide spectrum of vesicles from small unilamellar to 

large multi lamellar vectors and constitute an alternative to liposomes as they have 

appeared to demonstrate improved chemical stability in vivo (Conacher et al., 2000). 

Various studies have developed Niosome formulations for oral and systemic delivery 

of a large variety of molecules such as doxombicin, camptothecin and insulin, 

demonstrating an increase of the drugs bioavailability (Arora and Jain, 2007).

1.1.6. Dendrimers

Dendrimers are densely-branched NP composed of an initiator core, to which 

branched monomers are grafted, forming a symmetric monodisperse, three- 

dimensional, tree-like macromolecular structure. Dendrimer construction is 

performed through controlled stepwise formulation produced by repetitive sequences 

of chemical polymerisation. Those repetitions permit tight regulation and control on 

features, such as shape, size and surface functionality (Tomalia et al., 2007). 

Dendrimers produced using polymers such as poly(amidoamine) or poly(L-lysine) 

have been employed as carriers in diverse pharmaceutical strategies due to their 

excellent water-solubility, bio-compatibility and non-immunogenicity (Shukla et al., 

2006). Dendrimers have been used in different studies for the delivery of a broad 

range of molecules, such as DNA (Gebhart and Kabanov, 2001), RNA (Zhou et al., 

2006), bio-imaging contrast agents (Thomas et al., 2004; Wu et al., 2007) and potent 

cytotoxic drugs, such as methotrexate (Wu et al., 2006).
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1.1.7. Polymeric micelles

Polymeric micelles are composed by aggregates of amphiphilic polymers 

constituted into hydrophobic cores surrounded by a corona of hydrophilic polymeric 

chains exposed to the aqueous environment (Scholz, 1998; Yoo and Park, 2004; 

Matsumoto et al., 2009). Polymers used in recent studies are mainly 

heterobifunctional block-copolymers composed of a hydrophilic block of PEG, 

poly(vinyl pyrrolidone) and hydrophobic part poly(L-lactide) or poly(L-lysine) that 

will form the particles core (Lee et al., 2003; Gao et al., 2006; Hu et al., 2008; Takae 

et al., 2008; Luo et al., 2009; Matsumoto et al., 2009; Matsumoto et al., 2009). 

Encapsulation of anticancer drugs such as doxorubicin (Yoo and Park, 2004; 

Elbayoumi et al., 2007) or camptothecin (Koo et al., 2005; Kawano et al., 2006) have 

also been developed though its conjugation to the hydrophobic extremity. As with 

liposomes, formulations of cationic micelles have been developed to carry DNA or 

Ribonucleic acid (RNA) molecules (Itaka et al., 2004; Takae et al., 2008; Talelli and 

Pispas, 2008; Matsumoto et al., 2009)

1.1.8. Polymeric NP

Typically, these NP are solid colloidal particles ranging in size from 10-1000 

nm. Two main types of NP can be distinguished, namely the nanospheres that are the 

simplest form comprising a solid matrix of polymer, while the nanocapsule is 

generally thought of as liquid-like core surrounded by a polymeric shell (Figurel.3). 

Depending on the physical attributes of the drug cargo itself, namely hydrophobicity 

and charge, it can be entrapped in the polymeric matrix, encapsulated in the water 

core or bound to the particles surface. A extensive range of polymeric families have 

been used for the last decades to formulate NP, including the poly(acrylamides),
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poly(esters), poly(alkylcyanoacrylates), poly(lactic acids) (PLA), poly(glycolic 

acids) (PGA), poly(lactic-co-glycolic acid) (PLGA), chitosan (co-polymer of D- 

glucosamine and N-acetyl glucosamine) and alginates (co-polymer of guluronic acid 

and mannuronic acid) (Choi et al., 2002; Ahmad et al., 2006; George and Abraham, 

2006; Layre et al., 2006; Kreuter, 2007; Rekha and Sharma, 2009; Yin et al., 2009). 

The most commonly used polymers for drug delivery formulation are the PLGA 

variants.

Nanocapsules

polymeric matrix

water core

9 hydrophilic drug

O hydrophobic drug

$ DNA or RNA

Figure (1.3). Schematic presentation of nanospheres and nanocapsules 
associated with drugs of different aqueous solubility. While hydrophobic 
molecules can be incorporated inside plain polymeric nanospheres, transport of 
hydrophilic molecules can be achieved more readily by way of a nanocapsule type 
structure. This is generally perceived as an aqueous core protected by a polymeric 
shell. Due to DNA/RNA instability during NP formulation procedures, these types of 
biologies are often adsorbed on preformed carriers.
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1.2. PLGA NP formulations

1.2.1.PLGA

Poly(lactic-co-glycolic acid) polymers used for NP formulation are composed 

of a backbone of glycolic acid and DL-lactic acid linked by an ester. PLGA polymers 

are characterised by their backbone length as well as their lactide/glycolide ratio. 

These characteristics determine the polymer physiochemical properties such as 

viscosity and glass temperature. In addition, presence of a free carboxylic group at 

the backbone extremities is also an important feature for downstream modifications 

such as ligand grafting (Brandhonneur et al., 2008; Chen et ah, 2008; Chung et ah, 

2008; McCarron et ah, 2008a; McCarron et ah, 2008b; Sun et ah, 2008) or 

PEGylation (Panagi et ah, 2001; Moffatt and Cristiano, 2006; Garinot et ah, 2007; 

Dhar et ah, 2008).

0
II

H0-CH2—C-OH 
Glycolic acid (1)

CH3 0
I II

HO-CH—C—OH 
Lactic acid (2)

II
■o-ch2-c-

1

r- CH3 0 
!

O-CH-C-
^m1- 2

OR

PLGA

Figure 1.4 Chemical structure of poly(lactic-co-glycolic acid). PLGA is 
synthesized by random ring-opening co-polymerization of glycolic acid and lactic 
acid. Ratio of the two polymers can be regulated affecting polymers solubility and 
half life.
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The biodegradability and biocompatibility of PLGA is arguably its most 

useful attribute (Shive and Anderson, 1997). PLGA has been approved by the FDA 

for the manufacturing of biodegradable medical devices: sutures implants, screws 

and bone plates (Li, 1999). Degradation of PLA or PLGA occurs by cleavage of the 

ester bonds producing D,L-lactic and glycolic acid monomers which may enter the 

Krebs’ cycle and becoming harmlessly metabolised into CO2 and H20 (Bazile et ah, 

1992). The timeframe over which degradation occurs is highly adaptable, but as an 

example, in vivo studies on Sprague Dawley rat injected with 50 mg of 

microparticles formulated with 21 000 K Da PLGA 50:50 Lactic/Glycolic ratios 

demonstrated complete particulate and polymeric degradation after 70 days (Tracy et 

ah, 1999).

1.2.2. W/O/W nanocapsule formulation

The main process employed to formulate nanocapsules is the water-in-oil-in

water (w/o/w) emulsification and solvent evaporation process. The aqueous phase 

(water, acetone, dimethyl sulphoxide or methanol) containing the hydrophilic drug 

molecule (e.g., protein biologic) is emulsified by sonication in an organic solvent 

(usually dichloromethane) where the polymers have been dissolved. The emulsion 

(W/O) is then poured into a second aqueous solvent (water), usually containing a 

surfactant; mainly poly(vinyl alcohol) (PVA). The solution is then emulsified 

(W/O/W) and stirred during several hours under a vacuum. During this step the oily 

phase diffuses in the water and evaporates, leading to the aggregation of the non 

soluble PLGA around the first aqueous droplets, forming the nanocapsules. This 

technique presents an important drawback in biologic formulations as the aqueous- 

organic interface formed by the first water-in-oil (W/O) emulsion can cause protein
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denaturation and aggregation. The denaturation process is mainly due to the protein 

adsorption on the interface leading to a modification of conformation. In order to 

avoid the water-organic solvent interface during the first emulsification step several 

strategies have been developed.

• * •

lp<~j Dichloromethane + 
RIGA

Water droplet containing 
the water soluble drug

□ Solution of PVA 2.5%

Dichloromethane
diffusion

t Dichloromethane
evaporation

Drug loaded RIGA 
nanocapsules

Figure 1.5 Schematic illustration of the Water in Oil in Water formulation 
method The aqueous phase is sonicated in an organic solvent containing the 
polymers. The emulsion (W/O) obtained is then poured into a second aqueous solvent 
(water + PVA) and emulsified (W/O/W). The mixture is thenstirred during several 
hours to allow solvent diffusion and evaporation, leading to polymer aggregation 
and NP formation.
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1.2.3. Nanoprecipitation

This nanoprecipitation formulation method, while normally used to 

encapsulate hydrophobic drugs, as been adapted to entrap proteins in nanospheres 

(Bilati et al., 2005b). This process has been developed as an alternative to the double 

emulsion method in order to avoid high stirring rates and sonication step to form the 

oily-aqueous interface. This formulation is based on the differential solubility of 

PLGA for two solvents which are miscible in each other. The polymers and the drug 

are dissolved in an organic solvent (acetone, dimethyl sulfoxide (DMSO), dimethyl 

formamide (DMF)). The mixture is then injected through a needle into to the 

aqueous phase (usually water + surfactant) under moderate stirring. As the organic 

solvent is miscible in the dispersing phase, it instantly diffuses leading to the 

precipitation of the PLGA. The rapid aggregation leads to NP formation and 

entrapment of the drugs inside the polymeric matrix. Bilati and co-workers identified 

the choice of the paired solvent/ non solvent as the key formulation factor affecting 

NP sizes and entrapment yield in this procedure. They also pointed out the benefits 

of using dispersing phase low dielectric constant chemicals such as alcohols to 

prevent protein leakage from the forming NP, as proteins do not present a good 

solubility in such compounds (Bilati et al., 2005b). Results obtained so far using 

PLGA nanoprecipitation have demonstrated entrapment efficiency up to fifty per 

cent loading proteins such as lysozyme (Bilati et al., 2005b) or serum albumin (Gao 

et al., 2007)
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Acetone +
Dichloromethane + PLGA

• Hydrophobic drug

2 (_J 5 ml Solution of PVA 2.5% 

Dichloromethane diffusion

“I Dichloromethane evaporation 

• Drug loaded PLGA nanocapsules

Figure 1.6 Schematic illustration of the nanoprecipitation formulation 
method. Polymer and drug are dissolved in a water miscible organic solvent then 
injecting through a needle into to the aqueous phase under moderate stirring. The 
water miscible instantly diffuses leading to NP formation.
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1.2.4.Salting out

The salting out method has been developed as an alternative formulation 

approach to produce NP without sonication steps characterised by the production of 

heat and shearing effect (Zweers et al., 2003), conversely the salting out approach 

suffers significant drawbacks such as low yield and high polydispersity (McCarron et 

al., 2006). The first step of this method is to dissolve the drug and polymer into a 

water-miscible organic solvent (acetone) and inject this solution into an aqueous 

phase saturated or nearly saturated with solute (magnesium chloride hexahydrate, 

magnesium acetate tetahydrate, sucrose). In this mixture the high concentration of 

salting-out agent prevents the water-miscible diffusion. The solvent diffusion and NP 

formation is then initiated by the addition of aqueous PVA solution that decreases the 

overall concentration of salting-out agent thus increasing the miscibility of the 

organic solvent in the aqueous solution.
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Dichloromethane + PLGA Dichloromethane 

acetone diffusion
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45%
5 ml Solution of PVA 2.5%
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Figure 1.7 Schematic illustration of the salting out formulation method. Polymer 
and drug are dissolved in a water miscible organic solvent then injecting into to the 
aqueous phase saturated with salt. Addition of aqueous solution initiates solvent 
diffusion and NP formation.



1.2.5. Solid-in oil-in water

The solid-in oil-in water (S/O/W) method has been developed as an 

alternative to the w/o/w double emulsion technique for the encapsulation of water- 

soluble drugs (especially proteins) into nano and microparticles. The main benefit of 

this formulation is to avoid, during the first emulsion, the formation of a water-oil 

interface that has been demonstrated to induce protein denaturation (Bilati et al., 

2005a). Proteins are generally amphiphilic molecules and so have a tendency to 

migrate to the interface with oily solution where they are exposed to reversible or 

irreversible structural changes (Perez-Rodriguez et al., 2003). The solid drug is 

directly suspended in the organic solvent/ polymer solution, and the mixture is then 

sonicated to obtain homogenous dispersed solid-in-oil (S/O) solution. This dispersion 

is then injected drop-wise into an aqueous PVA solution followed by a 

sonication/homogenisation step. This final mixture (S/O/W) is stirred to allow 

organic solvent diffusion and evaporation resulting in NP formation (Bilati et al., 

2005a; Zhang et al., 2009)
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state

5 ml Solution of PVA 2.5%
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Figure 1.8 Schematic illustration of the S/O/W formulation method The solid 
drug is directly suspended in the organic solvent/ polymer solution, which is 
sonicated to form a solid-in oil solution (S/O). This dispersion is then injected into 
PVA solution (S/O/W) follow by sonication, and stirring; resulting in NP formation.
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1.3. NP Characteristics

1.3.1.Size

Nanoparticle diameter has been shown to be one of the major factors determining 

their efficiencies as drug carriers. Internalisation studies demonstrated that particles 

larger than 500 nm are poorly taken up by non-phagocytic cells (Xu et al 2006; 

Lazou et al 2008). In vitro studies have also established that NP can be taken up 

through differerent mechanisms, dependent on their size. Particles with a diameter 

larger than 300 nm are internalised by caveolae-mediated endocytosis, while smaller 

ones are preferentially internalised via clathrin coated pits (Win and Feng, 2005). As 

clathrin pathway endocytosis is a faster internalisation process, the majority of 

nanoparticle formulations have been developed to produce particles smaller than 200 

nm. However, a possible drawback of this strategy is that once internalised, particles 

uptaken via clathrin mediated endocytosis localise within the degradative 

endo/lysosome pathway (Panyam et al., 2003). This can lead to the premature 

degradation of labile drug cargos such as proteins and DNA.

1.3.2. Hydrophobicity and Stealthness

Hydrophilicity is one of the main factors affecting NP stealth, especially in 

blood circulation. It is now well appreciated through numerous in vivo studies that a 

NP with a hydrophilic corona are less readily opsonised in systemic circulation than 

hydrophobic species (Luck et al., 1998). The nature of the polymer and the 

application of a stabiliser have a major impact on NP hydrophilicity by modifying 

the quantity of polar moieties such as free carboxylic groups on the NP surfaces. NP 

hydrophilicity also has an impact during formulation, as studies have demonstrated 

the capacity of PVA (used as hydrophilic stabiliser), to decrease NP aggregation
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during formulation, especially after centrifugation (Marouf, 2007). To avoid 

opsonisation and subsequent phagocytosis by liver cells or macrophages, NP coated 

with PEG have been widely investigated and shown to promote significant 

improvements in bioavailability (Hu et al., 2007). The formation of a PEG shield can 

be achieve by adsorption of a PEG polymers on formed particles (Kim et al., 2005; 

Brandhonneur et al., 2008) or by using a copolymer of PLGA-PEG during 

formulation (Moffatt and Cristiano, 2006; Garinot et al., 2007; Dhar et al., 2008).

1.3.3. Zeta potential

Polymeric NP, as with most colloidal particles, carry an electrical surface 

charge. This charge depends on two main factors: presence of charged moieties on 

the particle surface and external pH. The surface charge of a particle affects the ionic 

distribution in its interfacial region, inducing the formation of a double ionic layer 

(Figure 1.9). This layer consists of an inner section of counter-ions strongly bond to 

the particle surface (stem layer) and a secondary external diffuse layer charged 

according to the NP surface to balance the stem layer.
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Figure 1.9 Schematic representation of zeta potential. NP zeta potential is the 
measure secondary external diffuse layer and is directly link to NP surface charge, 
figure from (Zeta Potential : An Introduction in 30 Minutes Malver Instrument 
Zetasizer Nano series technical note)

The potential of this outer section, known as Zeta (f) potential can be 

determined through laser dopller measure of the NP’s electrophoretic mobility and 

using Henry’s equation (Attard et al., 2000)

3 * Ue *r]
2 * £ * f(ka)

Figure 1.10 calculation zeta potential f based on Henry’s equation. Ue is the
electrophoretic mobility, e is the dielectric constant of the sample, f(ka) is Henry's 
Function and is the medium viscosity.
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This zeta potential, corresponding to the overall charge of a nanoparticle in a 

defined medium (pH, conductivity) is a major consideration as it affects the 

interactions between NP and their environment. NP with a strong (negative or 

positive) zeta potential, tend to strongly repulse each (as predicted by Coulomb's 

law), reducing their aggregation tendencies. Another important factor affecting NP 

is their ability to interact with cells. Due to polysaccharides and proteins present on 

their membranes, most mammalian cells are negatively charged. Therefore cationic 

NP have demonstrated higher affinity to cell surfaces compared to neutral and 

negatively charged particles. Thus, as they show to bind on epithelial cells cationic 

NP have been developed for oral and nasal deliveries strategy (Sonaje et al, 2007; 

Bhardwaj et al., 2009; Mi et al., 2008; Yin, et al 2009; Amidi et al., 2006; Mohamed 

and van der Walle, 2008).

1.4. Nanoparticle delivery 

1.4.1. Nasal

Since the 1920s and the first studies investigating pulmonary delivery of 

insulin, pulmonary drug delivery for both local (asthma, cancer, cystic fibrosis) and 

systemic diseases has attracted significant attention. The main advantages to 

pulmonary delivery include the large surface area presented (~75m2), and the 

thinness of the alveolar epithelium (0.1 to 0.5jam) (Shoyele and Cawthome, 2006). 

However only one protein (a DNAse for cystic fibrosis treatment) is currently 

available on the market for inhalation delivery despite trials having been carried on 

for several others proteins such as Erythropoetin, Alpha-1-antitrypsin, insulin 

(Cryan, 2005), due to prohibitive mucociliary and phagocytic clearances.

Pulmonary NP have been synthesised from a range of excipients, but to date 

phosphatidylcholine is the only one approved by the FDA (Cryan, 2005). However
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several other lipid or sugar based polymers have been investigated such as PLA, 

PLGA, chitosan, dextran or calcium phosphate PLA and PLGA are the most 

commonly pursued in research due to their well characterized biodegradability 

profiles. Formulation of NP for pulmonary delivery faces two opposing constraints; 

while small dimensions and mass are requested to produce NP with superior 

inhalation property, the small particles tend to escape lung deposition during 

exhalation (Shoyele and Cawthome, 2006). In order to increase residence time of 

peptide/protein drug carriers and avoid mucociliary clearance, in vivo research has 

focussed on the properties of the NP surface to improve mucoadhesion and protein 

surface adsorption. NP coated with positively charged mucoadhesive polymers such 

as chitosan and hydroxypropylcellulose have appeared to increase residence time of 

the carriers in the lungs through interaction with the negatively charged mucosal 

surfaces (Amidi et al., 2006; Mohamed and van der Walle, 2008). In addition, 

cationic NP have also demonstrated enhanced drug absorption thanks to their ability 

to penetrate intercellular tight junctions in the lung epithelium (Prego et al., 2005; 

Yamamoto et al., 2005).

Specific ligand coatings such as the integrin based peptide (Chittasupho et al., 

2009) and epidermal growth factor (Tseng et al., 2008; Tseng et al., 2009) have been 

examined for active targeting of chemotherapeutic agents to the lungs through 

inhalation. In this latter study, cisplatin loaded gelatin NP were used successfully to 

treat mice bearing human alveolar basal epithelial carcinoma. Using those targeted 

NP they observed NP concentration in tumour cells coupled with 70 ± 20.47% 

tumour regression and fewer side effects than free cisplatin demonstrating the 

advantages of targeted NP delivery (Tseng et al., 2009).
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1.4.2. Oral

Oral drug delivery is the most attractive approach as this route avoids discomfort and 

pain potentially associated with other forms of delivery and does not need special 

delivery devices or personnel. However, delivery of labile drugs such as peptides and 

proteins is impractical as they are degraded before they reach the blood stream by the 

proteolytic enzymes e.g. pepsins and the extremely low pH present in the stomach. In 

addition, the general hydrophobicities of globular proteins and large molecular sizes 

(more than 10 kDa) prevent them from efficiently crossing the mucosal barriers. In 

light of these barriers, the application of NP to protect the drug in the gastrointestinal 

tract have been tested in vivo for oral delivery of various proteins such as insulin (Cui 

et al., 2006), calcitonin or cyclosporin A, demonstrating a general increase of 

bioavailability (des Rieux et al., 2006). Morever, NP may be excellent carriers for 

hydrophobic drug molecules such as paclitaxel, estradiol or curcumin that have poor 

bioavalibility via the oral route (Bhardwaj et al., 2009; Feng et al., 2009; Hariharan 

et al., 2006; Mittal et al., 2009; Shaikh et al., 2009).

As the gastrointestinal tract environment differs significantly from that found 

in blood, formulation studies have focused mainly on characteristics such as 

resistance to acidic pH and mucosal absorption (Pinto Reis et al., 2006). 

Furthermore, cationic NP have been developed using materials such as chitosan (Mi 

et al., 2008; Rekha and Sharma, 2009; Yin et al., 2009) and didodecyl dimethyl 

ammonium bromide (DMAB) (Dawson et al., 2004; Sonaje et al., 2007; Bhardwaj et 

al., 2009) as they have a superior ability to interact with epithelial cells.
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Fig 1.10 Schematic overview of NP transport across Peyer's patches epithelial 
cells. NP may be internalized by enterocytes (1), microfolds cells (4) or pass trough 
cells junction (3) from (des Rieux et al, 2006).

Microfold cells (M cells) and enterocytes are two cells types located in 

Peyer's patches present in the lowest portion of the small intestine Active targeting of 

these cells can be exploited to improve absorption of NP (Garinot et al., 2007). M 

cells have a disorganized brush border and are covered by a reduced mucus layer 

(Garinot et al., 2007) that facilitates NP cellular interaction. Additionally as the M 

cell environment is rich in immunocompetent cells (Gupta et al., 2006), they are a 

useful target for nanoparticular vaccine delivery (des Rieux et al., 2006; Gupta et al., 

2006; Garinot et al., 2007). As M cells have been characterized to express j81 integrin 

on their apical side, Fievez and co-worker developed NP conjugated to Arginine- 

Glycine-Aspartic acid (RGD) peptide motifs and Leucine-Aspartic Acid-Valine 

(LDV) non peptidic analogue ligands and demonstrated that NP targeting 

significantly increase immunization efficiency (Fievez et al., 2009).
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1.4.3. Ophthalmic delivery

Drug delivery by ophthalmic administration is only used for local treatment, 

as eye drop formulations exhibit limited efficiency due to the rapid tear turnover 

process and mechanical removal from the eye. Consequently, drugs applied by 

ophthalmic administration are considered to have a maximum residual time on the 

eye surface of 3 min with only l%-3% of the drug penetrating through the cornea 

and reaching the intraocular tissues (Vega et al., 2006). As colloidal nanosuspension 

solutions are very similar (form and viscosity) to eye drops (Nagarwal et al., 2009) 

NP made with polymers such as ethylacrylate, methyl-methacrylate (Bucolo et al., 

2004), Gelatin (Vandervoort and Ludwig, 2004), PLGA (Vega et al., 2006; Kim et 

al., 2009) and chitosan have been extensively formulated for controlled ophthalmic 

delivery of anti-inflammatory drugs such as flurbiprophen (Vega et al., 2006) or 

cloricromene (Bucolo et al., 2004) . The main strategy is to use cationic NP as they 

can electrostatically bind on the negatively charged corneal surface and thus enhance 

the paracellular drug transport (Nagarwal et al., 2009).

1.4.4. Neurological delivery

The delivery of active molecules to the brain through parental injection using 

blood circulation is a challenge as brain tissues are protected by the blood-brain 

barrier (BBB). The BBB a defence barrier composed of an endothelium of 

specialized cells characterised by the absence of fenestrations, diminished pinocytic 

activity and the presence tight junctions between cells (Roney et al., 2005). 

Consequently, the only molecules able to cross the BBB are low molecular weight 

(<1000 Da) lipid-soluble molecules (Bennewitz and Saltzman, 2009). Two main 

strategies have been developed to overcome these issues using NP as drug carriers.
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The first approach is based on cationic NP coated by chitosan or polysorbate 80 

(Friese et ah, 2000; Heydenreich et ah, 2003; Steiniger et ah, 2004) that covalently 

bind to the BBB endothelium inducing non specific uptake. The second strategy is to 

decorate the particles surfaces with targeting ligands such as antibodies (Pardridge, 

2004; Gupta et ah, 2005; Beduneau et ah, 2007; Gupta and Torchilin, 2007; 

Pardridge, 2007) or lectin (Dufes et ah, 2004; Roney et ah, 2005; Gao et ah, 2007; 

Qin et ah, 2007) to induce cell specific targeting and receptor mediated 

internalisation of the particles by the BBB epithelium cells.

1.4.5. Parenteral delivery

Parenteral administration provides quicker responses and more predictable 

therapeutic profiles than other administration routes, as the drugs do not cross any 

biological membranes to enter the blood stream. This route of administration is then 

favoured for the delivery of biologies such as monoclonal antibodies or insulin. Once 

in the blood stream proteins are degraded through the opsonisation process that leads 

to conformational change and activation of the complement system usually ending by 

blood clearance via phagocytic cells. Therefore PLGA NP formulations have been 

developed to improve bioavailability and consequently to solve therapeutic 

drawbacks such as frequent administrations and alternation between periods of high 

drugs concentration and periods of insufficiency. Additionally NP have been 

developed as an alternative to deliver non soluble drugs such as the 

chemotherapeutics paclitaxel (Kou et ah, 2007; Pan and Feng, 2008; Cirstoiu-Hapca 

et ah, 2009) and camptothecin (Kunii et ah, 2007; McCarron et ah, 2008b) whose 

poor water solubilities have been major drawback in their development (Kipp, 2004; 

Stella and Nti-Addae, 2007). Development of chemotherapy loaded NP have been 

demonstrated to reduce therapy side effects, extend blood circulation time and
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enhance in vitro/in vivo antitumor efficacy of various molecules in a similar fashion 

to existing liposome based strategies (Hans, 2005; Latagliata et al., 2008; Camera et 

al., 2009; Sparano et al., 2009). As an example; in an in vivo study, Kunii and co

workers demonstrated that injection of camptothecin loaded pegylated PLA NP to 

tumour bearing mice increased the animals’ survival time (102.7 ± 25.8 days) 

compared to untreated and CPT solution injected controls (respectively 38.0 ± 15.9 

and 74.7 ±21.1 days) (Kunii et al., 2007).

1.5. Cell Specific Nanoparticles delivery

Despite the significant progress made in the field of oncology during the last 

decades, the common treatment modalities, such as those based around 

chemotherapy and radiotherapy, are still associated with dose-limiting toxicities to 

healthy tissue and less than ideal targeting capabilities. Detection and bio-imaging of 

small or deeply located tumours little better and their effectiveness is open to debate. 

In this light, developments in targeting NP for imaging or therapeutic activities have 

attracted considerable attention with a view to overcoming the limitations of more 

conventional techniques.

1.5.1. Passive targeting

The premise behind passive targeting is to exploit the biodistribution of plain 

and unadorned NP in the body after injection. Typical applications investigated to 

date include passive targeting to the liver, macrophages and tumour structures. Non

stealth NP have been shown to be quickly cleared from the blood circulation by 

opsonisation and macrophage engulfrnent (Owens and Peppas, 2006) or accumulate 

in the liver and spleen (Panagi et al., 2001). Using those clearance systems, NP can 

be localised passively to the liver to treat leishmaniasis, a parasitic disease (Durand
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et al., 1997), or to target macrophages as part of the therapy of atherosclerosis, a 

chronic inflammatory response in the walls of arteries cause by accumulation of 

macrophages (Ruehm et al., 2001).

Passive targeting to solid tumours is achievable by exploiting the enhanced 

permeability and retention (EPR) effect (Chytil et al., 2008). This may result in the 

accumulation of macromolecular carriers in tumour tissue. This effect is due to the 

poorly-aligned defective endothelial cells with wide fenestrations and is frequently a 

characteristic of vasculature present near tumour sites. Compared to normal 

vasculature, therefore, solid tumour neovasculature is more permeable to nanometer

sized macromolecules due to the presence of gaps arising from the process of 

incomplete tissue differentiation. Moreover, macromolecules tend to accumulate in 

these vascularisations due to the characteristic poor lymphatic drainage in solid cell 

aggregates. As a consequence, NP with a size up to 400 nm (O'Neal et al., 2004) are 

selectively permeable in tumour vasculature and, consequently, passively accumulate 

in solid tumour sites (Kim et al., 2008).

1.5.2. Active targeting

Active NP targeting differs from passive methods in that some element of 

prior design has been used to modify the NP before administration. Modification is 

usually done to the periphery of the particle, with grafting of surface ligand being a 

popular approach that is widely investigated. These NP-ligand conjugates are then 

expected to engage in attraction, adherence and internalisation to specific cells in 

vivo, mainly tumour cells. The approach does preclude other cell types, with recent 

reports describing the targeting of gastro-intestinal tract epithelial cells for oral 

vaccine delivery strategies (Katare et al., 2003; des Rieux et al., 2006; Garinot et al., 

2007; Gupta et al., 2007). In vitro studies using a range of ligands grafted onto the
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surface of NP have demonstrated a significant impact on the NP uptake by targeted 

cells. Ligands can be coated to the NP surface in order to bind disease-associated 

proteins selectively or biomarkers over-expressed or expressed exclusively on the 

cell membrane of the targeted cell lines, such as receptors or tumour-associated 

antigens.

Targeting ligands may be divided into 3 diverse classes according to their 

size: small molecular ligands (vitamins, carbohydrates (Eliaz and Szoka, 2001), 

RNA), peptides (RGD, allatostatin, trans-activating transcriptional activator (TAT)) 

and proteins (lectins, transferrin, antibody), The main ligands employed for drug 

delivery are aptamers, folic acid, peptides and antibodies.
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Table 1.1 Main NP intracellular uptake mechanisms. Endocytosis pathways can 
be subdivided into four main categories; Phagocytosis, Macropinocitosis, Caveolae 
and Clathrin mediated pathways. These pathways are principally initiated through 
cells membrane receptors activation by various molecules.

Particles
size limit

Proteins
involved Stimuli References

Phagocytosis up to 
20pm

Actin,
Dynamin.

Antibody Fc region, 
Complement, 
Vitronectin, 
Phosphatidylserine

(Cannon and 
Swanson, 1992; 
Limburg and Bijl, 
2005)

Macropinoci
tosis = 1 pm Actin. Growth Factor, 

antigens binding

(Nobes and
Marsh, 2000;
Kolpak et al.,
2009)

Caveolae
mediated

endocytosis
= 80 nm

Caveolae,
Actin,

Dynamin.

Cholera toxin,
Tetanus toxin. Folic 
acid

(Dauty et al.,
2002; Pelkmans 
and Helenius,
2002)

Clathrin
mediated

endocytosis
=200 nm

Clathrin,
Accessory
Proteins,

Actin,
Dynamin.

transferin, low 
density Lipoprotein, 
Epidermal Growth 
Factor

(Conner and 
Schmid, 2003; 
Wolfe and Trejo, 
2007; Zwang and 
Yarden, 2009)

1.5.3.Aptamers
Aptamers are small (20 to 80 nucleic acids) oligonucleotides whose 3 

dimensional conformation can selectively bind specific moieties such as proteins, 

lipids or sugars (Mayer, 2009). Development of aptamer engineering during the last 

2 decades has enabled the production of aptamers against a variety of targets such as 

hepatitis C virus protein, basic fibroblast factors, human thyroid stimulating hormone 

as well as various tumour specific antigen as Prostate-Specific Membrane Antigen 

(PSMA) (Dhar et al., 2008), Vascular endothelial growth factor (VEGF) (Lee et al., 

2005), Human Epidermal growth factor Receptor 2 (HER2) (Chen et al., 2003). One 

aptamer, anti VEGF-165, which was shown to inhibit cell proliferation and vascular
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permeability, have been FDA approved for the treatment of neovascular age related 

macular degeneration and is clinically available (Pegaptanib/Macugen™) 

(Singerman et ah, 2008). The formulation of PLGA NP conjugated to an anti-PSMA 

aptamer have been reported (Dhar et ah, 2008). Using confocal microscopy they 

demonstrated that their NP selectively bound PMSA expressing prostate cancer cells 

(LNCaP) over non PSMA expressing prostate cells (PC-3) (Dhar et ah, 2008). 

Furthermore, using docetaxol loaded pegylated PLGA NP conjugated with anti- 

PSMA RNA aptamer to mice bearing LNCaP xenograft tumours, the same team 

demonstrated significant tumour reduction with 70% of targetd NP treated animals 

experienced complete tumor reductions. As well results shown a dramatic increase in 

animal survival all mice treated with the targeted NP survived the 109-day study 

duration compare to half of the animals treated with non targeted docetaxol loaded 

pegylated PLGA NP (Farokhzad et ah, 2006).

1.5.4. Folic acid

Folic acids (or vitamin B9) are small natural molecules required by cells 

during their growth as they are needed during DNA synthesis. Cellular uptake of 

folate can be mediated by different mechanism such as reduced folate carrier, proton 

coupled folate and folate receptor-mediated endocytosis (Low and Kularatne, 2009). 

The folate receptors have been demonstrated to be over expressed by various tumour 

cells such as breast, ovarian, lung kidney, brain, colerectal tumour cell lines in levels 

elevated beyond normal tissues (Parker et ah, 2005). As the folate receptor displays a 

high affinity for folate conjugates (Low and Kularatne, 2009), various teams have 

examined folic acid as a targeting ligand applied to different NP such as liposomes 

(Ffilgenbrink and Low, 2005), quantum dots (Song et ah, 2009), polymeric micelles 

(Lee et ah, 2003; Yoo and Park, 2004) or PLGA NP (Kim et ah, 2005; Zhang et ah,
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2007) and demonstrated significant cell targeting. Using doxorubicin-loaded NP 

conjugated with folic acid, Zhang and co-workers showed significant cell selective 

toxicity on a folate receptor positive breast adenocarcinoma cell line (MCF-7) 

(Zhang et ah, 2007) demonstrating the potential of folic acid targeting.

1.5.5. Peptides

Specific peptides have been demonstrated to bind cell surface receptors such 

as Her-2/neu (Chikh et ah, 2002), integrin (Temming et ah, 2005) or matrix 

metalloproteinase-2 (Peng et ah, 2008) inducing receptor-mediated endocytosis. 

Most of these peptides contain specific domains derived from natural protein such as 

ROD that bind the cell surface receptor integrin (Temming et ah, 2005), or anti- 

her2/neu peptidomimetic domain that bind HER-2/neu receptor that is derived from 

an antibody (Chikh et ah, 2002). For example, RGD containing peptides have been 

extensively used with different types of drug carriers such as liposomes (Qin et ah, 

2007; Garg et ah, 2009), micelles (Hu et ah, 2008) or NP (Garinot et ah, 2007; Lu et 

ah, 2009). As an example, in a Gene Therapy strategy against choroidal 

neovascularization, a condition leading to blindness, Singh and co injected RGD and 

transferrin coated PLGA NP in rats and demonstrated in vivo targeting of 

neovascular cells present in the animal eyes (Singh et ah, 2009).

1.5.6. Antibody (Ab) targeting

The application of Ab-drug conjugates as an approach for targeting drugs to 

diseased tissue such as tumours, has been investigated since the mid-1970s with 

advances in customised Ab production. Moreover, improvements in Ab production 

strategies and genetic engineering tools, such as DNA shuffling, messenger 

ribonucleic acid (mRNA) or phage display, have enabled the production of specific
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binding monoclonal Ab against almost any antigen. Immunotargeting has been 

developed for a large spectrum of agents, such as fluorophores (Gleysteen et al., 

2008), cytokines (Lode et al., 1998) or proteins such as /?-lactamase (Kerr et al., 

1999) and carboxypeptidase A (Wolfe et al., 1999). In 2000, the first Ab-drug 

conjugate for human therapeutic use was approved by the FDA (Gemtuzumab, 

Mylotarg®), consisting of a chemotherapeutic agent ozogamicin conjugated to 

humanised CD33-specific monoclonal Ab (Sorokin, 2000). The last decade has also 

seen the development of Ab-mediated delivery for lipid-based (Park et al., 2001; 

Tuffin et al., 2005) and non lipid-based NP (McCarron et al., 2008a).

A potential drawback in the development of all classes of Ab-based 

therapeutics has been the development of an immune response by the patient against 

the Ab. The patient’s immune system recognises the murine-derived monoclonal Ab 

(mAbs) as non-self and produces neutralising Ab, known as human anti-mouse 

antibodies (HAMA), to remove the monoclonal Ab from the circulation. This may 

also induce kidney damage (Davidson, 1998). To circumvent the issues of HAMA, 

much research has focused on disguising the murine-derived Ab to avoid the 

activation of the human immune system with human Ab backbones, such as chimeric 

or humanised Ab, which can be engineered at the genetic level. Another approach 

tested is to minimise the Ab to include only the variable binding region itself, as in 

the case of single chain variable fragments (scFv) (Figure 1.11), where fully human 

fragments can be synthesised, screened and propagated in the laboratory.
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Figure 1.11 overall structures of whole monoclonal antibodies molecules, 
fragment antigen binding fragment (Fab), and single-chain variable fragment 
(scFv)

As the development of sophisticated NP with targeting capabilities has been 

principally the preserve of anti-cancer therapies, it is hardly surprising then that Ab- 

mediated targeting strategies have centred on the grafting of Ab displaying affinity to 

tumour-associated antigens (Table 1.2). Tumour-associated antigens are molecules, 

(mostly proteins), which are over-expressed or expressed specifically on the surface 

of the tumour or tumour-associated cells. Two antigens receiving most attention are 

HER2 (also known as ErbB-2 /CD340) a receptor from of the epidermal growth 

factor receptor family, (Cirstoiu-Hapca et ah, 2007; Tada et ah, 2007; Bemardi et ah, 

2008; Sun et ah, 2008; Nielsen et ah, 2009) and the epidermal growth factor receptor
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(EGFR) (also known as HER1) (El-Sayed et al., 2006; Mamot et al., 2006; Mallidi et

al, 2007; Tsutsui et al., 2007; Wu et al., 2007)).

Table 1.2 Main tumour-associated antigens used as target for NP based tumour 
therapy anticancer therapy.

Antigen Antigen function Cells type targeted Reference

Her2/neu Epidermal growth 
factor receptor

Breast cancer
Colorectal cancer
Ovary cancer

(Cirstoiu-Hapca et al.,
2007; Tada et al., 2007; 
Bernard! et al., 2008; Sun 
et al., 2008; Nielsen et al., 
2009)

EGFR Epidermal growth 
factor receptor

Brain tumour glioma 
Oral and pharyngeal 
cancer
Liver cancer
Head and neck cancer

(El-Sayed et al., 2006; 
Mamot et al., 2006; Mallidi 
et al., 2007; Tsutsui et al., 
2007; Wu et al., 2007)).

mortalin
Chaperone protein 
upregulated in many 
human cancers

Breast cancer
Cervical cancer

(Shiota et al., 2007)

Prostate
specific
membrane
antigen

Cell surface peptidase Prostate cancer

(Dhar et al., 2008)

CD19
B-lymphocyte surface 
complement co
receptor

B-lymphoblast 
leukaemia cells

(Sapra and Allen, 2004)
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In spite of the promising in vitro results arising from Ab-mediated NP 

targeting, only a few reports have demonstrated the translation of this efficacy to in 

vivo disease models. This has been a disappointing finding and one that has been 

consistent across the various types of colloidal carrier, be them dendrimers (Shukla et 

ah, 2006), protein-based NP (Tsutsui et ah, 2007), gold NP (Chen et ah, 2006; Qian 

et ah, 2008) or quantum dots (Jayagopal et ah, 2007). The majority of research to 

date has focused on cancer diagnostics and therapies using mice or rats bearing 

tumoral xenografts, examining the ability of Ab-conjugated NP to be specifically 

delivered to tumours. Tsutsui and co-workers showed that the distribution of anti- 

EGFR vIII Ab-conjugated fluorescent NP resulted in a strong florescent signal in 

tumour tissue, while no fluorescence was shown in normal brain tissue. In 

comparison, when using non-targeted NP no fluorescence was found on any tissue 

(Tsutsui et ah, 2007) demonstrating the in vivo targeting ability of Ab-NP conjugates. 

Another study using anti-HER2 Ab-grafted dendrimers demonstrated elegantly the 

targeting potential of Ab conjugation using animals with xenografts on both flanks, 

both from the same parental line, but differing in the presence of HER2 expression 

on one (Shukla et ah, 2006). Analysis of cells from the tumours showed that a 

significantly higher fluorescence for the HER2 expressing cells when using 

conjugated NP rather than nude dendrimers with internalisation of only Ab 

conjugated NP in the targeted cells. As the passive targeting effect can be considered 

to be equivalent for both tumours, those results demonstrated the efficiency of Ab- 

induced targeting on its own. Ab-induced preferential binding has also been 

demonstrated for QD conjugated to anti-prostate-specific cell surface antigen Ab as 

conjugated QD have exhibited the ability to accumulate specifically in tumour, 

allowing in vivo tumour fluorescent imaging (Gao, 2007). In a therapeutic approach,
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Chen and co-workers studied the biodistribution of intravenously administrated 1311 

dextran magnetic NP conjugated to anti-VEGF Ab in a xenograft model. Their 

results displayed the potential of combinative Ab-based and magnetic targeting to 

induce durable tumoural localisation of the conjugated NP. In addition, tumour size 

and weight measurement studies exhibited tumour growth inhibition rates of 89.0 % 

when using conjugated NP, presenting this double targeting methodology as a 

valuable radioimmunotherapy approach (Chen et al., 2006).

Dendrimer boron neutron capture therapy relies on the use of non-radioactive 

boron-10 carried by the dendrimers. When excited by low energy neutrons, the boron 

atoms undergo nuclear fission to produce a particles that induce cell death over a 

relatively small distance (5-9 pm). Administration of boronated dendrimers 

conjugated to anti EGFR monoclonal Ab to brain tumours in rats have shown boron- 

10 specific concentrations in targeted tumour tissues. Boron neutron capture therapy 

using those conjugated dendrimers as a vector have demonstrated an increase of life 

span of 107% when compared to untreated controls (Wu et al., 2007).

1.5.7. Combination of NP-based treatment and Ab effect

Most Ab-based therapeutic strategies are based on the exploitation of the 

activity of the Ab itself. For example, rituximab (Rituxan®) and trastuzumab 

(Herceptin®) have demonstrated a significant cytotoxic effect on hematopoietic 

malignancies and solid tumours respectively. The mechanisms of these targeted 

cytotoxicities is thought to be mainly due to the recruitment of effector immune cells 

or the activation of the complement cascade (Marches and Uhr, 2004). Moreover, the 

interactions between specific Ab and their targeted cell receptors can be used to 

modulate key signalling pathways within the targeted cells with significant effects. 

Interactions between the protein HER2/neu and its targeted Ab trastuzumab
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(Herceptin®), have been shown to inhibit proliferation pathways in which HER2 is 

active, while bevacizmab (Avastin®) has been identified to inhibit angiogenesis by 

blocking the VEGF receptor.

An approach that would combine a targeted NP-based strategy with a 

therapeutic Ab may provide a means to induce cytotoxicity (in the case of tumours) 

through two different pathways, resulting in synergistic interactions of the 

therapeutic substances. Pursuing this hypothesis, experiments exploiting the death 

receptor Fas as a target to deliver chemotherapy-loaded PLGA NP have been 

examined in this laboratory (McCarron et al., 2008b). Results obtained on colon 

carcinoma cells with anti-Fas Ab-conjugated NP demonstrated the feasibility of 

combining cell specific drug internalisation with activation of apoptotic pathways 

through Fas receptor binding.
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1.6. Aims of thesis

Nanoparticle-mediated drug delivery is a promising approach for the 

localisation of various drug types to the site of disease in an effort to improve 

efficacies. In this thesis, 3 different projects are presented examining the 

development of new a formulation processes for the delivery of labile drugs as well 

as two distinct cell targeting strategies:

A The development a new PLGA NP formulation to encapsulate and deliver 

Green Fluorescent Proteins (GFP) coding plasmid DNA into the cytoplasm of 

target cells.

A The development of camptothecin loaded PLGA NP coated with anti Death 

Receptor 5 (DR5) mAbs to target DR5 expressing tumour cells, and trigger 

cells apoptotic pathway through receptors activation.

A The development of sialic acid coated nanoparticles to target and crosslink 

siglec receptor expressed on immune cells surfaces as part of potential 

treatment strategies against acute lung injury and leukaemia.
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2. Chapter 2: Effective gene delivery using dimethyl-didodecyl- 
ammonium bromide-coated PLGA nanoparticles

2.1. Introduction

The application of nucleic acids as therapeutic agents for Gene Therapy has 

been extensively studied in a broad range of diseases (Alexander et ah, 2007; Scherer 

et ah, 2007; Androic et ah, 2008; Guinn and Mulherkar, 2008). However, a recurrent 

limitation in these therapies is the efficient delivery of the therapeutic DNA to the 

disease site. To address this issue, various strategies have been examined including 

vectors engineered from adeno- or adeno-associated viruses (Brun et ah, 2008), but 

clinical trials have demonstrated substantial obstacles to their use, such as 

immunogenicity and inflammatory potential (Nafee et ah, 2007; Liu et ah, 2008).

An alternative strategy is the application of non-viral gene delivery vectors, 

including liposomes (Geusens et ah, 2008), dendrimers (Zhou et ah, 2006), 

polycationic polymers (Park et ah, 2006; Son and Kim, 2009) and polymeric 

nanoparticles (NP) (Blum and Saltzman, 2008a) to reduce or avoid immunogenicity 

and associated risks of toxicity (Dewey et ah, 1999). A frequently employed 

biodegradable polymer in NP formulation is poly(lactic-co-glycolic acid) (PLGA). 

PLGA NP have shown particular promise in the delivery of a range of drug 

molecules to disease sites to improve efficacies (Garinot et ah, 2007; Kocbek et ah, 

2007; Chen et ah, 2008; McCarron et ah, 2008a). Moreover, the non-toxic 

biodegradability of PLGA has resulted in FDA approval in the application of this 

polymer for various medicinal products (Shive and Anderson, 1997). Efficient gene 

delivery requires translocation of released active DNA from the cytoplasm to the 

cells nuclei. Depending on their diameters, NP may be internalised through different
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pinocytosis mechanisms and at different rates/ the main two mechanisms being the 

clathrin mediated and the calveolae mediated endocytosis pathways.

Clathrin mediated endocytosis is the main process used by eukaryotic cells to 

internalize nutriments, growth factors or antigens with clathrin coated pits typically 

occupying 2% of the cell surface. Clathrin mediated endocytosis is a relatively rapid 

process that may only last less than 60 seconds and has been associated with 

membrane receptor mediated internalisation, e.g., transferrin, low-density lipoprotein 

and epidermal growth factor receptors (Conner and Schmid, 2003; Wolfe and Trejo, 

2007; Zwang and Yarden, 2009). Complementary to clathrin mediated endocytosis 

(Panyam et al., 2002; Qaddoumi et al., 2003; Harush-Frenkel et al., 2007), NP cell 

internalizations have also been shown to occur through caveolae mediated 

endocytosis (Mo and Lim, 2004; Chang et al., 2009). Caveolae pits are small (50- 

80nm) flask-shaped membrane invaginations present in various cell lines and can 

represent up to 10-20 % of endothelial cell surfaces and have been linked with 

membrane lipid rafts recycling (Galbiati et al., 2001; Razani et al., 2002) and cell 

internalisation. Caveolae mediated endocytosis is involved in the uptake of nutrients 

such as calcium and iron (Anderson, 1998) as well as diverse toxins (cholera, 

tetanus) and viruses (simian virus, Human immunodeficiency virus (HIV)) 

(Pelkmans and Helenius, 2002).

Following NP internalisation, vesicles undergo active and rapid coating 

disassembly leading to clathrin recycling to the cell surface. The nude vesicles and 

their contents migrate then within the cell lumina and fuse with early endosomes 

(Pryor and Luzio, 2009). At this stage various internalised lipids and receptor 

proteins are recycled back to the membrane. This redistribution can be done directly 

or via the trans-Golgi network (van Meel and Klumperman, 2008). The remaining
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molecules are collected in multivesicular endosomes known as multivesicular bodies

are transported into the cytosol and fuse with lysosomes forming secondary 

lysosomes where protein and lipids are fully degraded. Using confocal microscopy to 

study the localization of fluorescent particles, numerous studies have demonstrated 

the accumulation of internalized NP within the endo/lysosomal pathway (Panyam et 

al., 2003; Obermajer et ah, 2007a; Grosse et ah, 2008; Zhang et ah, 2008). Along this 

processing pathway, organelle lumenal pH decreases from pH 6.3 in early 

endosomes to pH 5 in late lysosomes (Mellman, 1992). This acidification controls 

the activity of the diverse enzymes present in the lamina such as lipases, 

carbohydrases, proteases, nucleases and phosphatases (Alberts et ah, 2007). The 

enzymatic activities conjugated with the harsh acidic conditions reduce most of the 

molecules internalised into their simplest constituents such as amino acid for proteins 

or nucleic acids for DNA. The lysosomal breakdown products are finally released 

either into the cytoplasm or outside the cell (Alberts et ah, 2007). The fate of NP 

internalized through caveolae endocytosis remains unclear. Studies have shown the 

distribution of the internalised molecules within the endoplasmic reticulum or the 

Golgi complex, endorsing the idea of the fusion of the caveosomes with the Golgi 

complex (Anderson, 1998). However, other reports have also supported the idea of 

the existence of a pathway between caveosomes and early endosomes that 

alternatively drives internalised biologies to the endosomal pathway (Pelkmans et ah, 

2004)
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Figure 3 Schematic overview of the clathrin and caveolae mediated endocytosis 
internalization process (adapted from (Arancibia Carcamo et al., 2006)). 
Formation and maturation of clathrin-coated endocytosis are energy mechanisms 
that require the creation of a complex proteins dynamic network driven by cells actin 
cytoskeleton. Following the internalisation, clathrin coated vesicles undergo coating 
disassembly then fuse with early endosomes where internalised lipids and proteins 
are recycled back to the membrane through recycling endosome or collected in 
multivesicular endosomes. From these multivesicular endosomes, proteins can be 
recycled via the Golgi network or degraded in the secondary lysosomes, the 
lysosomal breakdown products being released into the cytoplasm or outside the cell.
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In order to protect the DNA cargo from endosomal degradation, various 

manipulations of the physical characteristics of the NP have been developed to 

escape the degradative endosomal lumen, resulting in cytosolic localisation. Various 

strategies have been used to promote this subcellular relocalisation including 

application of fusogenic peptides (Oliveira et al., 2007), proton sponge polymers 

(Duan and Nie, 2007), light excitation (Shieh et al., 2008) and cationic coating (Vila 

et al., 2002; Kim et al., 2005; Basarkar et al., 2007; Hoekstra et al., 2007). It is 

thought that the presence of a cationic surface charge promotes interaction and 

binding of the NP to the endosomal membrane, inducing membrane destabilisation 

and cytosolic relocalisation of the NP (Leroueil et al., 2007). One approach in the 

application of PLGA NP for nucleic acid delivery uses adsorption of the anionic 

DNA molecules onto cationic NP (Kim et al., 2005; Basarkar et al., 2007). Despite 

this efficient formulation procedure, the peripheral exposure of the labile DNA limits 

stability and shortens its half-life, particularly in the acidic environment found within 

late endosomes. Therefore, formulations that can encapsulate and protect the DNA 

from degradation are attractive for Gene Therapy approaches. On this basis, the 

objective of this study was to develop a PLGA NP formulation that would combine 

the ability to produce NP encapsulating DNA with the capacity to evade endosomal 

degradation.
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Aims of the chapter.

A The development of a new PLGA NP formulation to encapsulate and deliver 

fonctionnaly coding plasmid DNA.

A The development cationic PLGA NP formulation to escape the cell lysosomal 

pathway into cytoplasme.

A Combine of the two previous strategies to deliver Green Fluorescent Proteins 

(GFP) coding plasmid DNA into the cytoplasm of target cells.
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2.3. Materials and methods

Materials

PLGA (Resomer RG 502 H) with an acid value of 9 mg KOH per g PLGA, 

molecular weight 12 kDa, was a purchased from Boehringer Ingelheim, Germany. 

Poly(vinyl alcohol) (PVA), 87-89% hydrolysed with molecular weight 13-23 kDa, 

and dimethyldidodecylammonium bromide (DMAB) were obtained from Sigma 

Aldrich, Germany. Magnesium chloride hexahydrate (MgCl2-6H20), sodium 

bicarbonate NaHCOs, Tris-EDTA buffer and 3-(4,5-dimethyl-2-thiazolyl)-2,5- 

diphenyl-2H-tetrazolium bromide (MTT reagent) were obtained from Sigma Aldrich, 

Germany. Hexa-decyl-trimethyl-ammonium bromide (CTAB) was obtained from 

Fluka, Germany. Acetone (Fisher Scientific, UK) was used as a water-miscible 

solvent during NP preparation, while dichloromethane (DCM) (Riedel-de Haeen, 

Germany) was used as a water-immiscible solvent. pSUPER-GFP plasmid DNA 

was obtained from Oligoengine. PBS (phosphate-buffered saline) tablets and 

Dulbecco's Modified Eagle's Medium (DMEM) with L-glutamine were obtained 

from Gibco, Invitrogen. Foetal bovine serum was obtained from Biosera. Calcein 

was obtained from Invitrogen. A murine monocytic macrophage cell line (RAW 

264.7) and a cell line derived from cervical cancer cells (HeLa) were a gift from 

Professor J. Johnston (Queen’s University BelFast).

Preparation and purification of DNA-loaded nanoparticles

The double-stranded DNA vector pSUPER-GFP, containing genes encoding green 

fluorescent protein (GFP) and kanamycin resistance, was diluted to a concentration 

of 15 jug mL"1 in TE buffer containing 100 mM NaHC03. Ice-cold plasmid DNA
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solution (100 /zL) was then carefully mixed with 700 /zL of ice-cold organic phase 

comprising 20 mg PLGA in 200 /zL DCM and 500 /zL acetone. The emulsion 

formed was then injected under moderate stirring into 3.0 mL of ice-cold solution 

containing 2.5% (w/v) PVA and 45% (w/v) MgC^-OP^O. Both phases were then 

sonicated in an ice bath at 20 mW. An additional 5.0 mL of 2.5% (w/v) PVA solution 

was finally added under moderate stirring to initiate acetone diffusion. Samples were 

left stirring overnight to allow for organic solvent evaporation. NP were centrifuged 

at 85 000 x g for 10 minutes at 4 °C, then washed using suspension-spin cycles with 

deionised water. NP pellets were resuspended to give 2.5 mg mL'1 PLGA in 

deionised water (DW) prior to further use.

Surfactant adsorption

Diverse volumes of a DMAB or CTAB solution (1% w/v) were added to 0.5 mL of a 

purified NP (2.5 mg mL'1 PLGA) suspension. The DMAB/NP suspensions were 

sonicated intermittently to ensure uniform mixing and agitated gently for 1 hour at 

room temperature. To remove unbound DMAB, NP suspensions were centrifuged at 

20 000 g for 60 minutes and the pellet resuspended in de-ionised water.

Cell viability assay

HeLa and RAW 264.7 cells were prepared and incubated with the NP formulations 

as above. After 72 hours, cell viability was assessed by the methylthiazolyldiphenyl- 

tetrazolium bromide (MTT) colorimetric assay in 96 well plates. MTT solution (20 

/zL of 5 mg mL'1) in PBS was added to each well and the plates incubated for 2 hours 

at 37 °C and 5% CO2 to allow for the formation of formazan crystals. The MTT 

medium solution was removed, 100 fxL of dimethylsulfoxide added and optical

50



densities determined at 570 nm (Tecan Spectra III, Austria). The MTT assay 

measures the enzymatic reduction of yellow coloured MTT to purple coloured 

formazan in the mitochondrial of viable cells. Cell survival percentages were 

calculated from absorbance ratios when compared to untreated control cells.

Nanoparticle characterisation

NP size and zeta potential were measured using photon correlation spectroscopy and 

laser Doppler anemometry, respectively (ZetaSizer 3000 HS, Malvern instruments, 

UK). The polydispersity index was also determined on this instrumentation. 

Measurements were taken at a fixed angle of scatter (90°). Determinations were 

carried out at room temperature (25°C), with each done in triplicate and an average 

particle size expressed as the mean diameter (Zave).

NP size measures by photon correlation spectroscopy are based on light scattering 

technology; the detector quantifies the diffusion of the particles and determines the 

particles size using the Stokes-Einstein equation:

kT
3nrjD

Figure 2. Stokes-Einstein equation used to measure the NP sizes

d(H) is the hydrodynamic radius, k is the Bolzmann’s constant, T the absolute 
temperature, 7] medium viscosity and D is diffusion coefficient measured by the Zeta- 
sizer
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DNA entrapment efficiency was determined by dissolving purified DNA-loaded NP 

in 1 mL DCM and 0.5 mL TE buffer with mild shaking for 3 hours at 4 °C. TE 

buffer solution containing free DNA was then extracted by two successive 

centrifugations at 800 g for 5 minutes at 4 °C. DNA was then isolated by ethanol 

precipitation and centrifugation for 60 minutes at 20 000 g at 0 °C. DNA extracted 

was then resuspended in 100 /itL TE buffer and the concentration measured using a 

Quant-iT assay (Invitrogen). Entrapment efficiency was calculated using Equation 1.

Mass of DNA recovered (ue)
Entrapment efficiency (%) =---------------------------------------- .100 (1)

Mass of DNA added (ju g)

DNA release from PLGA NP

The release profiles of DNA from suspensions of 20 mg of NP were evaluated using 

phosphate buffered saline (pH 7.4) as the receiver medium. Measurements are 

performed on a 24-hour cycle, whereupon test suspensions were centrifuged at 85 

OOOg for 10 minutes at 4 °C. The concentration of DNA in the supernatant phase 

was determined by precipitation in ethanol, resuspension in 100 fiL TE buffer and 

assayed using a Quant-iT kit (Invitrogen). The fractional DNA release was 

determined by comparison with the total mass of DNA incorporated in the NP.
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Agarose gel electrophoresis of plasmid DNA

Plasmid DNA solutions were analysed by 0.7% agarose gel electrophoresis. The 

gels were prepared with 0.7% agarose in Tris-acetate-EDTA buffer containing 0.5 /rg 

mL'1 ethidium bromide. DNA solutions were analysed after treatment with 

BlueJuice™ loading buffer (Invitrogen, USA). Gel electrophoresis was performed at 

a constant 75 V for 1 hour and the resulting gel imaged on a UV trans-illuminator.

In vitro evaluation of plasmid DNA functionality

The functionality of released plasmid DNA was examined through transformation 

and selection of transformed Escherichia coli colonies with kanamycin resistance. 

DNA solutions (200 ng) was used to transform chemically competent TOPI OF’ E. 

coli following manufacturer’s instructions (Invitrogen). Fractions of transformed 

cells were then plated on Luria Broth media agar plates (50 pg mL"1 kanamycin) and 

allowed to growth overnight at 37°C.

In vitro evaluation of the cationic effect on endo/lysosomal vesicles

RAW 264.7 and HeLa cells were plated in 96-well microplates at 5 x 104 cells per 

well in 200 pL DMEM + 2 mM glutamine + 10% foetal bovine serum (FBS) and 

allowed to adhere at 37 °C and 5% CO2. Twenty-four hours later, cells were washed 

and incubated in 200 pL of serum-free media containing 150 pg mL"1 calcein. NP 

suspensions were added to the wells and allowed to incubate with cells for 3 hours. 

Cells were then washed and re-incubated in 200 pL of PBS. The localisation of the 

calcein dye was then analysed by fluorescence microscopy.
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Evaluation of intracellular localisation by confocal microscopy

Fluorescent NP were prepared by dissolving 0.1 mg mL-1 of coumarin-6 (Sigma) in 

the DCM solution used during the PLGA NP formulation. RAW 264.7 cells were 

seeded on cover slips in six-well plates at 2 x 105 cells per well and allowed to grow 

overnight. This was followed by 3 hours incubation at 37 °C and 5% C02 in serum 

free media with 50 nM of LysoTracker® Red (Invitrogen) and 2 juL dispersion of 2.5 

mg mL-1 dye-loaded NP that were coated or not with DMAB. Cells were then 

washed three times with PBS then fixed in 4% para-formaldehyde for 1 hour, washed 

three times with PBS then 30 min in pH 8 HEPES buffer (0.1 M). For nucleur 

staining, cells were incubated with 1/200 solution of TO-PRO®-3 iodide (Invitrogen) 

solution and subsequently washed 3 times with PBS. Coverslips were then mounted 

on microsope slides using SlowFade® Gold reagent (Invitrogen) and samples 

analyses were performed using confocal scanning laser microscopy (Leica Confocal 

TCS Sp2, Germany). Excitation was done using laser illumination at 488 nm for 

green fluorescence, 543 nm for red fluorescence and 633 nm for far red fluorescence.

Evaluation of intracellular localisation by transmission electron microscopy

HeLa cells were plated in 6-well microplates at 25 * 104 cells per well in 2.0 mL 

DMEM containing 2 mM glutamine supplemented with 10% FBS and allowed to 

adhere at 37 °C and 5% CO2. Cells were washed after 24 h and incubated in 2.0 mL 

of medium without FBS. Different NP suspensions were added to the wells and 

incubated with cells for 3 h. Subsequently, cells were re-suspended with trypsin and 

washed successively with medium supplemented with FBS then PBS and 

centrifuged. Cell pellets were then fixed in glutaraldehyde, dehydrated, imbedded in 

resin and sliced into ultra-thin sections. Subcellular localisation of the NP in relation
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to endo/lysosomal vesicles within the cells was assessed using transmission electron 

microscopy.

In vitro transfection

RAW 264.7 cells were plated in 96-well microplates at 1.0 x 104 cells were allowed 

to adhere for 12 hours then washed and incubated in 200 juL of medium without 

FBS. Different DNA solutions or DNA-loaded NP suspensions corresponding to 

1.25 jug PLGA were incubated with cells for 3 hours. Cells were then washed and re

incubated in 200 juL of medium containing FBS for 3 days. Expression of GFP 

within cells was assessed after 60 h by fluorescent microscopy.

Statistical analyses

Statistical analyses were performed using Student's t distribution test to compare all 

pairs of preparations (Graph-Pad Prism, San Diego, CA, USA). Rejection of the null 

hypothesis was considered when the P value was <0.05.
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2.4. Results

2.4.1. DNA loaded Nanoparticle formulation

A novel formulation method (Figure 2.1) was developed combining the 

water-in-oil-in-water (W/O/W) emulsion-evaporation methodology (Perez et ah, 

2002; Yin et ah, 2006)with a salting out process (McCarron et ah, 2006). It was 

hypothesised that this approach would generate NP with encapsulated DNA using 

only a minimal application of sonication.
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Pipeting

1

1 kVl Acetone + Dlchloromethane + PLGA

DNA solution

^ □ 3 u
3 ml Solution of PVA 2.5% + mgcl2 43% 

5 ml Solution of PVA 2.5%

=_ Dlchloromethane acetone diffusion 

Dlchloromethane acetone evaporation 

® DNA loaded PLGA nanocapsules

Figure 2.1 modified emulsion/ salting out Water in Oil in Water formulation 
method. The pDNA solution was carefully mixed in ice-cold organic phase 
containing the polymers. The emulsion (W/O) obtained was then injected under 
moderate stirring into a second aqueous solvent containing MgCh and sonicated in 
an ice bath. Addition of an aqueous solution without MgCh initiates solvent diffusion 
and NP formation. The mixture was then stirred during several hours to complete 
total solvent diffusion and evaporation.
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The selected formulation process facilitated the production of NP of an 

adaptable diameter range. NP diameter is a major factor in cellular internalisation 

efficiencies, with NP of different diameters taken-up through different mechanisms 

and rates. Therefore, the production of NP with a diameter in the range of 200 nm 

was initially selected as the optimum size as they have been shown to internalise 

efficiently by endocytosis through clathrin-coated pits (Win and Feng, 2005). A 

range of sonication conditions was assessed, varying in both the length and the mode 

of application (continuous or pulsed).
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Table 2.1 Effect of sonication mode and duration on size and

polydispersity of PLGA NP

Sonication step / s Particle size / nm Polydispersity index

None 900.0 ± 188 1.000

10 continuous 237.7 ± 1.5° 0.14 ±0.05

15 continuous 203.3 ± 6.6° 0.17 ±0.02

30 continuous 159.4 ±3.0° 0.14 ±0.05

60 continuous 120.8 ±8.4° 0.15 ±0.02

30 (pulsed) 219.9 ±2.0^ 0.29 ±0.31

60 (pulsed) 182.0 ± 10.5^ 0.17 ±0.03

Results presented are mean ± SD (n=3; each results are the mean of 3 samples 
measured 3 times)
“ p<0.05 with respect to each other in continuous mode formulations 
^ p<0.05 with respect to each other in pulsed mode formulations
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The results shown in Table 2.1 demonstrated how in general, longer 

sonication times resulted in the generation of NP with smaller diameters, but that 

specifically, 15 seconds of continuous sonication was sufficient to produce the 

optimum size (203.3 ± 6.6 nm). Moreover, pulse sonication was examined in parallel 

to allow comparison towards continuous sonication, as this approach may enable 

improved heat dispersal, which may also help protect the integrity of the cargo DNA. 

This variation in the formulation process showed relative ineffectiveness with a 30 

second pulse sonication producing NP with a diameter of 219.9 ± 2.0 nm; only 

marginally smaller than those prepared through a 10 second continuous sonication 

(237.7 ± 1.5 nm). On the basis of these findings, application of the W/O/W 

formulation process with the 10 second continuous sonication step was selected as a 

compromise between NP diameter and potential DNA degradation for further 

studies; whereby it was hypothesised the shorter period of sonication would limit 

shearing of the DNA. After the formulation of the NP incorporating the DNA was 

completed, the encapsulation efficiency was measured by disassembly of the NP 

using solvents and recovery of the entrapped DNA via ethanol precipitation. 

Quantification of the pDNA entrapped within the PLGA NP revealed that our 

formulation entrapment efficiencies (8%; 50 ng mg"1 PLGA) were lower in 

comparison to a previous approach where DNA entrapped PLGA NP were prepared 

using a double emulsion formulation (around 18%) (Blum and Saltzman, 2008a). An 

explanation for the low efficiency of entrapment may be due to the length of the 

formulation procedure employed here (15 hours). Blum and co-workers observed a 

rapid release of DNA (up to 90%) from their PLGA NP within 12 hours (Blum and 

Saltzman, 2008b). Therefore it is possible that a proportion of the entrapped DNA 

has already been released by the start of our release study.
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Another essential consideration was the integrity of the DNA that had been 

incorporated into the NP. This was first examined by analysis of the DNA extracted 

from the NP by agarose gel electrophoresis (Figure 2.1). Control unformulated 

maxiprep plasmid DNA was present mainly in its super-coiled form, while DNA 

extracted from the NP was shown to be mainly present in an open circular 

conformation. However, the change in electrophoretic migration of the DNA 

extracted from the NP could suggest that the DNA is now non-functional. Therefore 

to examine encapsulated plasmid activity, and thus, the integrity of the circular 

double-stranded DNA, solutions of recovered plasmid were assessed in their ability 

to transform competent E. coli cells. After transformation, cells were plated on 

selection agar plates containing kanamycin (selection marker for pSUPER-EFP), and 

therefore, only cells transformed with a functional plasmid formed colonies after 

overnight incubation. Using this approach, it was determined that at least 12.5% of 

the total DNA incorporated was functionally active in comparison to non-formulated 

control super-coiled plasmid DNA (table 2.2). Given that this procedure is based on 

the functionality of the entrapped plasmid DNA, it may be a more accurate 

determination of entrapment efficiency.
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Coiled forms

Figure 2.2. DNA extracted from the NP is present in both open circular and 
siupercoiled conformation. Plasmid DNA extracted from NP were then analysed 
through agarose gel electrophoresis. Lane 1, mass ruler; Lane 2, maxiprep (control) 
plasmid DNA; Lane 3, plasmid DNA extracted from the NP .

Table 2.2. fraction of the DNA extracted from the NP is still functionally active.
DNA extracted from NP and equivalent control super-coiled plasmid DNA were used 
to transform E-coli competent cells. After transformation E-coli were plated 
onselection agar plates containing kanamycin and the number of colonies formed 
were counted.

pDNA extracted native pDNA

Colonies formed 13 96
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However, uncoiling of the DNA during formulation may also have reduced 

the transformation efficiencies observed between the maxi-prep control (mainly 

present in supercoiled form which will transform more readily) and the DNA 

extracted from the NP. Thus, the percentage of functional DNA measured may be 

under-estimated by this analysis. Nonetheless, these analyses clearly demonstrated 

that the salting out W/O/W formulation process had successfully resulted in the 

encapsulation of functionally active plasmid DNA. Given the small amounts of DNA
• ... Trequired to transfect cells successfully to produce high GFP positivity (10 

copies/cell; ~ 0.005 pg/cell) (Schindelhauer and Laner, 2002) the levels of entrapped 

DNA measured were considered sufficient for application in cell transfection 

experiments.

2.4.2. Cationic Nanoparticle formulation

Cationic coated NP have demonstrated escape the endo/lysomal and release 

their DNA payload into the cytosol where DNA would be free to translocate to the 

nucleus. Therefore production of cationic PLGA NP was examined using CTAB and 

DMAB. CTAB and DMAB are two cationic surfactants that have been previously 

used to improve oral availability of NP (Singh et al., 2001; Singh et al., 2003; He et 

al., 2005; Wischke et al., 2006; Dawson et al., 2004; Sonaje et al., 2007; Bhardwaj et 

al., 2009).
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Figure 2.3 Effect of the amount of cationic surfactant DMAB and CTAB 
incubated with the NP on zeta potential and diameter. NP were incubated 1 hour 
with various solution of DMAB or CTAB solution after purification by centrifugation 
NP zeta potentials (A) and diameters (B) were measured by zetasizer. (n=3, error 
bars represent standard error of the mean, * P<0.001)
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After the introduction of these cationic coatings, NP diameter and zeta 

potential of the different formulations were examined (Figure 2.3). The addition of 

cationic surfactants significantly increased the zeta potential of the NP in comparison 

to the anionic zeta potential of the non-modified NP (Figure 2.3 (A). Furthermore, 

the shift towards a net positive charge was proportional with the concentration of 

surfactant applied. However, crucial differences in the application of these 

compounds were also observed. NP coated with DMAB induced a small but non

significant increase in NP diameter, as can be seen from Figure 2.3 (B) (from 236 to 

264 nm). Particles coated with CTAB exhibited a different profile with no 

concentration dependent increase in zeta potential observed until concentrations of 

400 pg per mg PLGA were applied (Fig. 2.3 (A), lower panel) suggesting that CTAB 

is less efficient in coating the particles than DMAB. Indeed, the zeta potential is 

only increased in the CTAB particles in combination with a significant increase in 

particle diameter (Fig. 2.3 (B) lower panel), suggesting a co-operativity in coating 

efficiency with CTAB; distinct from that of the dose-dependent effect of DMAB 

under the conditions that we have employed. These findings are in agreement with 

previous research showing that CTAB can desorb easily from PLGA microparticles 

due to its weak association with PLGA (Wischke et ah, 2006).

2.4.3. Assessment of cationic nanoparticle cytotoxicity

Previously it has been observed that the internalisation of strongly cationic 

NP can induce cell death through various intracellular mechanisms including 

lysosomal disruption and mitochondrial damage (Zang et ah, 2001; Heydenreich et 

ah, 2003; Xia et ah, 2008). Therefore, the cytotoxicity of the NP formulations were 

examined by MTT assays and as anticipated, the incubation of positively charged NP
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did reduce HeLa cell viability after 72-hour incubation (Figure 2.4) and was

proportional to the amount of cationic surfactant used.

A

iou-i

Amount of DMAB per mg of PLGA (zeta potential)

B

Figure 2.4. NP coating with DMAB or CTAB cationic surfactant affects HeLa 
cell viability. HeLa cells were incubated with various NP solution for 72 hours and 
cell viability was assessed by MTT colorimetric assay (n=5, error bars represent 
standard deviation)
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However, it was also observed that in comparisons of CTAB and DMAB- 

coated NP of equivalent cationic zeta potential (6.5 ± 1.4 mV and 9.5 ± 1.7mV, 

respectively), the CTAB-coated particles appeared more toxic (46 ± 16.7 % and 74 ± 

12 % viability, respectively). These effects were further validated by the 

determination of their IC50, confirming the increased toxicity of CTAB coated 

nanoparticles (IC5o= 83 pg PLGA mL ') compared to their DMAS coated 

counterparts (IC5o= 168 pg PLGA mL'). This reduced cytotoxicity may be 

explained by the much smaller amount of DMAB required to produce equivalent 

cationic zeta potentials to CTAB. Although both DMAB and CTAB contain one 

quaternary amide per molecule, the particles coated with CTAB present a higher 

density of amides, recognised to be a major influence on cationic NP cell toxicity 

(Fischer et al., 2003). On the basis of these findings, DMAB coated PLGA NP (at 

4.7 pg mg'1 PLGA) was selected for subsequent experiments.

2.4.4. DNA Release from PLGA Nanoparticles

Release of the cargo DNA from the modified DMAB coated PLGA NP in 

PBS at 37 °C was next examined. The DNA release profiles observed (Figure 2.5.) 

showed a biphasic release kinetic with an initial burst release of 83.7±1.3% 

(unmodified NP) and 89.2±8.4% (DMAB coated NP) during the first 48 hours, 

followed by a slower sustained release lasting for approximately 4 days. This 

biphasic release profile is common with DNA (Mok and Park, 2008) or other 

molecules encapsulated in PLGA particles (Cheng et al., 2007; Jin et al., 2007). The 

initial DNA burst release may be attributed to the preferential release of DNA 

localised close to the surface of the NP or to the presence of pores within the 

particles that facilitate the rapid diffusion of a proportion of the DNA (Ahmed et al.,
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2008). Interestingly, the release profiles of both unmodified and DMAS coated NP 

were very similar. This outcome was unanticipated as interactions between the 

cationic surfactant and negative DNA would have been expected to result in slower 

release or a delayed release. However, the small amounts of DMAB (4.7 pg DMAB 

mg-1 PLGA) may explain why the DMAB coating did not have a significant effect 

on the DNA release kinetics.
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DMAS
unmodified

Figure 2.5. DNA released profiles from PLGA nude and DMAS coated NP. NP
were incubated in PBS and centrifuged every 24 h. DNA content of the supernatant 
phase was measured and results presented as a percentage of total DNA released 
(n=3 error bar represent standard deviation)
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2.4.5. Cellular localisation studies with NP formulations

Next, the ability of the DMAB-coated NP to enter the cells and escape the endosomal 

compartments was examined. This was perfomed by incubation of RAW 264.7 and 

HeLa cells with calcein in the presence of the various NP formulations. Calcein is a 

cell-impermeable green fluorescent dye that has previously been used to assess 

endosomal membrane stabilities (Verma et al., 2008). Calcein can be internalised 

through active endocytosis/pinocytosis resulting in the only staining of endosomal 

lumens. Destabilisation of the endo/lysosomes by the particles induces release of the 

calcein from the endo/lysosomal vesicles and resulting in disperse cytosolic staining 

as demonstrated with the lysosomal disrupting agent L-Leucine-Leucine-methyl ester 

(LLME) (Cirman et al., 2004) (Figure 2.6(A)).
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Figure 2.6. NP coating with DMAB cationic surfactant induce endo/lysosome 
destabilisation. HeLa cells were incubated in media containing 150 gg ml1 calcein 
and NP suspensions for 3 hours. After washing localisation of the calcein dye was 
then analysed by fluorescence microscopy (A). Combination offluorescent and phase 
contrast or fluorescent only microscopy images of HeLa cells incubated with calcein. 
I, 2: control; 3, 4 cells treated with LLME; 5, 6 cells treated with anionic NP; and 7, 
8 cells treated with cationic NP. Scale bar = 1 mm. (B). Further magnified 
fluorescent microscopy images of HeLa cells incubated with calcein. 9: cells treated 
with anionic NP; 10: cells treated with cationic DMAB coated NP. Scale bar = 100 
pm. (C). Percentage of total cells showing cytosolic distribution of calcein due to 
disruption of endo/lysosomal membranes. 500 cells were sampled for each 
experiment. * (p<0.05)
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In Figure 2.6., the majority of cells incubated with calcein alone (Figure 

2.6.(A), panels 1 and 2), and cells incubated with anionic NP in combination with the 

calcein dye (Figure 2.6.(A), panels 5 and 6) displayed punctuate staining, indicative 

of its distribution in endocytic vesicles and highlighting their integrity (as highlighted 

by arrows in Figure 2.6.(B) panel 9). Conversely, incubation of the cell lines with 

cationic NP coated with the selected ratio of DMAB (4.7 pg mg-1 PLGA), produced 

a markedly higher proportion of the cells eliciting broad cytosolic calcein 

distribution, similar to the effects elicited by LLME (Figure 2.6.(A), panels 3, 4 and 

7,8; Figure 2.6.(C)). This shows the ability of cationic NP to destabilise endosomal 

membranes, thereby redistributing the calcein dye into the cytosol (Figure 2.6.(C).
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Figure 2.7. Fluorescent confocal microscope image of cross-sections of RAW 
264.7
Cells were co-incubated with lysosomal tracking dye (LysoTracker® Red, appeared 
in red) and coumarin-6 loaded NP (appeared in green). (A) cells treated with 
anionic NP (B) cells treated with cationic NP. After incubation Cells were fixed and 
counterstained with TOPRO 3 to stain the cell nuclei (appeared in blue). 
Colocalisation pattern in panel A (yellow fluorescence) are indicated by white 
arrows while green fluorescence of NP within the cell cytoplasm are indicated by 
blue arrows in panel B.
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Further examination of the ability of the DMAB-coated NP to escape 

endosomal compartments was carried out by comparing the sub-cellular localisation 

of anionic and DMAB coated NP using a lysosomal tracking dye (LysoTracker® 

Red, Invitrogen) in RAW 264.7 (Fig. 2.7). When incubated with non-coated anionic 

NP, a strong co-localisation pattern (yellow fluorescence) indicative of NP 

accumulation within late endosomes/lysosomes was observed (Fig. 2.7, panels 3). 

Conversely, in the presence of the cationic DMAB-coated NP, the colocalisation was 

reduced and there was an increase in green fluorescence (NP) within the cell 

cytoplasm (Fig. 2.8, panels 4 and 6) indicative of endosomal escape.

Finally, HeLa cells incubated with the NP formulations were analysed by 

transmission electron microscopy (TEM). TEM analysis facilitates the direct 

detection and visualisation of NP in prepared sections and has previously been 

employed in the study of sub-cellular localisation of NP (Verma et al., 2008) (fig 2.8.
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Figure 2.8. NP coating with DMAB cationic surfactant affects their intracellular 
localisation. HeLa cells were incubated with different NP suspensions 3 hours. 
Subsequently, cells were re-suspended, centrifuged and cell pellets were then fixed in 
glutaraldehyde, and sliced in to ultrathin sections. Subcellular localisation of the NP 
in relation to endo/lysosomal vesicles within the cells was assessed using 
transmission electron microscopy. A, B: anionic NP, C, D: cationic DMAB coated 
NP The black arrows show PLGA nanoparticles internalised by HeLa cells.
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As can be seen in Figure 2.8., distinct differences in the distribution of the 

anionic and cationic particles were observed. Anionic NP where detected inside 

submicron vesicle structures, indicative of endo/lysosomal lumens (Figure 2.8.(A) 

and (B)), whereas a large majority of cationic DMAB-coated NP were identified 

inside the cytosol (Figure 2.8.(C) and (D)). Collectively, these data suggest that the 

alteration of the NP zeta potential to a cationic state result in their ability to evade the 

endo/lysosomal lumen and localise in the cytosol as a result of membrane de- 

stabilisation. On the basis of these findings, the ability to exploit the cationic NP 

cytosolic localisation was pursued for DNA delivery to these cell lines.

NP transfection efficiencies were assessed by exploitation of the green 

fluorescent protein (GFP) reporter gene in the pSUPER-GFP plasmid. RAW 264.7 

and HeLa cells were incubated for 3 hours with the NP formulations and GFP 

positivity observed by fluorescence microscopy. RAW 264.7 cells untreated or 

incubated with un-encapsulated DNA produced no GFP expression as anticipated 

(Figure 2.9.(A), panels 1 and 2). The incubation of PLGA-only NP DNA 

formulations resulted in GFP expression in a small number of cells (Figure 2.9.(1), 

panel 3) as previously reported (Panyam et al., 2002). Conversely, DNA 

encapsulated in the cationic DMAB-coated PLGA NP (Figure 2.9.(A), panel 4) 

resulted in a significant increase in GFP-positive cells (Figure 2.9.(B)) 

(approximately 20% transfection efficiency; p<0.01). This is indicative of their 

improved ability to protect the plasmid DNA and deliver it into the cytosol, where it 

can then translocate to the nucleus of the treated cells.
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Figure 2.9. DNA loaded NP coating with DMAB cationic surfactant increases 
NP transfection efficiency. RAIV 264.7 cells were incubated with Different DNA- 
loaded NP suspensions (1.25pg PLGA ie 62.5ng DNA) or corresponding DNA 
solution for 3 hours. Cells were then washed and re-incubated in medium containing 
FBS and expression of GFP within cells was assessed after 60 hours by fluorescent 
microscopy. A). Combination of fluorescent and phase contrast microscopy pictures 
of transformed macrophage RAW 264.7. 1: control; 2: transformation with plasmid 
DNA alone; 3: transformation with plasmid DNA encasulated anionic NP; 4: 
transformation with plasmid DNA encapsulated cationic NP. Scale bar = 50 pm. B). 
quantitative analysis of cells showing GFP expression using 4 fields of view were 
sampled for each condition (n=3 error bars represents standard deviation).
* (p<0.01).

77



2.5. Discussion

Upon internalisation by endocytosis, NP preferentially localise to late 

endosomes (Panyam et al., 2003). This localisation can be destructive to cargo 

DNA, particularly if absorbed to the surface of cationic NP. Premature dissociation 

of surface-adsorbed DNA from NP in endosomal compartments following cellular 

internalisation has previously been observed (Grosse et al., 2008), where degradation 

occurs rapidly in the acidified environment. Thus, the ability to trap the nucleic acid 

inside the PLGA NP is attractive in order to protect the cargo DNA and thus increase 

its stability and half-life. Furthermore, many forms of plasmid DNA are bacterially- 

derived and these have been shown to induce a immune response in mammals 

(Messina et al., 1991; Pisetsky, 1998; Bauer et al., 1999). Therefore, the 

encapsulation of the plasmid DNA inside the carrier may prevent or attenuate the 

activation of a immune response (Skjorringe et al., 2009). Previous studies 

examining the encapsulation of circular double-stranded plasmid DNA into 

polymeric nanoparticles have highlighted the labile nature of the DNA as a major 

limiting factor. Conditions used in the NP preparation, such as sonication, can create 

shear stresses that result in the degradation of the DNA (Adami et al., 1998; Walter 

et al., 1999; Sato et al., 2000). Here, a novel formulation method was developed 

combining the water-in-oil-in-water (W/O/W) emulsion-evaporation methodology 

(Perez et al., 2002; Yin et al., 2006) with a salting out process (McCarron et al., 

2006) to decrease sonication and thus DNA degradation. Additionally DNA, 

degradation may also occur during or after formulation as a result of the acidification 

of the localised particulate environment, induced by PLGA polymer decomposition. 

Therefore, in an effort to improve DNA stability during NP formulation, the plasmid 

DNA was solubilised in Tris EDTA (TE) buffer. Furthermore, NaHCOs (0.1 M) was
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added to the TE buffer as its buffering properties assist the maintenance of a neutral 

pH during both NP formulation and decomposition (Jilek et al., 2004).

In order to obtain efficient transfection, plasmid DNA must localise to the 

nucleus. Therefore, the second step of this study was to develop an approach to 

facilitate endosomal escape of the NP into the cytosol, thus reducing/avoiding acid- 

induced degradation of the nucleic acid within the endosomal lumen, and leaving 

released DNA free to translocate to the nucleus. Previously, the application of 

cationic coatings has been examined to facilitate this translocation (Vila et al., 2002; 

Kim et al., 2005; Basarkar et al., 2007). The presence of a surface cationic charge on 

NP has been shown to interact with the negatively charged endosomal membranes 

upon internalisation. Unmodified PLGA NP present a low anionic potential (-5 to -20 

mV) due to the negative charge of the PLGA polymer, but introduction of polymers 

such as poly(ethylenimine) (Ogris et al., 1999; Kim et al., 2005; Oster et al., 2005; 

Son and Kim, 2009), chitosan (Vila et al., 2002) and CTAB (Oster et al., 2005; 

Basarkar et al., 2007) during or after formulation to increase the zeta potential have 

been examined. In this study NP DMAS coating was developed as it was 

characterised to significantly increase NP cationic charges with minimal effects on 

NP diameter and cytotoxicity. Incubation of DMAS coated NP with HeLa and RAW 

264.7 cells resulted in endosome/lysosome membrane destabilisation thus NP 

escape/relocalisation into the cytosol (Hoekstra et al., 2007; Leroueil et al., 2007). 

Cytotoxicity of the cationic gene carrier is a familiar drawback that may be 

correlated to lysosome destabilisation and leakage of lysomal enzymes such as 

cathepsins B, L, S, or K into the cell cytoplasm provoking cell apoptosis through 

Bid protein cleavage (Cirman et al., 2004).

79



Although the transfection percentages were relatively low, these efficiencies 

could be compared to lipofectamine (10%, data not shown) and other commercial 

cationic liposomal delivery systems routinely used for DNA transfection (Escher et 

ah, 2005). However, the transfection rates that have been observed here are a result 

of introducing approximately the equivalent of 3-5 ng of DNA per 5 x 105 cells, 

compared to 1-5 mg generally employed with cationic liposomal reagents. It may be 

possible to increase these transfection rates through optimisation of DNA entrapment 

either by improved loading or introduction of co-polymers such as poly-L-lysine. 

Furthermore, as targeting and uptake of PLGA NP through antibody conjugation can 

improve cellular uptake (McCarron et al., 2008b; Scott et al., 2008), this may 

represent another strategy to further increase these transfection efficiencies. Other 

strategies such the use of fusogenic peptides conjugation (Kobayashi et al., 2009) 

have also been developed in an approach to escape the endosomal pathway, as well 

as folic acid grafting to specifically target calveolae mediated endocytosis (Zheng et 

al, 2009).
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Figure 2.10 The different fates after NP internalization. DNA loaded 
PLGA NP coated with cationic surfactant DMAS are able to evade the endosomal 
lumen and localise and release their DNA content within the cell providing improved 
transfection efficiencies
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2.6. Conclusion

In summary, the application of a novel salting out and emulsion-evaporation 

process has successfully resulted in the formulation of 240 nm DNA loaded NP. The 

introduction of a cationic surfactant (DMAS) has facilitated the endosomal escape of 

endocytosed NP, thus preventing premature degradation of the transfected DNA. 

This effect was exemplified by the observation of improved transfection efficiencies 

over anionic NP carrying a reporter plasmid. These DNA delivery modalities require 

approximately 1000-fold less DNA than cationic liposomal delivery agents to 

achieve comparable transfection efficiencies and given that PLGA NP are easily 

targeted to specific cell types by surface conjugation of antibodies, sugars or 

peptides, these DMAB coated NP represent potential new non-viral Gene Therapy 

vectors.
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3. Chapter 3: DR5 Targeting Strategy as a novel anti-cancer 
therapeutic

3.1. Introduction

Apoptosis, also called programmed cell death, is characterized by a number 

of major morphological alterations, including nuclear lamina disassembly, blebbing, 

nucleosomal fragmentation and endonuclease liberation, leading ultimately to the 

controlled death of the target cell (Hotchkiss et al., 2009). Apoptosis is an essential 

element of normal homeostasis and can be triggered not only by multiple stimuli 

including cytokines and hormones (Kiess and Gallaher, 1998), but also by various 

environmental factors, including chemical agents and radiation (Hannun, 1997). The 

key mediators of apoptosis are caspases 3 and 7, which are members of the caspase 

(i.e. cysteine-aspartic acid proteases) family (Taylor et al., 2008). These proteases 

are produced as inactive proenzymes that are constitutively present in cells, poised to 

undergo proteolytic cleavage at aspartic residues to produce two subunits that hetero- 

dimerize to form tetrameric active enzymes (Grutter, 2000). Once activated, caspase 

3 and 7 induce the pro-apoptotic events that lead to apoptosis due to their cleavage of 

several critical proteins such as Ras GTPase-activating protein (GAD), Poly(ADP- 

ribose) polymerase (PARP), nuclear/mitotic apparatus protein (NuMa) and nuclear 

lamins (Okinaga et al., 2007; Feinstein-Rotkopf and Arama, 2009).

Two major cell signalling pathways leading to caspases 3 and 7 activation have been 

characterised in mammalian cells: the intracellular and the extracellular pathways. 

The intracellular or intrinsic pathway is typically activated in response to DNA 

damage caused by, for example, radiation or chemotherapeutic drugs such as 

camptothecin or doxorubicin (Gewirtz, 1999; Feng et al., 2007). One of the first steps 

of this pathway is the activation of transcription factor p53, which consecutively,
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activates different proapoptotic Bcl-2 family proteins such as PUMA, NOXA, Bax 

and Bak. Activated Bax translocates into the mitochondrial membrane to form 

oligomeric pores inducing cytochrome c release (Taylor et ah, 2008). Cytrochrome c 

released in the cytosol binds to and induces conformational changes in Apoptotic 

Peptidase Activating Factor 1 (APAF-1). Next, APAF-1 oligomerizes into a 7 spoked 

wheel-like structure to form the apoptosome (Cain et ah, 2002). Once assembled, the 

apoptosome can then recruit and activate caspase-9 which in turn activates caspase 3 

and caspase 7 (Ledgerwood and Morison, 2009).

The extracellular apoptosis pathway is typically initiated through cell surface 

death receptor activation. It includes TRAIL receptors DR4 (TRAIL-R1) and DR5 

(TRAIL-R2) as well as Fas receptor (CD95), which are all members of the tumour 

necrosis factor (TNF) receptor superfamily, characterised by their cytoplasmic death 

domain (Wu, 2009). Upon ligand binding (TRAIL, Fas ligand), activation of the 

receptor results in recruitment of the death inducing signalling complex (DISC) to 

the receptor’s intracellular domain leading to the activation of pro-caspase 8 

(Medema et ah, 1997; Ashkenazi and Dixit, 1998). The clustering of pro-capsase 8 

is thought to induce its autocatalytic activation (Medema et ah, 1997). Once activated 

at the DISC, caspase 8 cleaves and activates several downstream substrates, 

including the effectors caspases 3 and 7, cumulating in a proteolytic cascade that 

leads to the death of the cell (Muzio et ah, 1997) in a manner similar to the intrinsic 

apoptotic pathway (Figure 3.1).

The extrinsic and intrinsic apoptosis pathways are linked as caspase 8 cleave 

and activate Bcl-2 homology interacting domain death agonist (Bid), which promotes 

cytochrome c and activates the intrinsic pathway (Tang et ah, 2000). Recent studies 

have discriminated two different modes of receptor-mediated apoptosis (Scaffidi et
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al., 1998; Fulda et al., 2001). In type I cells such as lymphoblastoids BJAB cells, 

death receptor activation results in sufficient caspase-8 activation to induce apoptosis 

independently of mitochondrial activation. However, in type II cells such as T- 

lymphocyte Jurkat cells, receptor activation only generates limited active caspase-8; 

therefore in these cells, the apoptotic signal needs to be amplified through Bid 

cleavage and initiation of the mitochondrial pathway to induce apoptosis (Zhao et al., 

2007).
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Figure 3.1 Schematic presentation of extrinsic and intrinsic apoptosis pathway
Two major cell signalling pathways leading to cell apoptosis through caspase 3 and 
7 activations have been characterised in mammalian cells. The intrinsic pathway 
activated by DNA damage is characterised by the activation of transcription factor 
p53, which activates various proapoptotic proteins such as PUMA, NOXA, Bax and 
Bak leading to cytochrome c release from the mitochondria. Cytochrome c release 
induces formation of the apoptosome and caspase 9 activation, which in turn 
activates caspase 3 and caspase 7. The extracellular apoptosis pathway initiated by 
ligand (TRAIL, Fas ligand) activation of cell surface death receptor (DR4, DR5, FAS 
receptor) results in recruitment of DISC and of caspase 8. Active caspase 8 in turn 
activates caspases 3 and 7 and the cascade pathway leads to the death of the cell.
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The mechanisms of action of the majority of cancer drugs are to 

induce/stimulate apoptosis specifically in tumour cells. However, these drugs 

frequently also induce apoptotic effects in normal cells. Therefore, to circumvent 

difficulties and side-effects associated with nonspecific drug dosing, targeting of 

tumour-associated antigens using specific antibodies have been developed as the 

basis of a potent drug delivery strategy. In the case of NP the choice of the targeting 

antibody and therapeutic payload will depend on the intended target cell and 

associated cell-surface biomarker. One family of cell-surface antigens, amenable to 

binding by antibodies, is the TNF receptor superfamily that include TNFR-1 

(CD 120a), Fas (CD95), DR3 (TRAMP), DR4 (TRAIL-R1), DR5 (TRAIL-R2) and 

DR6 (TR-7) receptor. TNF receptors are type-I transmembrane proteins 

characterised by an N-terminal cysteine-rich extracellular domain and highly 

conserved approximately 70 amino acid cytoplasmic death domain (Papenfuss et al., 

2008). It is believed that TNF receptors are present in the plasma membrane as pre

assembled, but inactive, di- or trimers (Chan et al., 2000). It is also understood that 

ligand or agonistic antibodies binding to these pre-assembled receptors induce their 

clustering to initiate DISC recruitment and downstream apoptosis signal transduction 

as describe above. During the last decade, diverse strategies have been tested to 

target TNF-R1 and Fas receptors using TNF, Fas ligand or agonistic antibodies to 

initiate apoptosis in tumour cells. Unfortunately, preclinical and clinical trials 

produced severe side-effects such as severe inflammatory responses and liver 

damage (Ogasawara et al., 1993). These effects may be due to a relatively broad 

tissue expression of TNF-R1 and Fas.

DR5 was found to be expressed on the plasma membrane of a variety of 

cancer cell lines and has been identified as a valid target to induce apoptosis in

87



various tumour cell lines. (Carlo-Stella et al, 2007; Takeda et al., 2007; Mahalingam 

et al., 2009). Its ligand TRAIL, when administered systemically, has demonstrated 

preferential apoptosis activation of malignant cells over normal tissue, with limited 

inflammatory response and liver damage. Additionally agonistic antibodies against 

DR4 and DR5 that can induce receptor clustering and activate death receptor- 

mediated apoptosis are currently being clinically tested in multiple forms of cancers 

(Table 3.1).
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Table 3.1 clinical trials of DR5 agonistic antibody (data from clinicaltrials.gov 
November 09)

spcnsor devdoprert 
al stagp

sage Treatmert conditicns Estimated Completion 
Date

...
CS-1008 Daiichi

Santeolnc.
phasel completed CS-1008 Malignandes,

Lynphoma
ad.

phase 2 Active, not 
recruiting

CS-1008 + Gent tabine Pancreatic Cancer Feb-09

phase 2 rotcpen vet CS-1008 +
Padita.vd/Carbqplatin

Ova rial Carter Sep-11

AMG655 Amgen Phase lb recruiting AMG65S +Bortezanib + 
Vorinostat

Lynphoma Mar-11

Phase ltf2 Active, not 
recruiting

AMG6S5 + Bevadzumab 
(aid VEGF mAB) + 
FOLFQX6

Colorectal Cancer Aug-12

Phase lb2 Active, not 
recruiting

AMG65S +DoM)rubidn soft tissueSarcona Apr-12

Phase lt/2 recruiting AMG655 +AMG479 
(anti IGF-1 rmAB)f 
GerndtaUne

Pancreatic Cancer Apr-12

phase 2 recruiting AMG655 +AMG479 
(anti IGF-1 mAB) + 
FCLF1RI

Colorectal Cance May-13

Apomab Cenentech Phase lb recruiting Apomab +CetuMmab 
(aiti EGFR mAB) + 
Irinotecan

Colcrectd Cancer ad.

Phase lb recruiting Apomab + Bevadzumab 
(anti VEGF mAB) + 
FOLFQX

Colorectal Cancer ad.

phase 2 Active, not 
recruiting

Apomab Chondrosarcoma May-11

phase 2 Active, not 
recruiting

/Npomab + Padita«l + 
Carboplatin +
Bevadzumab

NoivSmsIl Cdl 
long Carter

Mar-11

phase 2 Active, not 
recruiting

Apomab +Riwimab (anti 
CD20mAB)

Non-Hod0dn's
Lynphoma

Aug-12

Le^atumumab NCI phasel recruiting I^xatunumab +
Interferon Gamma

kidney Cancer, 
Lynphona, 
Neircblastoma, 
Sarcona

ad.
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In addition, it has been shown that several chemotherapies such as Irinotecan 

(CPT-11) can increase the surface expression of death receptors (Xiang et al., 2002). 

CPT-11 is a semi-synthetic analogue of camptothecin (CPT). CPT is cytotoxic 

quinoline-based plant alkaloid that was discovered in the wood, bark, and fruit of the 

Asian tree Camptotheca acuminate. CPT has been used as a cytotoxic chemotherapy 

as it demonstrated selective inhibition of a DNA replication enzyme (mammalian 

topoisomerase I) that is over-expressed in a wide range of tumours (Giovanella et al., 

1989). The cytotoxic effects induced by CPT are based on its binding of 

topoisomerase-I/DNA complexes (Pommier et al., 1998) this blocks DNA replication 

to result in DNA double stranded breaks. The DNA damage in turn causes p53 

activation and initiation of apoptosis (Goldwasser et al., 1996). As CPT is poorly 

water-soluble (Ertl et al., 1999b) and degraded in blood, various drug delivery 

strategies have been developed to improve its bioavailability such as silica 

nanoparticles (Lu et al., 2007), PLGA microparticles (Ertl et al., 1999a) PEGylated 

PLGA/PLA nanoparticles (Loch-Neckel et al., 2007; Kunii et al., 2007) and solid 

lipid nanoparticles (Kunii et al., 2007).

Recently, our group developed CPT loaded PLGA NP coated with Fas 

antibodies and demonstrated cell specific targeted delivery through receptor- 

mediated internalization. Fas receptor targeting was used since it was known that 

CPT up-regulates Fas cell surface expression (McDermott et al., 2005). As well as 

mediating its cytotoxic effect through DNA damage induced by CPT, the particles 

resulted in the activation of Fas receptor and initiation of the extrinsic apoptotic 

pathway. This strategy resulted in the synergistic activation of apoptosis through the 

simultaneous activation of DNA damage and Fas receptor signalling (McCarron et 

al., 2008b).
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Similar to the Fas receptor, CPT derivatives have also been shown to induce 

up-regulation of DR5 in colorectal cancer cells (Wang and El-Deiry, 2003) as well as 

sensitising cells to death receptor-induced apoptosis (Galligan et al., 2005; Ray et al., 

2007). Exploiting this surface receptor up-regulation, treatments combining CPT-11 

administration with either TRAIL (Naka et al., 2002; Xiang et al., 2002; Ray and 

Almasan, 2003) or anti-DR5 antibodies (DeRosier et al., 2007; Oliver et al., 2008) 

have demonstrated in vitro/in vivo synergistic antitumor efficacy. Therefore using the 

same approach previously used in the Fas targeted nanoparticles study, CPT loaded 

nanoparticles conjugated to anti-DR5 antibodies were examined. In addition it was 

hypothesised that targeting DR5 rather than FAS would result in enhanced tumour- 

specific delivery and cytotoxicity.
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Aims of the chapter.

A The development of PLGA NP conjugated anti DR5 mAbs to target DR5 

expressing tumour cells.

A Study the potential of those new conjugated NP to trigger cells extrinsic 

apoptotic pathway through DR5 activation.

A The development of camptothecin loaded PLGA NP coated with anti Death 

Receptor 5 mAbs to induce targeted cell through extrinsic and intrinsic 

apoptotic pathway
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3.2. Materials and methods
Materials

PLGA (Resomer RG 502 H) with an acid value of 9 mg KOH per g PLGA, 

molecular weight 12 kDa, was a purchased from Boehringer Ingelheim, Germany. 

Poly(vinyl alcohol) (PVA), 87-89% hydrolysed with molecular weight 13-23 kDa„ 

Magnesium chloride hexahydrate (MgC^-hP^O), A-Hydroxysuccinimide (NHS), 

(5)-(+)-CPT, acetonitrile (ACN), coumarin-6, Nile red and 3-(4,5-dimethyl-2- 

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT reagent) were obtained from 

Sigma Aldrich, Germany. A-ethyl-A(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) was obtained from Fluka, Germany. Acetone (Fisher Scientific, 

UK) was used as a water-miscible solvent during NP preparation, while 

dichloromethane (DCM) (Riedel-de Haeen, Germany) was used as a water- 

immiscible solvent. Anti DR5 and appropriate isotype control (IgG) monoclonal 

antibodies were supplied as a kind gift by Dr Dan Longley (CCRCB QUB). PBS 

(phosphate-buffered saline) tablets and McCoy’s 5A medium with L-glutamine were 

obtained from Gibco, Invitrogen. Foetal bovine serum was obtained from Biosera. 

The microBCA kit was purchased from Pierce, USA. Caspase-8 like activity kit 

(Caspase-GVo™) was provided by Promega, Toxilight™ assay was from Lonza, 

Annexin V Apoptosis Detection kit was from BD Biosciences.

Preparation of PLGA nanoparticles

20 mg of PLGA were dissolved in 200 /xL DCM and 600 /xL acetone then injected 

under moderate stirring into 3.0 mL of ice-cold solution containing 2.5% (w/v) PVA 

and 45% (w/v) MgC^-bFUO in pH5 MES buffer (25 mM). Both phases were then 

sonicated in an ice bath at 20 mW. An additional 5.0 mL of 2.5% (w/v) PVA pH5
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MES buffer solution was finally added under moderate stirring. Samples were left 

stirring overnight to allow organic solvent evaporation.

NP were centrifuged at 100 000 x g for 10 minutes at 4 °C, then washed using 

suspension-spin cycles with pH5 MES buffer. NP pellets were resuspended to give 5 

mg PLGA mL"1 in pH5 MES buffer solution prior to further use.

Preparation of CPT-Loaded, Coumarin-6-Loaded and Nile red-loaded PLGA 

NP

CPT-loaded NP were prepared by dissolving CPT (0.2 mg) in 200 /rL DCM and 100 

fxL DMSO followed by the re-addition of 500 /xL of acetone solution to dissolve the 

PLGA. DMSO was introduced as a cosolvent to ensure complete CPT dissolution in 

the organic phase. Coumarin 6 and Nile red loaded NP were prepared by dissolving 

(0.1 mg) of each compound in the 200 /xL DCM solution used during the NP 

formulation.

Nanoparticles activation and conjugation

Nanoparticles activation was achieved by adding 200 /xL of 0.1 M l-Ethyl-3-[3- 

dimethylaminopropyljcarbodiimide Hydrochloride (EDC) and 200.0 /xL of 0.7 M N- 

hydroxysuccinimide (NHS), both dissolved in pH 5.0 MES buffer, to the 

nanoparticulate suspension, which was kept at room temperature for 1 h under 

moderate stirring. After centrifugation to eliminate unused adsorbent reagents, NP

were resuspended at 1 mg mL”^ in PBS. Monoclonal Antibodies (mAbs) solution

(100 /xL of 1.0 mg mL~l solution) was added to a 1 mL suspension of 1 mg mL~l 

activated NP and incubated at 4 °C overnight. Finally, solutions were centrifuged at 

20 000 * g for 1 h at 10 °C and resuspended in PBS to remove excess of non-
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conjugated antibodies. Antibody conjugation was quantified spectrophotometrically 

using a microBCA kit (Pierce, USA) following the manufacturers instructions.

Nanoparticle characterisation

NP size and zeta potential were measured using photon correlation spectroscopy and 

laser Doppler anemometry, respectively (ZetaSizer 3000 HS, Malvern instruments, 

UK). The polydispersity index was also determined on this instrumentation. 

Measurements were taken at a fixed angle of scatter (90°). Determinations were 

carried out at room temperature (25°C), with each done in triplicate and an average 

particle size expressed as the mean diameter (ZaVe).

CPT entrapment efficiency

CPT entrapment efficiency was determined by dissolving purified 5 mg of NP in 2 

mL DMSO/ACN at a 1:1 volume ratio. Concentration of CPT in dissolved NP 

solution was measured using spectrofluorimetry at 460 nm after excitation at 355 run. 

Results were compared to a standard calibration curve of CPT solution in blank NP 

dissolved in DMSO/ACN at a 1:1 volume ratio. Entrapment efficiency was 

calculated using the following equation:

Mass of CPT recovered
Entrapment efficiency (%) =----------------------------------------------- x 100

Mass of CPT added

CPT release from PLGA NP

The release profiles of CPT from suspensions of 20 mg of NP were evaluated using 

phosphate buffered saline (pH 7.4) as the receiver medium. NP were incubated at 

37°C with shaking, whereupon test suspensions were centrifuged at 100 OOOxg for 10
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minutes at 10 °C. The concentration of CPT in the supernatant phase was determined 

by spectrofluorimetry at 460 nm after excitation at 355 nm. The fractional CPT 

release was determined by comparison with the total CPT release.

Fluorescence Microscopy Imaging

HCT116 colon carcinoma cells were cultured in McCoy’s 5A medium containing L- 

glutamine, penicillin/streptomycin and 10% v/v fetal calf serum. Cells were seeded 

on cover slips in six-well plates at 2.5 x 105 cells per well and allowed to grow 

overnight. This was followed by 3 h of incubation at 37 °C and 5% CO2 in serum 

free media with 100.0 /iL dispersion of 100 pg mL" 'dye-loaded NP conjugated to 

anti-DR5 mAbs or isotype mAbs or non conjugated suspended in PBS. Cells were 

washed three times with PBS then fixed in 4% para-formaldehyde (PFA) for 1 hour, 

washed three times with ice-cold PBS then incubated for 30 min in pH 8 HEPES 

buffer (0.1M). For nucleus staining cells were incubated with 1/200 solution of TO- 

PRO®-3 iodide (Invitrogen) solution and subsequently washed 3 times with PBS. 

Coverslips were then mounted on microsope slides using SlowFade® Gold reagent 

(Invitrogen) and sample analyses were performed using confocal scanning laser 

microscopy (Leica Confocal TCS Sp2, Germany). Excitation was done using laser 

illumination at 488 nm for green fluorescence 543 nm for red fluorescence and 633 

nm for far red fluorescence.

In Vitro Caspase 8 Activation

HCT116 cells were plated in 96-well microplates at 3 * 103 cells per well in 200 pL 

of complete medium and incubated overnight at 37°C and 5% CO2 to allow their 

adherence. HCT 116 cells were then incubated with various amounts of NP
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suspensions for 24, 48, and 72 h. The caspase-8-like activity was measured using the 

Caspase8-Glo™ Assay (promega) following the manufacturer’s protocol.

Toxilight Cell viability assay

The release of the cytoplasmic enzyme adenylate kinase (AK) can be used as a 

measurement of cell death. HCT116 cells were plated in 96-well microplates at 3.0 x 

103 cells per well in 200 /rL of complete medium and incubated overnight at 37°C 

and 5% CO2 to allow their adherence. HCT 116 cells were then incubated with 

various amounts of NP suspensions for 48, and 72 h. AK release into the culture 

medium was determined using the Toxilight™ kit (Lonza) according to 

manufacturer’s procedures. Briefly, following treatment with NP, 20 /rL of media 

was transfered to a luminescence plate and a 20 /xL of Toxilight reagent was added 

per well. The plate was then incubated at room temperature for 5 min, and 

luminescence was recorded on Synergy 4 luminescence plate reader (Biotek).

Small interfering RNA transfections

DR5, and scramble control (SC) small interfering RNAs (siRNA) were obtained 

from Dharmacon. HCT116 were seeded out in McCoy’s 5A medium without 

penicillin-streptomycin. Twenty-four hours after seeding, siRNA transfections were 

performed on subconfluent cells using lOnM siRNA and the oligofectamine 

(Invitrogen) transfection reagent according to the manufacturer’s instructions. DR5 

SiRNA sequences: GACCCUUGUGCUCGUUGUC, Scramble SiRNA: 

UUCUCCGAACGUGUCACGU.
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Western Blotting

Whole cell lysates were obtained by washing cells in PBS and then incubating in 

lysis buffer. 30gg of protein were resolved by SDS-PAGE and transferred onto 

nitrocellulose membranes (Amersham Biosciences). Membranes were then rinsed in 

PBS/0.1% Tween 20 and blocked for 1 h in 5% milk (Marvel) in Tween 20. 

Membranes were probed using respective antibodies (Santa Cruz) at 1:2000 in 5% 

milk PBS/Tween overnight at 4°C. Subsequently, membranes were washed in 

PBS/Tween then incubated 1 h at room temperature with respective secondary 

antibodies conjugated with Horse-radish peroxidise in 5% milk PBS/Tween at 

relevant dilution. Membranes were then washed again and blots were visualized by 

enhanced chemiluminescence with ChemiDoc XRS imaging system (Bio-RaD).

Annexin V/ Propidium iodide Flow cytometry assay

HCT116 cells were plated in 6-well plates at 2.5 x 105 cells per well in 2.0 mL of 

complete medium and incubated overnight at 37 °C and 5% CO2 to allow their 

adherence. The cells were then incubated with various amount of NP suspensions for 

24, 48, and 72 h. For some assays, media containing NP was removed after 12 h and 

substituted with fresh media. After incubation, cells were collected, washed twice 

with PBS and re-suspended in 300 pL Annexin V buffer. 100 pL of the re-suspended 

solution was stained with 5 pL of Annexin V-FITC solution and 5pL of 50pg mL' 

Propidium iodide (PI) solution for 15 min at room temperature in obscurity. Flow 

cytometry acquisition was performed on FACSCalibur™ and data were analyzed 

using Cell Quest software pro (BD Biosciences).
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MTT Cell viability assay

HCT116 cells were plated in 96-well microplates at 3.0 * 103 cells per well in 200 

fiL of complete medium and incubated overnight at 37°C and 5% CO2 to allow their 

adherence. HCT116 cells were then incubated with various amount of 

nanoparticulate suspensions for 24, 48, and 72 h. For some assays, media containing 

NP was removed after 12h and substitute with fresh media. Cell viability was 

assessed by MTT colorimetric assay and Toxilight™ assay in 96 well plates. MTT 

solution (20 /jlL of 5 mg mL'1) in PBS was added to each well, and the plates 

incubated for 2 hours at 37 °C and 5% CO2 to allow for the formation of formazan 

crystals. The MTT medium solution was removed, 100 /rL of dimethylsulfoxide 

added and optical densities determined at 570 nm. Cell survival percentages were 

calculated from absorbance ratios when compared to untreated control cells.

Synergistic ratio calculation

Synergistic ratio (SR) obtained using CPT loaded NP conjugated with DR5 

antibodies was calculated using the following equation (McCarron et ah, 2008):

(Survival CPT — NP) * (Survival DR5 — NP)
^ (Survival CPT — DR5)

Synergy was defined by a SR greater than unity (SR >1.0)

Statistical analyses
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Statistical analyses were performed using Student's t distribution test to compare all 

pairs of preparations (Graph-Pad Prism, San Diego, CA, USA). Rejection of the null 

hypothesis was considered when the P value was <0.05.

100



3.3. Results

3.3.1. Anti DR5 mAbs conjugation on PLGA NP surfaces

Using a formulation combining emulsion and salting-out processes, a uniform 

PLGA nanoparticles population was produced with a mean size of 120nm and zeta 

potential of 0.2 mV typical of the preparation method (Scott et al, 2008). 

Subsequently, anti-DR5 antibodies were conjugated on the NP surfaces using 

carbodiimide chemistry, inducing only a slight, but non-significant increase in 

particle diameter. Anti-DR5 mAbs conjugation was measured in at 33 pg per mg of 

PLGA similar to results obtained previously anti-siglec-7 and anti-Fas antibodies 

(respectively 32.6pg/mg and 48pg/mg) (McCarron et al., 2008; Scott et al., 2008).
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zeta potential (in mV) 0.4 ± 1.3 0.2 ±0.12
Anti DRS conjugation 

efficiency - 33% ± 12

Anti DRS conjugation 
(pg/ mg PLGA) - 33 ±12

Figure 3.2 nanoparticles characteristics. NP were resuspended in PBS, size and 
zeta potential were measured using photon correlation spectroscopy and laser 
Doppler anemometry, respectively (ZetaSizer 3000 HS, Malvern instruments, UK). 
Antibody conjugation was quantified spectrophotometrically using a microBCA kit 
(Pierce, USA) following manufacturer instructions, (results are mean ± SD, n=3: 
each results are the mean of 3 samples measured 3 times).
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3.3.2. Anti DR5 mAbs conjugated NP selectively bound to 
HCT 116

The ability of anti-DR5 mAbs conjugated NP (DR5-NP) to interact with DR5 

receptors expressed on HCT116 cells was examined using confocal laser 

microscopy. NP were loaded with the green hydrophobic dye coumarin-6 which is a 

common NP marker that is well retained without leaking from the NP (Panyam et al., 

2003) Staining patterns presented in Figure 3.3 revealed that HTC116 incubated with 

fluorescent DR5-NP (panel C) presented a markedly higher fluorescent signal 

compared to cells incubated with the non targeted NP (nude or conjugated with 

isotype control mAbs). The presence of the fluorescent signal in cells incubated with 

DR5-NP suggests the specific binding of NP on the HCT116 cells through the anti- 

DR5 mAbs conjugated on their surface.
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Figure 3.3 DR5-NP preferential binding to HCT116 cells over non-targeted NP.
Cells were seeded on cover slips then various solutions of coumarin-6 loaded NPs. 
After washes and mounting, samples were analysed using confocal scanning laser 
microscopy. A) HCT116 cells incubated with non conjugated nude NP, B) HCT116 
cells incubated with NP conjugated to isotype control mAbs, C) HCT116 cells 
incubated with NP conjugated to anti-DR5 mAbs.
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To examine the fate of the NP after cell receptor binding, cells were 

incubated with fluorescent NP and counterstained with TO-PRO®-3 iodide (nucleus) 

and Calcein AM (cytoplasm) staining. Calcein AM is an acetoxymethyl ester 

derivate of calcein (Chapter 2) which is soluble in lipids and therefore can passively 

cross cell membranes into cytosolic compartments of cells. Calcein AM is a non- 

fluorescent molecule as its acetomethoxyl group quenches its fluorescent activity. 

However, once inside the cells, intracellular esterases convert calcein AM in calcein 

which is a fluorescent and hydrophilic compound and is retained in the cytoplasm of 

the cells, thus preferentially staining the cytoplasmic compartments of incubated 

cells (Neri et al., 2001).
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Figure 3.4 DR5-NP are internalised by HCT116 cells. Cells were seeded on cover 
slips and incubated with solution of anti DR5 conjugated Nile red loaded 
nanoparticles. Samples were analysed using confocal scanning laser microscopy. 
Cells' nuclei that were stained by TO-PRCf -S iodide emit in the far red spectra and 
appeared in blue. Cytosol was stained using cytosol marker calcein AM, a non- 
fluorescent but cell-permeable compound that when located in the cells ’ cytoplasm is 
hydrolyzed by intracellular esterases into the green fluorescent calcein. Nile red 
loaded NP appeared in red. A-B and C-D represent two fields of view at different 
magnifications. A and C represent only the blue and red channels, while C and D 
represent the overlap of the 3 channels. Colocalisation pattern in panel B and D 
(yellow fluorescence) are indicated by white arrows.

106



The Z stack pictures in Figure 3.4 revealed the colocalisation of the green 

cytoplasmic staining and red labeled NP, indicative of NP cytosolic localisation, and 

therefore of NP internalisation. Additionally, panels A and B of Figure 3.4 showed a 

pattern of strong red fluorescent foci localised within the cell cytoplasm suggesting 

the potential endosomal/lysosomal localisation of the majority of the internalised NP. 

Taken together, these confocal microscopy results demonstrated the efficacy of anti 

DR5 mAbs conjugated NP to specifically target DR5 receptors expressed on 

HCT116 cells and induce NP internalisation.

3.3.3. Anti DR5 mAbs induce cells apoptosis through DR5 
triggered Caspase 8 activation

The ability of these DR5-NP to internalise is consistent with receptor 

activation and subsequent receptor-mediated endocytosis. Therefore, we next asked 

whether the DR5-NP could activate apoptotic signals through their binding and 

internalisation. HCT116 cells were incubated with various NP formulations (nude 

(NP), isotype IgG control conjugated nanoparticles (ISO-NP) and DR5-NP) or anti- 

DR5 mAbs or TRAIL. After incubation, caspase-8-like activity was assessed 

(Caspase-Glo™). Briefly, cells were resuspended in cell lysis buffers containing 

caspase-8 substrate (Z-LETD-aminoluciferin) and luciferase. Caspase-8 enzymes 

present in the cells cleave Z-LETD-aminoluciferin into Z-LETD and aminoluciferin. 

Free aminoluciferin can then act as substrates for luciferase and induce the 

generation of light through luminescence reaction; the luminescent signal measured 

is directly proportional to the amount of caspase activity present in the sample.
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Figure 3.5 Effects of NP formulation on HCT116 Caspase 8 activity. HCT116 
cells were plated in 96-well microplates at 3 x 103 cells per well in complete medium 
and incubated overnight at 37°C and 5% CO2 to allow adherence. Cells were then 
incubated with various concentrations of NP solution and an equivalent 
concentration of anti-DR5 mAbs. Recombinant TRAIL was used as a positive 
control; NP: nude NP, ISO-NP: NP conjugated with isotype control mAbs, DR5: free 
DR5 mAbs, DR5-NP: NP conjugated with anti-DR5 mAbs. In vitro cells caspase-8- 
like activity was measured using Caspase-Glo™ Assays (results are mean ± SD, 
n=3, * (P<0.05), **(P<0.01)).
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Results demonstrated that incubation with free anti-DR5 mAbs, NP and ISO-

NP did not induce caspase-8-like activity compared to control cells. When incubated 

with DR5-NP, cells exhibited a significant increase of caspase-8-like activity similar 

to cells incubated with TRAIL and indicative of DR5 receptors activation. 

Furthermore, like TRAIL, increasing amounts of DR5-NP induced dose-dependent 

increases in the caspase-8-like activity. The fact that the free anti-DR5 antibody did 

not induce caspase 8 activation is highly significant. It suggests that only through the 

presentation of the anti-DR5 antibody on the surface of the NP is sufficient to induce 

cross-linking of the DR5 receptors and thus activation of the extrinsic apoptotic 

pathway.

Next, to examine the apoptotic effects of DR5-NP, cells were incubated with 

various NP solutions then assessed with Fluorescein Isothiocyanate (FITC) labelled 

annexin V and propidium iodide. Annexin V binds selectively to phosphatidylserines 

which are normally exclusively located at the inner leaflet of the plasma membrane 

but translocate to the outer layer of the membrane during the initial stages of 

apoptosis (Koopman et ah, 1994; van Engeland et ah, 1998). Consequently cells 

bound to FITC labelled annexin V and therefore presenting FITC fluorescent are 

considered to be apoptotic. Propidium Iodide (PI), is a non cell membrane permeable 

DNA stain use to assess the integrity of cell membrane, as cells with intact 

membrane do not take up the dye. The staining of cells populations by these two 

dyes were examined by flow cytometry. Cells were differentiated into 4 cell state 

categories: viable non apoptotic state, early apoptotic state, late apoptotic state and 

non apoptotic necrotic state.
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Figure 3.6 DR5-NP induce apoptosis on HCT116 cells. HCT116 cells were seeded 
in 6 well microplates then incubated with various NP solution for 48h. After 
incubation, cells were harvested and stainedwith annexin V-FITC and Propidium 
iodide and analyzed by Flow cytometry. NP: nude NP, ISO-NP: NP conjugated with 
isotype control mAbs, DR5-NP: NP conjugated with anti-DR5 mAbs (A) Quadrant 
analysis from flow cytometry apoptosis assay, representative density plot showing 
Propidium iodide vs. annexin-V fluorescence for each event plotted. The lower left 
(1) quadrant contains viable non apoptotic cells which are negative for Annexin-V 
and PI staining. The lower right (2) quadrant shows early apoptotic cells which bind 
Annexin-V but negative for PI. The upper right quadrant (3) represents late apototic 
cells positive for Annexin-V and PI. The upper left quadrant (4) represents necrotic 
cells negative Annexin-V but positive for binding PI. Panels B and C represent 
percentage of apoptotic state (late + early) present in cells population after 
incubation with the different NP formulations, (results are mean ± SD, n=4, *
(P<0.05), ** (P<0.01))
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Analysis of apoptosis in cells incubated with 125 pg PLGA mL"1 ISO-NP 

solution revealed 5.1% of cells undergoing apoptosis similar to the ratios found for 

control non treated cells (4.2%) and cells incubated with non-coated NP (5%). 

Furthermore, in cells incubated with increased amounts of particles (250pg PLGA 

mL"1) no increases in apoptosis were observed (NP: 3%, ISO: 3.8%). These results 

confirm the result obtained in Figure 3.5 and demonstrate that non-conjugated PLGA 

nanoparticles do not induce apoptosis at these concentrations. However cells 

incubated with 125 pg PLGA mL"1 of DR5-NP revealed a significant increase in 

apoptotic cells percentage (13.2%, P<0.05) compared to other conditions. 

Furthermore, an increased concentration of DR5-NP to 250pg PLGA mL"1 resulted 

in a marked increase in apoptotic apoptotic percentage from 13% to 20%.

To further evaluate the effect of DR5-NP on cell membrane integrity and cell 

viability, HCT 116 cells were seeded on 96 well plates and incubated with various 

NP formulations. Cell viability was measured by Toxilight™ assay (Figure 3.7). 

Toxilight™ is a luminescent assay measuring extracellular adenylate kinase activity. 

As adenylate kinase is normally only located in the cells cytosol, increase in its 

extracellular activity can be directly correlated to its release, indicative of cell 

membrane destabilisation and therefore to cell death.
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Figure 3.7 DR5-NP induce decrease of HCT116 viability using the with 
Toxilight™ assay. HCT116 cells were plated then incubated with various 
concentrations of NP solution for 72 h; NP: nude NP, ISO-NP: NP conjugated with 
isotype control mAbs, DR5-NP: NP conjugated with anti-DR5 mAbs. At Img PLGA 
mL'1. After incubation, cell viability was assessed by Toxilight™ luminescence assay, 
(results are mean ±SD, Toxilight™: n=3 *** (P<0.001)).
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Results obtained with Toxlight™ demonstrated a significant (p<0.001) 

increase in adenylate kinase release from cells incubated with DR5-NP compare to 

control non-treated cells and cells incubated with NP or ISO-NP, indicative of DR5- 

NP induced cytotoxicity endorsing results obtain with apoptosis assay apoptosis 

assay (Figure 3.6). Collectively these results demonstrated that while non targeted 

NP (NP or ISO-NP) do not have any significant effect on HCT116 cells, DR5-NP 

can selectively bind and internalise into the tumour cells, and induce caspase 

activation leading to apoptosis.

To confirm our hypothesis of DR5-NP inducing caspase activation and 

apoptosis induction through DR5 binding, DR5-NP activity was measured in 

HCT116 cells where DR5 gene expression was depleted. To knock down the 

expression of the receptor, HCT116 were transfected with a previously characterized 

DR5 targeted siRNA (Longley et al., 2006).
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Figure 3.9 HCT116 cells depleted in DR5 expression by siRNA are insensitive to 
DR5-NP. A) HCT 116 protein levels of DR5 and (3 actin after transfection with 
scrambled or dr5 siRNA determined by immunoblotting with their respective 
antibodies.
B) and C) HCT 116 were transfected with scrambled (B) or dr5 (C) siRNA were 
plated and incubated overnight to allow adherence. Cells were then incubated for 48 
h with various concentrations of NP solutions; NP: nude NP, ISO-NP: NP 
conjugated with isotype control mAbs, DR5-NP: NP conjugated with anti-DR5 
mAbs. After incubation, cells ’ viability was assessed by Toxilight™ luminescence 
assay (results are mean ± SD, n=3, * (P<0.05), ** (P<0.01), *** (P<0.001)).
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Results obtained in Figure 3.8 highlighted that while HCT116 cells 

transfected with DR5 siRNA had significantly decreased HCT116 cells expression of 

DR5 compared to scrambled control siRNA transfected cells. Incubation of scramble 

siRNA transfected cells with DR5-NP (Figure 3.8 panel B) induced a significant 

increase in cell death (measured by adenylate kinase release activity) similar to 

previous assays (Figure 3.7). However in cells depleted of DR5, NP-DR5 incubation 

did not induce significant increases in cell death (Figure 3.8 panel C). These results 

demonstrate that NP-DR5 only induced apoptosis in cells expressing DR5 receptors 

on their surface. Therefore it confirms our hypothesis that the anti DR5 mAbs 

conjugated on the NP surfaces specifically bind and activate DR5 to induce caspase 8 

leading to apoptosis.

3.3.4. Formulation of Anti DR5 mAbs conjugated NP loaded 
with Camptothecin

The application of anti-DR5 conjugated PLGA NP formulations were then 

analyzed for their ability to specifically deliver the chemotherapy CPT to HCT116 

cells in order to further attenuate the proliferation of the tumour cells. Evaluation of 

CPT entrapped in PLGA NP was made by dissolving CPT loaded in 2 mL 

DMSO/ACN at a 1:1 volume ratio and the solution CPT concentration was measured 

using spectrofluorimetry at 460 nm after excitation at 355 nm. Calibration 

procedures showed a linear correlation between fluorescent emission intensity and 

CPT concentration in the range of 1.56 pg mL 1 to 25pg mL'1 (r2 = 0.9965). CPT 

loadings efficiency was characterised to be 33% i.e.3.3pg/mg PLGA w/w (figure 

3.10).
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Figure 3.9 Calibration curve of CPT solution DMSO/ACN at a 1:1 volume ratio.
Emission fluorescence was determined at 460 nm after excitation at 355 nm. (results 
are mean ± SD, n=2).
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Size distribution(s)

5 10 50100
Diameter (nm)

CPT-NP

NP CPT-NP
Size (in nm) 120 ±5 132± 4.4

zeta potential (in 
mV) 0.4 ±1.3 0.55± 0.2

CPT entrapment 
efficiency N/A 30% ± 5

CPT loading (pg 
CPT mg'1 PLGA) N/A 3 pg ± 0.5

Figure 3.10 CRT loaded nanoparticles characteristics NP were resuspended in 
PBS, size and zeta potential were measured using photon correlation spectroscopy 
and laser Doppler anemometry, respectively (ZetaSizer 3000 HS, Malvern 
instruments, UK). For CPT entrapment efficiency determination, NP were dissolved 
in DMSO/ACN solution and CPT concentrations were of measured using 
spectrofluorimetry at 460 nm after excitation at 355 nm. (results are mean ± SD, 
n=3).
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CPT release profile was characterised by incubating the NP at 37°C shaking 

in PBS. Every 12 h, suspensions were centrifuged at 100 OOOxg for 10 min, and 

supernatant CPT concentration was determined by spectrofluorimetry at 460 nm after 

excitation at 355 nm. The calibration curve showed a linear correlation between 

fluorescent emission intensity and CPT concentration in the range of 1.2 pg mLH to 

18.75pg mL-1 (r2 = 0.9914).

52 5000(H
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Figure 3.11 Calibration curve of CPT solution in pH 7.4 PBS. Emission 
fluorescence was determined at 460 nm after excitation at 355 nm. (results are mean 
±SD, n=3).
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Figure 3.12 In vitro CPT release in pH 7.4 PBS. NP were incubated in PBS at 
37°C with shaking, whereupon test suspensions were centrifuged and concentration 
of CPT in the supernatant phase was determined by spectrofluorimetry. The 
fractional CPT release was determined by comparison with the total CPT release. 
(Results are mean ± SD, n=4).

In vitro cumulative release profile demonstrated a typical biphasic release 

kinetic with an initial burst release of 90±6.5% during the first 12 hours, followed by 

a slower sustained release lasting for the next 60 hours. This release profile is typical 

of drug loaded in PLGA NP and similar to results obtained PLGA NP encapsulating 

CPT and Celecoxib (McCarron et al., 2006; McCarron et ah, 2008b)
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3.3.5. Anti DR5 mAbs conjugation of CPT loaded NP 
increase targeted cells toxicity.

Analysis of apoptosis of cells incubated with the various CPT preparations 

demonstrated that at 0.75pg mL'1, CPT alone resulted in 30% of the cells becoming 

apoptotic at 48h. Non-targeted CPT loaded NP demonstrated lower apoptotic cells 

percentage than CPT with respectively 14% for CPT loaded nude particles (CPT-NP) 

and 17% for CPT loaded isotype mAbs conjugated particles (CPT-ISO). Compared 

to these control formulations, DR5 targeted CPT loaded NP (DR5-CPT) 

demonstrated a markedly higher level of apoptosis (51%), indicating that the 

therapeutic effect of CPT can be further potentiated using DR5-targeted NP.

120



*
*

60-| ----------

u> 
</> o -*—* 
Q. 
O 
Q. ro

40-

20-

0

X

*<<<<<<<&

mmill!

Figure 3.13 Effects of CRT loaded NP formulation on HCT116 apoptosis.
HCT116 cells then incubated for 48 h with 250/ig PLGA ml ' of CPT loaded NP 
solution corresponding to 0.75pg mi ' of CPT; CPT: free CPT, CPT-NP: nude CPT 
loaded NP, CPT-ISO: CPT loaded NP conjugated with isotype control mAbs, CPT- 
DR5.CPT loaded NP conjugated with anti-DR5 mAbs. After incubation, cells 
apoptosis level was analysed by Annexin V/Propidium iodide assay (Figure 3.6). 
Panel represents percentage of apoptosis (late + early) present in the total cells 
population after incubation of various NP formulations (results are mean ± SD, n=4, 
* (P<0.05)).
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A 125jig PLGA/mL24h D 250 jig PLGA / mL 24h

***

■MMM

B 125 jig PLGA / mL 48h E 250 Mg PLGA / mL 48h

C 125 fig PLGA / mL 72h F 250 jig PLGA / mL 72h

Figure 3.14 Effects of CPT loaded NP formulation on HCT 116 viability.
HCT116 cells were incubated with various concentration of NP solution or 
corresponding CPT concentration for 12h; CPT: free CPT, CPT-NP: nude CPT 
loaded NP, CPT-ISO: CPT loaded NP conjugated with isotype control mAbs, CPT- 
DR5: CPT loaded NP conjugated with anti-DR5 mAbs. After incubation cells were 
washed and-incubated for a further of 12, 36, and 60 to give a total experiments 
times of 24, 48, and 72 hours. Cell viability was then assessed by MTT colorimetric 
assay (results are mean ± SD, n=5, *** (P<0.001)).
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HCT116 cells were incubated with various CPT loaded NP formulations for 12 h

and cell viabilities were then assessed at 24 h, 48 h, and 72 h. Similar to Figure 3.13, 

CPT alone demonstrated high toxicity with cells viability dropping to 31% for 

concentrations corresponding to 250 pg PLGA mL'1 of NP after only 24 h 

incubation. All formulations demonstrated decrease in cell viability during the 

experiment reaching at t=72 h: 26% for CPT, 20% for CPT-NP, 18% for ISO-CPT. 

But the decrease in cell viability was most dramatic for DR5-CPT with viability 

decreased to 2% (Figure 3.14 panel F). In contrast to the result obtained in the 

apoptosis assay (Figure 3.13), CPT loaded non targeted NP demonstrate similar and 

even slightly higher cells toxicity than CPT alone. Once more, and for all time points 

of both concentrations, CPT-DR5 demonstrate significantly higher cytotoxicity 

compared to all other formulations (P value <0.001).

Synergistic ratio (SR =--------- ------:—:---------- ---------- ) calculation revealed that

after 72 h incubation, combination of CPT and anti-DR5 antibodies using NP were 

demonstrated to produce a synergistic cytotoxicity activity measured at 4.6 (>2 is 

deemed pharmacologically useful (McCarron et ah, 2008b)) for 125pg PLGA mL'1 

and 7.1 for 250 pg PLGA mL"1. These data confirm that the anti DR5 conjugated 

PLGA NP loaded with chemotherapy agents appear as an attractive strategy to 

selectively target and kill DR5 expressing tumour cells.
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3.4. Discussion

One of the main benefits of using NP as in vivo drug delivery agents is their 

passive accumulation within solid tumours as a result of the enhanced permeability 

and retention effect (EPR) (O'Neal et ah, 2004; Kim et ah, 2008). Due to incomplete 

tissue differentiation, solid tumour neovasculature is frequently more permeable to 

nanometer-sized macromolecules than normal vasculature, which leads to the 

accumulation of macromolecular carriers at tumour sites (Kim et ah, 2008). 

Clinically, strategies based on liposomal formulation of doxorubicin, such as Doxil®, 

have demonstrated attractive efficacy attributed at least in part to EPR effect with a 

significant decrease of doxorubicin side effects such as cardio-myopathy and 

myelosuppression due to decreased exposure of these tissues to the drug (Elbayoumi 

and Torchilin, 2008).

In addition to passive delivery, active NP tumour targeting has been developed 

using ligands to specifically target molecules expressed on tumour cells to further 

potentiate the effectiveness of this drug delivery rationale. A variety of targeting 

ligands have been tested such as folic acids (Kim et al., 2005; Zhang et al., 2007), 

carbohydrates (Eliaz and Szoka, 2001), RNA (Dhar et al., 2008), peptides (Garinot et 

al., 2007; Lu et al., 2009), lectins (Dufes et al., 2004; Roney et al., 2005; Gao et al., 

2007; Qin et al., 2007) and antibodies (Cirstoiu-Hapca et al., 2007; Obermajer et al., 

2007b; Scott et al., 2008).

In a previous study, this laboratory developed anti-Fas mAbs conjugated to 

PLGA NP which demonstrated specific cell targeting. Furthermore, anti-Fas targeted 

NP revealed the capacity to induce Fas receptor cross-linking leading to caspase 

activation (McCarron et al., 2008b). The same methodology was used in this current 

work to formulate PLGA NP conjugated with anti-DR5 mAbs and study their
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capacity to target DR5 which is known to be expressed on colon carcinoma cell line 

HCT116.

The mechanism of NP endocytosis has been characterised to be dependent on 

NP size. While particles larger than 500 nm are poorly taken up by non-phagocytic 

cells, NP with a size <200 nm are preferentially internalised via clathrin coated pits 

(Win and Feng, 2005). Therefore, oil in water emulsification/salting-out procedure 

(McCarron et al., 2006; McCarron et al., 2008b) was optimised to produce NP with a 

size around 130 nm which are subsequently suitable for clathrin-dependent receptor- 

mediated endocytosis. Measurement of NP fluorescence showed that loading NP 

with fluorescent dye molecules, such as coumarin-6 or Nile red, did not induce 

significant increase in NP size.

NP were formulated using a small (12 kDa) uncapped PLGA polymer 

(Resomer RG 502 H) with acid value of 9 mg KOH per gram of PLGA. This 

polymer was selected to formulate NP with a high carboxylic acid functionality 

surface, as such NP have demonstrated superior antibody conjugation (Scott et al., 

2008). Using carbodiimide chemistry, anti-DR5 and isotype control mAbs were 

covalently conjugated on the NP surface (Table 3.2).

Confocal fluorescent images of HCT116 cells incubated with fluorescent 

PLGA NP revealed that conjugation of anti DR5 mAbs on PLGA NP surfaces 

significantly improves targeted cell binding (Figure 3.3). Additionally while 

untargeted NP and anti-DR5 alone did not induce caspase-8-like activation, DR5-NP 

generated an increase in caspase-8-like activity similar to the increase induced by 

recombinant TRAIL. These findings are consistent with previous studies on DR5 

activation by TRAIL which have showed that DISC recruitment and subsequent pro- 

caspase 8 activation not only need ligand/receptor binding but also receptors
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clusterization (Adams et al., 2008). Therefore it was hypothesised that while anti 

DR5 mAbs in solution only bound to the receptors without promoting receptor 

trimerisation, DR5-NP were able to promote DR5 cross-linking of the receptor and 

caspase-8 activation due to the close proximity/high density of the anti-DR5 mAbs 

on their surfaces. Other strategies such as immobilized mAbs (Griffith et al., 1999), 

pre or post incubation with anti-Fc Abs (Zeng et al., 2006) have also demonstrated in 

vitro efficacy of cross-linked anti-DR5 compare to mAbs in solution (respectively 

60% and 35% cell viability reduction on Caki-1 renal cell carcinoma). However 

those strategies are neither feasible nor ideal for in vivo application. Conversely 

however, animal studies examining the in vivo efficacy of in vitro “inactive” DR5 

mAbs have generated attractive total tumour inhibition and significant reduction of 

tumor cells obsesrved by histological analysis (Zeng et al., 2006). This phenomenon 

has been explained by in vivo antibody cross-linkage through the adsorption of their 

Fc regions on endogenous linkers, such as Fc receptor-bearing immune cells (Mori et 

al., 2004).

While the anti-DR5 mAbs tested in this work could not induce in vitro DR5 

activation without being cross-linked on NP surfaces, reports on DR5 agonistic 

mAbs with a inherent apoptotic effect have been published recently (Ichikawa et al., 

2001; Adams et al., 2008; Wang et al., 2008). In their study, Adams and co-workers 

analysed using X-ray crystallography the structure of the complex formed by their 

anti DR5 mAb (called Apomab) bound on DR5 receptors. Comparing their binding 

data to results obtained for TRAIL and for non apoptotic DR5 mAbs, they observed 

that all ligands were interacting with residues present in the DR5 CRD2 receptor 

region, but only TRAIL and Apomab were also binding another DR5 region called 

CRD3. Consequently the authors speculated about the necessity for the ligand to
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stabilise DR5 in a specific conformation to permit optimal recruitment of DISC 

components. In this same investigation it was observed that crosslinking Apomab in 

vitro using anti-Fc antibodies further enhanced caspase-8 activation (Adams et ah, 

2008). Therefore, the conjugation and dense display of pro-apoptotic mAbs on the 

surface of the PLGA NP surface may increase their efficacy by activating apoptosis 

through the TRAIL receptor.

Another group demonstrated that antibody-conjugated NP were able to 

crosslink specific cell membrane receptors and elicit biological effects. Jiang and co

workers examined silver and gold NP conjugated with anti-HER2/neu mAbs 

(trastuzumab/Herceptin®). Trastuzumab is currently used clinically to treat HER2 

positive breast cancer. However its precise in vitro and in vivo anti-tumour 

mechanisms have not been fully elucidated. Using experimental models, diverse 

molecular and cellular mechanisms have been proposed including inhibition of 

HER2 extracellular cleavage, inhibition of intracellular signalling pathways, 

suppression of angiogenesis, cell-cycle arrest, blocking of DNA repair and in vivo 

antibody-dependent cell-mediated cytotoxicity (Hall and Cameron, 2009; Nielsen et 

ah, 2009). Regardless of the controversy over mode of action, Jiang and coworkers 

demonstrated that trastuzumab conjugation on NP induced specific cell targeting and 

NP internalisation, generating a 40% decrease in receptor surface density. Incubating 

diverse silver and gold NP formulations with SK-BR-3 cells over-expressing HER2, 

they showed that while nude particles had little effect, trastuzumab conjugated NP 

induced caspase-9 and caspase-3 activation leading to a twofold cell toxicity 

enhancement compared with trastuzumab treatment alone (Jiang et ah, 2008).

While conjugation of NP with specific mAbs to trigger apoptosis is a new 

potential strategy, formulations of colloidal CPT carriers have been developed for

127



more than 10 years. CPT has demonstrated high antitumoural activity against a wide 

spectrum of human malignancies. Despite its in vitro efficacy, various drawbacks 

have prevented clinical application of CPT. Two forms of CPT co-exist in 

equilibrium in solution: a lactone form, and carboxylate form (Figure 3.15). While 

CPT is active in its lactone form, during systemic circulation, serum albumin binds 

preferentially to the carboxylate form, causing the equilibrium to be driven towards 

the less active carboxylate form (Burke and Mi, 1994; Burke et al., 1995) which can 

induce toxic side effects (Hertzberg et al., 1989; Fassberg and Stella, 1992; Potmesil, 

1994).
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Figure 3.15 Hydrolysis and lactonisation of CPT.
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A second drawback is that CPT exhibits poor water-solubility (Ertl et al., 

1999b). Semi-synthetic water-soluble prodrugs based on CPT such as irinotecan 

(CPT-11) have been developed and used clinically but have also demonstrated 

significant dose limiting toxicities (Yang et al., 2006) and lower potency than CPT 

with IC50 for various cancer cells of 0.02 to 0.2 ixmo\ L’1 and 13 to 45 /rniol L"1 for 

CPT and CPT-11 respectively (Numbenjapon et al., 2009). In this present study, CPT 

loaded NP were formulated and conjugated to Anti-DR5 mAbs in an attempt to 

induce a synergy between targeted delivery of CPT and DR5 receptor mediated 

apoptosis. HCT116 cells incubated with CPT-loaded PLGA NP conjugated to anti- 

DR5 mAbs resulted in a significant increase in apoptosis. Surprisingly CPT in 

solution induced a higher apoptotic percentage compared to CPT loaded in non- 

targeted NP (CPT-NP and ISO-CPT). This result may be explained by the fact that 

the CPT in solution was directly available and active from t = 0 h while CPT loaded 

in the NP had first been released from the particles before being active within the 

cells (Figure 3.12). The significantly higher percentage of apoptosis observed in cells 

incubated with CPT-DR5 compared to CPT-NP and CTP-ISO could be a result of a 

combination of DR5 mediated and CPT induced cytotoxicity.

Viability assays (Figure 3.14) confirmed results obtained to the apoptosis 

assays (Figure 3.13), demonstrating CPT-DR5 high potency. This trend, already 

evident after 24 h incubation, can be explained by the synergy effect between CPT 

and DR5 antibodies based on chemotherapy induced up-regulation of cell-surface 

DR5 expression (Wang and El-Deiry, 2003) and thus sensitising cells (Galligan et 

al., 2005; Ray et al., 2007) (Figure 3.16).
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Figure 3.16 A schematic presentation of potential synergy between CPT and 
anti-DR5 mAbs conjugated nanoparticles. CPT loaded NP conjugated with anti 
DR5 mAbs bind on DR5 receptors present on HCT116 cell surface. Cross linking 
activation of the DR5 receptors induce the activation of the extracellular apoptosis 
pathway and internalisation of the particles. CPT release from the particles inside 
the cell triggers the intrinsic apoptosis pathway and DR5 upregulation, leading to 
more DR5 receptors being activating and more NP being internalised.
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3.5. Conclusion

The synergistic and clearly efficacious effects of these immuno-conjugates 

are exciting. However, further development would have to be focused on NP 

PEGylation in order to evade opsonisation and increased NP blood circulating time 

during in vivo application (Hu et ah, 2007). Targeting of PEGylated NP have been 

developed to improve stealthness with various ligands, but only a few examples with 

antibodies have been reported (Farokhzad et ah, 2006; Dhar et ah, 2008; Cirstoiu- 

Hapca et ah, 2009). Development of anti-DR5 mAbs conjugated to PEGylated NP 

and evaluation of the effect of PEGylation on NP receptors cross-linking efficiency 

should be the next steps to be completed in order to apply this concept to in vivo 

models. As introduction of the PEG polymer on the particles surfaces may ‘mask’ 

the antibody and affect antibody binding affinity and DR5 activation, 

comprehensive optimisation study should therefore be carried out before in vivo 

experiments. Future work should focus focusing on NP size, proportion/size of 

polymers employed and density of antibody conjugated to ensure that an optimum 

candidate formulation can be selected for potential in vivo studies.
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4. Chapter 4: Sialic acid conjugated NP as novel anti
inflammatory modalities

4.1. Introduction

4.1.1. Siglec receptors

Sialic acid-binding Ig-like lectins or siglecs are a family of receptors which 

bind sialic acids and are expressed principally on cells belonging to the haemopoietic 

and immune systems (Crocker, 2002). These receptors are characterised by an 

extracellular domain composed of a N-terminal variable-set (V-set) immunoglobulin 

(Ig) domain and a variable number of constant 2 sets (C2-set). The receptor N- 

terminal V-set immunoglobulin domain can bind via an arginine residue to the 

carboxylates group of sialic acid (Crocker, 2005). In addition to this extracellular 

domain, most family members also contain a cytoplasmic tail region containing an 

immuno-receptor tyrosine-based inhibition motif (ITIM). To date, 14 siglecs have 

been described in humans and 9 in mice (OReilly and Paulson, 2009), with four of 

them being highly conserved in all mammalian species: sialoadhesin (Siglec-1), 

CD22 (Siglec-2), myelin associated glycoprotein (MAG; Siglec-4) and Siglec-15. 

The remainder of the receptors are classified as being CD33 (Siglec-3)-related 

siglecs.

Siglecs have been established to regulate immune cell signalling mainly 

through their ITIM and ITIM-like cytoplasmic domains. For example, CD22 (Siglec 

2) has been shown to mediate B cell proliferation and differentiation through 

activation of SHP1 protein (Src homology 2 domain-containing protein tyrosine- 

phosphatase 1) that inhibits the B cell receptor signalling cascade. In addition to 

their cell signalling function, CD33-related siglecs expressed on dendritic cells and
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macrophages have been recognized as endocytic receptors facilitating recognition 

and internalisation of sialic acid-bearing pathogens (Crocker and Redelinghuys, 

2008).

Sialic acids recognised by siglecs are derivatives of N-acetylneuraminic acid 

(Neu5Ac or NANA), a monosaccharide with a nine-carbon backbone that can be 

linked to other sugars generating a considerable degree of diversity with more than 

40 forms being identified in nature (Nitschke et ah, 2001). Sialic acids are 

abundantly expressed on mammalian cell surfaces and to a lesser extent in other 

species such as yeasts, bacteria or plants where they contribute to the binding and 

transport of cationic molecules. On mammalian cell surfaces, sialic acids mediate 

cell-cell and cell-matrix processes during cell migration and perhaps more 

importantly, immune responses. First, due to their large size and hydrophilic 

chemical structure, sialic acids present on the exposed membranes can mask 

antigenic sites and thus evade recognition from the immune system (Schauer, 2009). 

Alternatively, sialic acids have also been shown to bind various molecules such as 

lectin, antibodies and more importantly siglec receptors expressed on immune cells, 

promoting receptor cross-linking and activation. Upon siglec receptor activation, the 

cytosolic domain of the receptor is activated to initiate diverse effects such as insulin 

degradation (Dubois et al., 2006), growth factor signalling (Zhang et ah, 2004) and 

Toll-like receptor signalling, the latter playing a key role in the initiation of immune 

cell responses (An et ah, 2006; An et ah, 2008).
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Conserved Siglecs Human CD33-related siglecs
and their murine homologue s

Sialoadhesin
Siglec-1

Siglec-10 Siglec-11 
(Siglec-G)Siglec-2

Siglec-5 Sigtec-6 Siglec-7 Siglec-8 Siglec-9 
(Siglec-F) (Siglec-E)Siglec-4

Siglec-14

Siglec-15

y lg motif V-set ITIM-like motif

Fyn kinase 
Phosphorilation site

GRB2-binding motif

lg motif C2-set

HIM motif

Figure 4.1 Human siglecs family and their murine homologues. These receptors 
are composed of a N-terminal V-set lg domain that bind sialic acid, variable 
numbers of C2-set lg and a cytoplasmic tail that can contain ITIMs. Conserved 
siglecs are expressed in both human and mice. Murine versions of human siglecs are 
indicated in brackets. (Adaptedfrom Varki et ai, 1999)
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Due to their key cell signalling functions and restricted expression on 

immune cells, siglecs are considered attractive targets for therapy in immunological 

disease such as acute myeloid leukaemia and various inflammatory disorders such as 

rheumatoid arthritis, lupus or allergies (OReilly, 2009). For Instance, Mylotarg 

(gemtuzumab ozogamicin), an anti-CD33 monoclonal antibody coupled with the 

chemotherapy calicheamicin, has been developed and is currently used clinically in 

the United States of America for the treatment of acute myeloid leukaemia (AML) 

(Sorokin, 2000; Hamann et ah, 2002). Indeed, various reports have established the 

potential use of CD33 (Siglec-3)-related siglec activation to inhibit cell proliferation 

and promote apoptosis (Mingari et ah, 2001; Balaian et ah, 2003; Ando et ah, 2008). 

For example, Toll-like receptor 4 (TLR4) activation, which induces expression of 

key cytokines and chemokines such as pro-inflammatory interleukin-6 (IL-6) and 

Tumour necrosis factor alpha (TNF-a), can be inhibited by Siglec E (CD33-like) 

activation through receptor crosslinking and SHP-1 recruitment (Boyd et ah, 2009), 

demonstrating the possibility of exploiting siglec targeting in anti-inflammatory 

therapeutic strategies.

4.1,2. Acute lung injury

Acute lung injury (ALI) and the more severe acute respiratory distress 

syndrome (ARDS) are characterized by abnormal lung inflammation (Irish Critical 

Care Trials Group, 2008). This pathological inflammation affects 7% of all patients 

admitted to intensive care units (Chopra et ah, 2009) and may result in respiratory 

failure. Indeed, patients suffering ARDS have mortality rates reaching approximately 

30-50% (Irish Critical Care Trials Group, 2008). In the recent years survival rates 

have been improved due to progress in ventilator strategies (Chopra et ah, 2009) but
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to date no effective pharmacological therapy has been found for ARDS treatment 

(Irish Critical Care Trials Group, 2008).

ALI has multiple causes such as pneumonia, non-pulmonary septis, trauma or 

aspiration. ALI results from the widespread lung inflammation due to production of 

inappropriate levels of pro-inflammatory cytokines and chemokines. In response to 

these chemical triggers, many inflammatory cells such as neutrophils and 

macrophages infiltrate the alveolar compartments releasing further pro-inflammatory 

cytokines and proteases (including matrix metalloproteinases, cysteine cathepsins, 

and neutrophil elastase). These proteases damage lung endothelial cells, collagen, 

and the pulmonary alveolar extracellular matrix (Prudhomme and Ware, 2004). This 

damage in lung architecture, combined with abnormal deposition of fibrin promoted 

by activated macrophages, can eventually result in acute respiratory failure and 

death. Various studies measuring chemokine and cytokine concentrations in 

bronchoaveolar lavage fluids (BALF) from ALI and ARDS patients have 

demonstrated the increase of pro-inflammatory mediators such as IL-8, TNF-o^, 

ENA-78 and IL-l/? (Goodman et ah, 2003; Levitt et ah, 2009). Moreover, studies 

showed some correlation between high baseline plasma level of IL-6,11-8, IL-1/3 and 

TNF-a and mortality (Levitt et ah, 2009).

In a previous study, our group showed that NP conjugated with anti Siglec-7 

Abs could specifically bind to Siglec-7 over-expressing mouse embryonic fibroblasts 

(MEFs) (Scott et ah, 2008). Additionally, confocal microscopy demonstrated that 

these NP were internalised through Siglec-7 receptor mediated endocytosis which is 

indicative of Siglec-7 cross-linking and activation (Scott et ah, 2008). In this current 

work, we wished to examine siglec activation in more depth. However, in place of
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siglec antibodies, we wished to examine the surface conjugation of sialic acids to the 

PLGA NP and examine if these could specifically target siglec expressing cells and 

cause an anti-inflammatory effect through activation of the siglec receptors. It was 

hypothesised that this novel strategy may have application in the treatment of 

inflammatory disorders such as ALI/ARDS. This study was performed with the 

murine cell line (RAW 264.7) as a model that has been shown to express Siglec-E, 

the murine orthologue of Siglec-9. Therefore we developed sialic acid (di(a,2-» 8) N- 

Acetylneuraminic acid) conjugate NP (NANA-NP) and evaluated their in vitro effect 

on RAW 264.7 cells.
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Aims of the chapter

A The development of PLGA NP conjugated with sialic acids to target and 

crosslink siglec receptor to inhibit toll like receptors induced inflammatory 

response.

A The development of camptothecin loaded PLGA NP conjugated with sialic 

acids to selectively induce leukaemia cells death.
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4.2. Materials and methods

Materials

PLGA (Resomer RG 502 H) with an acid value of 9 mg KOH per g PLGA, 

molecular weight 12 kDa, was purchased from Boehringer Ingelheim, Germany. 

Poly(vinyl alcohol) (PVA), 87-89% hydrolysed with molecular weight 13-23 kDa„ 

Magnesium chloride hexahydrate (MgCl2-6H2C)), sodium bicarbonate NaHCCb, 

sulfo-A-Hydroxysuccinimide (NHS), coumarin-6, Calcein AM, Nile red and 3-(4,5- 

dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT reagent), were 

obtained from Sigma Aldrich, Germany. Ar-ethyl-Ar(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) was obtained from Fluka, Germany. Acetone 

(Fisher Scientific, UK) was used as a water-miscible solvent during NP preparation, 

while dichloromethane (DCM) (Riedel-de Haeen, Germany) was used as a water- 

immiscible solvent. di(a,2 -» 8) N-Acetylneuraminic acid was supplied by Nacalai 

Tesque Inc. (Japan). PBS (phosphate-buffered saline) tablets and Dulbecco's 

Modified Eagle's Medium (DMEM) with L-glutamine were obtained from Gibco, 

Invitrogen. Lipopolysaccharides solution (EPS) was purchased from Alexis 

Biochemicals. A murine monocytic macrophage cell line (RAW 264.7) and a human 

acute monocytic leukemia cell line (THP1) were a gift from Professor J. Johnston 

(Queen’s University Belfast).

Preparation of PLGA nanoparticles

20 mg of PLGA were dissolved in 200 /xL DCM and 600 /tiL acetone then injected 

under moderate stirring into 3.0 mL of ice-cold solution containing 2.5% (w/v) PVA 

and 45% (w/v) MgC12*6H20 in pH5 MES buffer (25 mM). Both phases were then 

sonicated in an ice bath at 20 mW. An additional 5.0 mL of 2.5% (w/v) PVA pH 5
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MES buffer solution was finally added under moderate stirring. Samples were left 

stirring overnight to allow organic solvent evaporation.

NP were centrifuged at 85 000 x g for 10 minutes at 4 °C, then washed using 

suspension-spin cycles with pH5 MES buffer. NP pellets were resuspended to give 5 

mg PLGA mL’1 in pH5 MES buffer solution prior to further use.

CPT-loaded NP were prepared by dissolving CPT (0.2 mg) in 200 /tL DCM 

and 100 juL DMSO and adding this mixture to the 500 juL acetone solution to 

dissolve the PLGA. NP formulation steps were then similar as above blank NP 

formulation.

Nanoparticles activation and conjugation

Nanoparticle activation was achieved by adding 200 /xL of 0.1 M 1 EDC and 200.0 

/xL of 0.7 M of NE1S, both dissolved in pH 5.0 MES buffer, to the NP suspension, 

which was kept at room temperature for 1 h under moderate stirring. After 

centrifugation to eliminate unused adsorbent reagents, NP were resuspended at 1 mg 

mL 1 in PBS. a,2-8-NANA solution (10 /xL of 10.0 mg mL~1 solution) was added to 

a 1 mL suspension of 1 mg mL_l activated NP and incubated at 4 °C overnight. 

Finally, solutions were centrifuged at 20.000 x g for 1 hour at 10 °C and resuspended 

in PBS to remove excess of non-conjugated a,2-8-NANA Additionally 1 mL 

suspension of 1 mg mL-1 activated NP were incubated with glucosamine (10 /xL of 

10.0 mg mLH solution) at 4°C overnight before centrifugation. To test the possibility 

of a,2-8-NANA possible adsorption on the NP, non- activated NP were incubated 

with a,2-8-NANA (10 /lxL of 10.0 mg mLH solution) at 4°C overnight before 

centrifugation (W-NP).
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Purpald method for measurement of non conjugated a,2-8-NANA

50 \xL of NANA-NP conjugation supernatant was incubated with 50 p.L of 16 mM 

NaI04 for 20 min at room temperature in darkness. Then 50 pL of 136 mM purpald 

was added an the solution incubated for 20 min in the same condition following by 

further addition of 50 pL of 64 mM NaI04 for 20 min. The absorbance of each well 

was then determined at 550 nm.

Nanoparticles characterisation

NP size and zeta potential were measured using photon correlation spectroscopy and 

laser Doppler anemometry, respectively (ZetaSizer 3000 HS, Malvern instruments, 

UK). The polydispersity index was also determined on this instrumentation. 

Measurements were taken at a fixed angle of scatter (90°). Determinations were 

carried out at room temperature (25°C), with each done in triplicate and an average 

particle size expressed as the mean diameter (Zave).

Fluorescence Microscopy Imaging

RAW 264.7 cells were cultured in DMEM medium containing L-glutamine, 

penicillin/streptomycin and 10% v/v foetal calf serum. Cells were seeded on glass 

cover slips in six-well plates at 2.5 * 105 cells per well and allowed to grow 

overnight, followed by 3 h of incubation at 37 °C and 5% CO2 in serum free media 

with 100 pL dispersion of 100 pg mL_l dye-loaded NP conjugated to 0!,2-8-NANA 

or not suspended in PBS. Cells were washed three times with PBS then fixed in 4% 

PFA for 1 hour, washed three times with ice-cold PBS then incubated for 30 min in 

pH8 HEPES buffer (0.1 M). For nucleus staining cells were incubated with 1:200 

solution of TO-PRO®-3 iodide (Invitrogen) solution and subsequently washed 3
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times with PBS. Cover-slips were then mounted on microscope slides using Slow 

Fade® Gold reagent (Invitrogen) and samples analyses were performed using 

confocal scanning laser microscopy (Leica Confocal TCS Sp2, Germany). Excitation 

was performed using laser illumination at 488 nm for green fluorescence, 543 nm for 

red fluorescence and 633 nm for far red fluorescence.

NP effect on LPS activated RAW 264.7 production of pro-inflammatory 

cytokines

4 x 104 RAW 264.7 cells were plated in 96 well plates and allowed to adhere 

overnight. Cells were incubated with Ing mL'1 LPS and 25jag PLGA mL"1 NP. NP 

tested were: 2,8 sialic acid conjugated PLGA nanoparticles (NANA-NP) or 

appropriate controls - corresponding concentration of 2,8 sialic acid (NANA), non- 

conjugated NP (NP), Sialic acid washed, non-conjugated but incubated NP (W-NP), 

glucosamine conjugated NP (GLU-NP). At t=6 h and t=12h, lOOjuL of cells media 

was sampled.

Enzyme-linked immunosorbent assay (ELISA) 96 wells plate was coated 

with TNF-a/IL-6 capture antibodies diluted in PBS overnight. The wells were then 

washed three times in PBS/0.1% Polyoxyethylene sorbitan monolaurate (Tween 20) 

before being blocked for one hour with 1% w/v BSA in PBS. The washing step was 

repeated and 50/iL of treated cell supernatants or standards ranging up to 2000 pg 

mL'1 were added to the wells and incubated for 2 h room temperature. Subsequently 

the wells were washed 3 times and 50jaL of TNF-o/ IL-6 biotinylated antibodies 

diluted in 1%BSA/1XPBS were added to the wells and incubated for 2 h. Wells 

were then washed three times and Streptavidin-Peroxidase was incubated in PBS 

containing 1% (w/v) BSA for 20 minutes in obscurity. Wells were then washed three
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times and lOOjuL of solution of tetramethylbenzidine (Pierce) was added and 

incubated for 20 min in light-free conditions. 50 /rL of 0.25M hydrochloric acid was 

then added to stop the reaction and absorbance was read on a plate reader at 450 nM. 

TNF-o/ IL-6 supernatants concentrations were then calculated from the standard 

curves.

THP1 Cell viability assay

THP1 cells were seeded in 96-well microplates at 4 x 104 THP1 cells per well in 200 

juL RPMI 1640 complete medium and incubate overnight at 37 °C and 5% CO2 to 

allow adherence. HCT 116 cells were incubated with various concentrations of NP 

suspensions for 12 h. After incubation, cells were washed and reincubated for 

another 60 h. Finally, cell viability was assessed by MTT colorimetric assay and cell 

viability percentages were calculated from absorbance ratios when compared to 

untreated control cells.

144



4.3. Results

4.3.1. Formulation of PLGA NP conjugated to (a,2-» 8) N- 
Acetylneuraminic acids

PLGA nanoparticles were prepared using emulsion/salting out formulation 

and conjugated to di(o,2-» 8) N-Acetylneuraminic acids (a,2-8-NANA) using 

carbodiimide chemistry. To evaluate the efficiency of the conjugation step we first 

developed a methodology to measure the low concentrations of a,2-8-NANA in 

solution.

alpha 2-8 di Acetylneuraminic acids Sodium periodate Formaldehyde

B) I r + HCHO

Purpald

" NH

+ h2o
N N

R1

C) Y ' * + Na+ + HIO.4
N R1

K + Na4 + HI03 + H20

R2

Figure 4.2 Equations of the reactions involved in the oj,2-8-NANA concentration 
assay
A.) Oxidation of the unsubstituted terminal glycol present in a,2-8-NANA by sodium 
periodates (NalOf to produce formaldehyde (HCHO). B.) The formaldehyde 
(HCHO) reacts then with purpald (C^H^NtS) to form the compound Rl. C.) The final 
reaction is the oxidation of Rl is by sodium periodates (NalO^ to produce purple- 
colour product R2.Concentration of R2 product was then quantified by measuring 
absorbance at 550 nm.
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The assay was adapted from a method developed by Lee and co-workers to 

quantify bacterial polysaccharides (Lee and Tsai, 1999; Lee and Frasch, 2001). This 

is based on a first reaction between a,2-8-NANA unsubstituted terminal ethylene 

glycol and sodium peroxydase which produces formaldehyde. The concentration of 

formaldehyde produced is then measured by purpald assay by spectroscopic 

quantification (Figure 4.2).

In order to measure NP o,2-8-NANA conjugation efficiency, unbound 0,2-8- 

NANA concentration within the NP conjugation supernatant was quantified by the 

previous assay. As various chemicals used during NP formulation could have 

interfered with the assay, the calibration curves was performed on the supernatant of 

non conjugated NP obtained from the NP particles batch. Therefore both solutions 

contain the same concentration of chemicals that may interact with the assay. Results 

presented in Figure 4.3 showed a linear correlation between absorbance at 550 nm 

and 0,2-8-NANA concentration in the range of 0 to 20 g mLH (r2 = 0.997).

Subsequently, 0,2-8-NANA conjugation efficiency was measured to be 10 ± 

5 pg per mg of PLGA i.e 10% of the total sialic acid added during conjugation 

process (Figure 4.4). o:,2-8-NANA conjugation did not produce any significant 

alterations of the physical features of the NP such as size and zeta potential (Figure 

4.4).
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Figure 4.3 Calibration curve of a,2-8-NANA in non conjugated NP 
supernatant. a,2-8-NANA solution were treated by adapted purpald assay protocol 
and absorbance was determined at 550 nm (results are mean, n=2).
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Size distribution(s)

50100 500
Diameter (nm)

NANA-NP

NP non conjugated NP conjugated with 
sialic acid

Size (in nm) 151 nm ± 10 152 nm ± 13
zeta potential (in 

mV) 0.4 mV ± 0.4 0.3mV ± 0.2

Conjugation 
efficiency (ng of a,2-

8-NANA per mg of 
PLGA)

- 10 pg ± 5

Figure 4.4 a,2-8-NANA characteristics. After conjugation, NP were centrifuged 
and non conjugated a,2-8-NANA were measured using the adapted pur paid assay. 
Size and zeta potential were measured in PBS using a ZetaSizer 3000 HS (Malvern 
instruments, UK)

4.3.2. Sialic Acid conjugated NP preferentially bind and 
internalise into RAW 264.7 cells

Next, we wished to see if the sialic acid coated NP could induce specific 

targeting towards cells, namely a mouse macrophage cell line (virus-induced 

leukemic RAW 264.7 cells) which expresses siglec-E (Boyd et al., 2009). Cells were 

incubated with either naked non-modified NP or a,2-8-NANA conjugated NP 

(NANA-NP).
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Figure 4.5 a,2-8-NANA conjugated green fluorescent NP demonstrated higher 
surface binding on RAW 264.7 cells over non targeted NP. Cells were seeded on 
cover slips and incubated with various solutions coumarin-6 loaded nanoparticles. 
Samples were analysed using confocal scanning laser microscopy.. A) RAW 264.7 
cells incubated with non conjugated NP, B) RAW 264.7 cells incubated with 0,2-8- 
NANA conjugated NP

Staining patterns as shown in Figure 4.5 revealed a marked higher 

fluorescence on RAW 264.7 cells incubated with NANA-NP (panel B) than cells 

incubated with non targeted NP (panel A). This increased fluorescence is indicative 

of the preferential binding of the NP to the RAW 264.7 cell membranes.
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Figure 4.6 NANA-NP incubated with RAW 264.7 demonstrated cytosolic 
localisation. Cells were seeded on cover slips and incubated with a,2-8-NANA Nile 
red loaded conjugated. After mounting, samples were analysed using confocal 
scanning laser microscopy. Cell nuclei stained by TO-PRO® appeared in blue, while 
cytosol stained by calcein AM appeared in green and Nile red loaded NP in red. A) 
and B) represent two fields of view at different magnifications.
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On the basis that a preferential binding of the NANA-NP could be observed 

with the RAW 264.7 cells, the internalisation of these conjugates was next examined. 

This was achieved by co-incubation of RAW 264.7 cells with red fluorescent 

NANA-NP, TO-PRO®-3 iodide (nucleus) and Calcein AM (cytosol). Colocalisation 

patterns of the green cytoplasmic staining and Nile red loaded NANA-NP observed 

on Z stack images (highlighted by arrows, Figure 4.6) was indicative of NP 

internalisation and cytosolic localisation. Similar to Figure 3.4, strong red fluorescent 

foci are visible within the cell cytoplasm indicative endosomal/lysosomal localisation 

of NP.

4.3.3. Sialic Acid conjugated NP inhibit RAW 264.7 cells 
inflammatory response

On the basis that the NANA-NP appear to bind and internalise to RAW 264.7 

cells, it was next examined if the internalisation was a result of receptor activation 

i.e., reduction in pro-inflammatory cytokine production. To examine these effects, 

the NP formulations were co-incubated with the RAW 264.7 cells stimulated with 

LPS. LPS are molecules composed of a lipid covalently bound to a polysaccharide 

that are located on the outer membrane of the cell wall of Gram-negative bacteria 

(Erridge et al., 2002). LPS derived from E.coli and in particular its lipid A 

component, have been extensively used in immunology studies to induce in vitro and 

in vivo pro-inflammatory responses. Previously, Boyd and co-workers have shown 

that macrophages stimulated with LPS will produce the pro-inflammatory cytokines 

IL-6 and TNF-a. Furthermore, these researchers showed that activation of Siglec E 

with a cross-linking antibody could diminish these effects by initiating anti

inflammatory signalling (Boyd et al., 2009). In this current study it was therefore 

asked if the sialic acid coated NP could elicit similar effects towards production of
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pro-inflammatory cytokines. The RAW 264.7 cells were incubated with LPS and 

various NP solutions for 12 hr and the subsequent release of IL-6 and TNF-a 

cytokines in the supernatant were measured by enzyme-linked immunosorbent assay 

(ELISA). To reject the possibility of siglec activation through the presence of 

unspecific adsorption of sialic acid on the NP surface (rather than covalently 

attached), an additional control was included of NP pre-incubated with sialic acid in 

MES buffer without cross-linkers present.
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Figure 4.7 LPS stimulated macrophages incubated with «2,8NANA conjugated 
PLGA nanoparticles show reduce inflammatory response 4.0*104 RAW 264.7 
cells were plated in 96 well plates and allow to grow overnight. Cells were incubated 
with Ing mL'1 LPS and 25pg PLGA mL'1 of NP. NP tested were: 2,8 sialic acid 
conjugated PLGA nanoparticles (NANA-NP) or appropriate controls - 
corresponding concentration of 2,8 sialic acid (NANA), non-conjugated NP (NP), 
Sialic acid washed, non-conjugated but incubated NP (W-NP), glucosamine 
conjugated NP (GLU-NP). After 12h, 100pi, of cells media was sampled and 
analysed by ELISA, (results are mean ± SD, n=3, *** (P<0.001)).
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Results displayed on Figure 4.7 show that un-stimulated RAW 264.7 cells 

only release a very low amount inflammatory cytokinescompared to LPS stimulated 

cells. This is indicative of LPS propensity to initiate a macrophage driven 

inflammatory response (Boyd et ah, 2009). Moreover cells incubated with only 

NANA-NP did not reveal any significant release of cytokines, demonstrating that 

inflammation was only induced by LPS. However, cells stimulated with LPS and 

incubated with NANA-NP showed a decrease in TNF-a production compared to 

cells treated with LPS alone, LPS + a,2-8-NANA and LPS + glucosamine 

conjugated NP. Crucially, NANA-NP was the only formulation tested that was able 

to alleviate the inflammatory cytokine production. Given that a,2-8-NANA 

polysaccharide alone, was unable to reduce the inflammatory signal strongly 

suggests that the display of the polysaccharide on the surface of the particles is a pre

requisite for siglec activation. This is in keeping with the previous findings using 

antibody-coated NP that can elicit receptor activation (chapter 3).

To further assess the anti-inflammatory potential of our strategy in 

collaboration with colleagues from the Department of Immunology at Queen’s 

University Belfast, various NP formulations were incubated with bone marrow 

derived macrophages (BMDM). BMDM were extracted from hind legs of sacrificed 

mice. Leg bone was cut in section and cells were flushed from the bone with a 

syringe and pelleted by centrifugation. Cells extracted were then treated with red 

blood lysis buffer in several steps until no red blood cells remained. Purified BMDM 

were then washed in media and re-suspended in DMEM media supplemented with 

macrophage-colony stimulating factor for 10 days. BMDM obtained were then 

plated and pre-stimulated with Ing mL 1 LPS for 12 h to upregulate Siglec-E 

(personal communication S.Spence QUB), cells were washed twice in serum-free
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DMEM and allowed rest for 2hrs. Cells were then incubated with Ing mL'1 LPS and 

(NANA-NP) for various periods and TNF-o: release was measured by ELISA.

150<h
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Figure 4.8 BMDM incubation with freeze-dried a2,8 di sialic acid conjugated 
PLGA nanoparticles results in the decrease of the inflammatory response 6X105 
murine bone marrow derived macrophages were plated in 96 well plates and 
stimulated with Ing mL'1 LPS overnight then washed twice in serum-free DMEM 
prior to resting for 2hr. Cells were re-stimulated with Ing mL'1 LPS ±2,8 sialic acid 
conjugated PLGA nanoparticles (NANA-NP) TNF-ot was measured by ELISA. 
Statistical significance was determined by ANOVA. (results are mean ± SD, n=3, ** 
(P<0.001)).
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In order to increase the shelf-life of our NP, purified NP were frozen at -80 

°C overnight and then ffeeze-dried for 24-48 h using a bench top freeze-drier. 

Freeze-dried products were then stored at room temperature, until being re

suspended in PBS to be used. The results obtained in Figure 4.8 revealed that similar 

to RAW 264.7, peritoneal macrophages stimulated with LPS and incubated with 

NANA-NP demonstrated a significantly reduction in TNF-a secretion. This 

inhibition appears to be time dependent as levels of TNF-a in the cells media were 

lower after 6 h than 3 h of NP incubation. This pattern may be explained by the well 

established time-dependence of NP/cell interactions and NP cell internalisations 

(Panyam and Labhasetwar, 2003; Harush-Frenkel et al., 2007). Additionally results 

presented in Figure 4.8 demonstrated that the NANA-NP inhibitory effect lasted for a 

minimum of 24 h as extracellular concentration of TNF-a measured at 24 h is 

significantly lower than in the control. Moreover the results obtained with freeze- 

dried NP indicate that NP retain their efficacy after the freeze drying process and 

therefore should be easily adaptable to aersolisation and pulmonary delivery for use 

in future in vivo studies.

In another assay done in collaboration with colleagues from the Department 

of Immunology, various NP formulations were incubated with non-tumoral 

peritoneal macrophages. After injection of 10 mL PBS into the peritoneum of 

sacrificed C5761/6 mice, peritoneal exudates were extracted and plated for 3 hours. 

After incubation, live adherent cells, of which 90% were macrophages (as 

characterised by flow cytometry; personal communication S.Spence QUB), were 

washed, re-suspended in complete media then incubated with Ing mL'1 LPS and 

various solution re-suspended freeze dried NP.
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Figure 4.9 Peritoneal macrophages incubation with freeze-dried «2,8 di sialic 
acid conjugated PLGA nanoparticles results in a decreased of IL-6 and TNF-a 
production 4x104/well C57bl/6 peritoneal macrophages were plated in 96 well 
plates and incubated with Ing ml'1 LPS and 25pg PLGA mL/' of NP. NP tested 
were: 2,8 sialic acid conjugated PLGA nanoparticles (NANA-NP) or appropriate 
controls - corresponding concentration of free 2,8 sialic acid (NANA), non- 
conjugated NP (NP), Sialic acid washed, non-conjugated but incubated NP (W-NP), 
glucosamine conjugated NP (GLU-NP). At t=6 h, WOpL of cell media was sampled 
and analysed by ELISA for IL-6 (A) and TNF-a (B). (results are mean ± SD, n=3, 
*** (P<0.001)). (Dataprepared in collaboration with S.Spence QUB)
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ELISA results in Figure 4.9 demonstrated the extracellular concentration of 

IL-6 and TNF-O! measured within the supernatant ofNANA-NP incubated peritoneal 

macrophages were significantly lower than other conditions demonstrating the 

necessity to conjugated the NANA on the NP surfaces to induce receptors activation. 

Taken together, these results demonstrated the efficacy of NANA conjugated NP to 

reduce pro-inflammatory cytokine production in LPS challenged macrophages. 

Therefore NANA conjugated NP may be an attractive and valuable application in the 

treatment of inflammatory disorders such as ALLARDS.

4.3.4.Sialic Acid conjugated NP as targeted chemotherapy 
delivery system.

In addition to their effectiveness in the modulation of pro-inflammatory 

cytokines, the ability to use the NANA-NP was also evaluated as drug delivery 

modalities. A human leukaemic cell line THP1 previously used as models for siglec- 

expressing leukaemias (Nguyen et al., 2006), were incubated with CPT loaded NP 

similar to the ones used in Chapter 3 but conjugated to a,2-8-NANA. Subsequently, 

a,2-8-NANA (CPT-NANA) and non-conjugated (CPT-NP) CPT loaded NP were 

incubated for 12h with THP1 cells before cells were washed and re-incubated in 

fresh media for a further 60 hours.
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Figure 4.10 CPT-encapsulated PLGA show improved toxicity with incubation of 
THP1 with 2,8NANA targeting. TIIP1 cells were plated overnight then incubated 
12 hours with: or PLGA CPT loaded nanoparticles nude (CPT-NP) or conjugated 
to 2,8NANA (CPT-NANA) sialic acid conjugated. After incubation cells were washed 
and re-incubated in new cell media for a further 60 hours, (results are mean ± SD, 
n=6, * (P<0.05).

Incubation of THP1 cells with the various formulation of CPT loaded NP 

(Figure 4.10) revealed that while CPT-NP demonstrated marked non-targeted 

cytotoxicity, conjugation of a:,2-8-NANA on the particle surfaces significantly 

increased NP cytotoxicity as viability felt significantly from 30% to 16%. These 

results demonstrated that conjugation of sialic acid on NP surfaces may be used, not 

only as an anti-inflammatory strategy, but also demonstrates potential as a targeted 

drug carrier for leukaemia therapy.
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4.4. Discussion

In the mid I980’s siglecs were found to be specific markers for acute myeloid 

leukaemia and lymphoma (OReilly and Paulson, 2009; Mason et ah, 1986; Zsiegler- 

Heitbrock et ah, 1986). This discovery was followed by numerous studies 

investigating the possibility to use siglecs as therapeutic targets which led to the 

development of anti-CD33 mAbs coupled with chemotherapy (Gemtuzumab 

Ozogamicin/Mylotarg®; Wyeth Ayerst). Mylotarg was the first antibody-targeted 

chemotherapeutic agent approved by the FDA in 2000 (Hamann et ah, 2002) to treat 

CD33-positive acute myeloid leukaemia. Balaian and co-workers demonstrated that 

receptor cross linking using anti-CD33 mAbs and anti-mouse polyclonal antibodies 

induced inhibition of proliferation in primary AML cells. They correlated the cross- 

linking inhibitory effect to ITIM motif recruitment and activation of various enzymes 

such as Syk, Lyn, and PI3 kinase that modulate cell apoptosis (Balaian et ah, 2003). 

Other members of the siglec family have also attracted attention in order to study or 

treat various pathologies (Table 4.1).
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Table 4.1 Members of the siglecs as potential targets for therapy (adapted from
(OReilly and Paulson, 2009)).

Siglec
molecules Cell-type expression relevant disease

Siglec-1
(sialoadhesin) Macrophages

HIV-1 infection, 
Trypanosoma cruz\ 

(parasites)

Siglec-2 (CD22) B cells

Lymphoma, 
Leukaemia, 

Rheumatoid Arthritis, 
lupus

Siglec-3 (CD33)
Neutrophils, monocytes, 

basophils, macrophages, mast 
cells

Acute Myeloid 
Leukaemia (AML)

Siglec-5 Neutrophils, monocytes, 
basophils, macrophages, B cells

Rheumatoid Arthritis, 
meningitis

Siglec-7
Dendritic cells, monocytes, 
Natural killer cells (cytotoxic 

lymphocyte )
Leukaemia

Siglec-8 Eosinophils, Basophils Eosinophilia

Siglec-9
Neutrophils, monocytes, 

basophils, macrophages, B cells, 
Natural killer cells

Rheumatoid Arthritis, 
meningitis, AML

Siglec-10
B cells, dendritic cells, eosophils, 

macrophages, B cells, natural 
killer cells

Lymphoma, 
leukaemia, 

rheumatoid arthritis, 
lupus

Cross linking of Siglec-2 (CD22) using humanized anti-CD22 has been 

shown to induce antibody internalisation and CD22 phosphorylation, that may results 

in slight SHP-1 activation (Carnahan et al., 2003). Additionally, anti-CD22 mAbs 

have demonstrated effective clinical effects in non-Hodgkin lymphoma cells 

(Leonard et al., 2003) and lupus (Steinfeld et al., 2006) treatments. However in these 

studies, the efficiency of the anti-CD22 mAbs was more likely to be caused by 

antibody-dependent cellular cytotoxicity than targeted modulation of signal 

transduction pathways. Similar to CD33, siglec-9 has been characterised to function 

as a regulator of the inflammatory response. Indeed it has now been shown that
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activation of siglec 9 inhibits production of the pro-inflammatory cytokines TNF-a in 

LPS-stimulated macrophages, while enhancing the production of anti-inflammatory 

IL-10 (Ando et ah, 2008).

Based on previous studies demonstating the possibility to conjugate sialic 

acid on dendrimers surfaces (Patel et al., 2006; Patel et al., 2007), our group have 

developed various Abs conjugated NP and demonstrated their efficacy to target cells 

resulting in whats appears to be receptor mediated internalisation (Scott et al., 2008). 

As a model in this current work we developed nanoparticles targeted against Siglec E 

using a,2-8-NANA as targeting based on previous reports demonstartting Siglec-E 

were previously to have a better affinity to a,2-8-NANA over varieties odf sialic 

acids (Zhang et al., 2004a). NP targeting efficiency was tested using RAW 264.7 and 

peritoneal (chapter 2) macrophage cells lines that both express siglec-E (Zhang et al., 

2004b; Ando et al., 2008) and therefore do not require prestimulation. Using 

carbodiimide chemistry, 02-8-NANA were covalently bound on PLGA NP surface 

inducing higher NP binding on RAW 264.7 cells than nude NP. As RAW 264.7 cells 

have previously demonstrated the capacity to internalise non targeted NP through 

non-specific phagocytosis (chapter 2), NANA-NP internalisation was not formally 

indicative of siglec cross-linking. However incubation of NANA-NP with EPS 

stimulated RAW 264.7 cells, BMDM and peritoneal macrophages revealed 

significant inhibition of TNE-a and IL-6 secretion indicative of the NANA-NP 

capacity of cross linking siglecs and modulate EPS stimulated inflammation 

signalling.
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Figure 4.11 Proposed mechanism of NANA-NP inhibition of LPS induced pro- 
inflammatory cytokines release by RAW 264.7 cells. A) LPS molecules interact 
with CD14 and toll-like receptor to initiate immune signal transduction. Two signal 
pathways have been characterised; one dependant and one independent of MyD88 
recruitment, although both leading to activation and expression of pro inflammatory 
gene activation and secretion of pro-inflammatory cytokines. B) NANA-NP induce 
cross-linking of siglecs, thus activation of SHPl and SHP2. Both of these proteins 
inhibit immune signal transduction cascade leading to reduced release of pro- 
inflammatory cytokines from RA W-264.7cells.
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The choice to use sialic acid as siglecs targeting ligand over anti-siglecs Abs 

was driven by the complexity of antibody production that is reflected by the typical 

high cost of antibodies based therapies. As well, freeze-drying of the NP solution has 

been extensively developed to store and preserve NP as due to typical polymer 

degradation they are only stable in suspension for a short period of time. Freeze

drying being a harsh process that have been shown to cause protein denaturation and 

loss of activity (Lu and Hickey, 2005; Bailey et al., 2008), sialic acids appeared more 

robust and thus more likely to retain their efficacy compare to fragile antibody 

molecules. Results obtained in Figures 4.8 and 4.9 confirmed this hypothesis as re

suspended freeze-dried NANA-NP revealed high potent anti-inflammatory activity 

on peritoneal macrophages. However, as sialic acid structures are much smaller than 

the antibody paratope, they are likely to be less selective. For instance, various 

studies have revealed that in addition to siglec E and siglec 9, 02-8-NANA also has 

a significant binding affinity for other siglec receptors such as siglec 5, siglec 7, 

siglec 11, siglec 14 and siglec 16 (Tateno et al., 2005; OReilly and Paulson, 2009) 

expressed by diverse immune cells lines. Therefore in vitro and in vivo safety 

evaluation will need to be carried out to address side effects concerns.

Additionally, due to the slow degradation rate of PEG A, concerns over PLGA 

NP used for lung delivery have been raised, especially over prolonged delivery, as 

other NP made of polystyrene and Titanium dioxide have demonstrated lung 

inflammation propensity (Dailey et al., 2006). Moreover recent publications have 

demonstrated the susceptibility of PLGA micro/nanoparticles to amplify LPS 

inflammation and IL-1|3 secretion through lysosomal destabilisation follow by 

cysteine protease cathepsin B release, and subsequent inflammasome multiprotein 

complex activation (Demento et al., 2009; Sharp et al., 2009). PLGA NP degradation
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rate is dependent of polymer lactic acid / glycolic acid ratio and polymer length. 

Therefore while studies have been focusing on formulating PLGA NP for drug 

sustained release, NP inflammatory risks could be reduced by developing novel 

PLGA NP with significant shorter half-lives. As well unlike other therapies for 

chronic disease, e.g. insulin delivery for diabetics, NP treatment for acute condition 

such as ALI/ADRS only need to be administered for a short period during the acute 

inflammation and therefore should demonstrate a favourable risk benefit balance.

Various groups using moieties like mannose or glycoproteins such as lectins 

have already demonstrated the potential of sugar based tumour targeting. Mannose 

for example has been used as a ligand with NP (Salman et al., 2009), dendrimers 

(Dutta and Jain, 2007; Sheng et al., 2008) or liposomes (Kuramoto et al., 2008) 

demonstrating the potential to target macrophages as they express the mannose 

receptor. As confocal results obtained with RAW cells (Figure 4.5) demonstrated 

interesting targeting potential, CPT loaded NP conjugated to a,2-8-NANA were 

developed in order to test the possible use of sialic acid as a ligand in anticancer 

strategies. Results obtained demonstrated that NANA targeted NP were significantly 

more efficient than untargeted NP and therefore NP sialic acid targeting may not 

only be a promising strategy to treat inflammatory disorders but leukaemias as well.
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4.5. Conclusion

In this study it has been demonstrated that nanoparticles conjugated with 

di(o;2-»’ 8) N-Acetylneuraminic acid demonstrated specific RAW 264.7 cell targeting 

and internalisation. Furthermore co-incubation of these particles in RAW 264.7 cells 

induced inhibition of the LPS stimulated macrophages release of pro-inflammatory 

cytokines thus demonstrating their potential as part of a therapy for ALI/ARDS. In 

order to further characterise the anti-inflammatory activity of sialic acid conjugated 

nanoparticles complementary studies will have to be performed to optimise various 

features such as the particle size, and sialic acid surface density. These novel findings 

are the subject of a UK patent application n° 0922066.6. We are currently developing 

and testing new particles formulation conjugating other sialic acids molecules as well 

as testing our formulation on human bronchoalveolar lavage fluid samples.
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5. Chapter 5: General conclusion

Previously our group developed an emulsion and salting-out formulation process 

combined with a carbodiimide based conjugation step to encapsulate various labile 

hydrophobic drugs inside immuno-conjugated PLGA NP. The effectiveness of these 

immune-conjugates demonstrated the potential of Fas targeted PLGA NP loaded 

with CPT to specifically target and kill Fas receptor expressing cells through a 

synergistic effect between specific drug delivery and death receptor activation 

(McCarron et al., 2008). Based on these previous results, the objective of the work 

presented in this thesis was to further develop a number of diverse applications of NP 

mediated drug delivery strategies. This included three separate studies including the 

development of novel formulations for examination of gene delivery; the 

development of the DR5 targeted immuno-conjugated PLGA NP; and finally the 

examination of a novel more robust targeting ligand in place of antibodies.

Effective gene delivery using dimethyl-didodecyl-ammonium bromide-coated 

PLGA nanoparticles

Gene Therapy has been heralded as a potential treatment for various diseases 

such as cancer or cystic fibrosis (Androic et al., 2008). The key to this strategy is the 

specific delivery and successful transfection of the target cell with the gene of 

interest. However while various in vitro gene delivery strategies have been validated 

and robust commercial transfection reagents are commercially available, in vivo gene 

delivery still suffers from poor efficiency and high toxicity (Thomas et al., 2007; 

Zhao et al., 2008). Most nanoparticulate strategies have been based on the 

straightforward binding of negative DNA/RNA on cationic NP surfaces producing
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high loading efficiencies (Kim et al., 2005; Basarkar et al., 2007). However critical 

drawbacks such as immunogenicity and DNA dissociation from the carrier have 

emerged in vivo (Pisetsky, 1998; Bauer et al., 1999; Grosse et al., 2008). Therefore in 

this current work, bioactive DNA was encapsulated inside the NP core using a new 

W/O/W emulsion and salting-out formulation (McCarron et al., 2006). Subsequently, 

NP surface was coated with cationic DMAB and revealed to be an attractive strategy 

to induce internalised NP translocation from the endo/lysosomal lumen to the cell 

cytosol, thus allowing freer access for the DNA to enter the nucleus. This concept 

was realised with the DMAB coated NP loaded with plasmid DNA producing 

effective gene delivery and expression of GFP protein in treated cells.

While our formulation generated positive results with only a small quantity of 

DNA entrapped, the entrapment efficiency is still very low and therefore may not yet 

be suitable for industrial therapeutic purpose. To address this issue, strategies based 

on the use of an ethanol-based solution as the first aqueous phase during the 

formulation may induce partial aggregation of the DNA and therefore improve 

payload entrapment whilst also stabilising plasmid DNA during NP formulation. 

This strategy has been described recently, and has been shown to significantly 470% 

increase payload during DNA encapsulation inside liposomes (Skjorringe et al., 

2009).

In spite of their ability to escape endosomal pathway and deliver DNA 

payload to the cell nucleus, cationic NP may not be ideal for in vivo parenteral 

delivery as they have a tendency to bind blood proteins or vasculature surfaces and 

are associated with a high cytotoxicity (Fischer et al., 2003). Therefore development 

of an in vivo nanoparticulate gene carrier would have to focus on masking the surface 

of the modality, for example by PEGylation, to increase circulation time
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(Papahadjopoulos et al., 1991; Dos Santos et al., 2007; Kim et al., 2009). 

Additionally, formulation of ligand conjugated DNA/RNA carriers has shown both 

in vitro and in vivo potential to selectively target cells (Diez et al., 2009; Kwon et al., 

2009) and should be considered as one of the key area of development. Finally, 

plasmid DNA currently used for Gene Therapy have bacterial origins and stimulate 

Toll-like receptor through unmethylated CpG motifs (Liu et al., 2008). The main 

approach strategies to address this issue is the development of alternative DNA 

sequence, nevertheless systems that could reduce the immune response such as sialic 

acid formulation presented in Chapter 4 may appears as interesting alternatives.

DR5 Targeting Strategy as a novel anti-cancer therapeutic

The second project presented in this thesis was the development of NP 

conjugated with anti-DR5 antibodies to target tumour cells in chapter 3. This work 

was the logical continuity of a previous study demonstrating potential of anti-Fas 

mAbs conjugated NP to specifically target and deliver CPT to Fas expressing cells 

(McCarron et al., 2008). Additionally, Fas and DR5 are both part of the same tumour 

necrosis factor receptor family; it was expected that DR5-NP would activate receptor 

apoptosis pathway similarly to our previous study. Furthermore, the clinical 

relevance of Fas as a tumour biomarker has been questioned and pharmaceutical 

companies are now focussing their attention on DR4 and DR5 (Table 3.1 in chapter 

3). Incubation of DR5 expressing HCT-116 colorectal carcinoma cells with anti- 

DR5 conjugated NP demonstrated synergistic efficacy to induce targeted cell death 

through CPT delivery and activation of the DR5 triggered extrinsic apoptosis 

pathway. To date, authors disagree on the contribution of targeting ligand 

conjugation to in vivo NP tumour-specific localization and uptake efficiency, with
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several studies demonstrating the prevalence EPR effect over the direct targeting 

(Pirollo and Chang, 2008). Nevertheless, results obtained in this section 

demonstrated that antibodies conjugated to NP should not only be considered as a 

targeted drug carrier, but also as extremely potent drugs that could be include in a 

global therapeutic strategy.

In order to further characterise and develop DR5 targeted NP drug delivery, 

formulation study and in vitro efficacy analysis of anti- DR5 conjugated NP loaded 

with other chemotherapy agents such as fluorouracil, vorinostat and cistaplin are to 

be investigated in the future. Moreover, the examination of these immunoconjugates 

in vivo is urgently required. However, as with the DNA-loaded NP, stealth coating 

(e.g. PEGylation) is probably required in order to reduce NP opsonisation and 

increase NP blood half-lives.

Although antibody-targeted PEGylated nanocarriers have been developed by 

various groups, most work published has focussed on liposomal formulations 

(Mamot et al., 2006; Beduneau et al., 2007; Gupta and Torchilin, 2007; Hatakeyama 

et al., 2007). Some research on targeted PEGylated PLGA NP has been reported 

(Farokhzad et al., 2006; Moffatt and Cristiano, 2006; Cheng et al., 2007; Garinot et 

al., 2007; Dhar et al., 2008) but none examine the potential to exploit receptor 

activation. In spite of the positive results presented in this thesis with PEGylated 

immunoparticles, addition of PEG with DR5 conjugated NP may require significant 

optimisation as the PEG may affect/mask the ability of the surface antibodies to 

promote DR5 activation. More generally, a range of issues such as formulation scale 

up, NP shelf-life, antibodies stability and financial assessment would have to be 

solved before any large scale studies could be started.
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Sialic acid conjugated NP as novel anti-inflammatory modalities

The final work presented in this thesis is the development of sialic acid 

conjugated NP to target siglec receptors expressed on immune cells. In a previous 

study our group showed that NP conjugated with antibodies against Siglec receptor 

were able to target siglec expressing cells and be internalised (Scott et al., 2008). As 

an alternative to delicate and expensive antibodies, in this present work NP were 

conjugated with sialic acids, the natural ligands of siglec receptors. Using a 

carbodiimide conjugation strategy similar to antibody conjugation, di(a,2 -* 8) N- 

Acetylneuraminic acids were conjugated on the surface of PLGA NP. Application of 

these in cell-based assays demonstrated the potential of these novel particles to 

trigger and activate siglec receptors on various immune cells. While our experiments 

presented in this work are suggested as potential treatment for acute lung injury and 

leukeamia, sialic acid conjugated NP may be developed to treat a wide range of 

immune system disorders such as autoimmune diseases, asthma, or systemic 

sclerosis. One of the most promising features of those particles is their capacity to 

preserve their activity after the freeze drying process that enable their use in a variety 

of form such as solution, nasal spray and powder which enhance their usages. 

Therefore a number of studies have been initiated to optimise sialic acid efficacies 

testing other molecules than di(o!,2 -> 8) N-Acetylneuraminic acid and results 

obtained with additional human and mice cell lines are very encouraging. Further 

complementary studies examining the conjugation of other sialic acids molecules and 

the optimisation of the particles sizes and sialic acid surfaces density as well as ex 

vivo assays will have to be carried out before moving to in vivo experiments.

Besides PLGA NP, anti-inflammatory effects of sialic acid conjugation could 

also be developed with other categories of colloidal NP such as liposomes.
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dendrimers, as well as soluble polymers. Furthermore conjugation of sialic acid on 

the surface of medical devices in order to overcome biomaterial-mediated 

inflammation (Bridges and Garcia, 2008) may also become an attractive area of 

development.

The results presented in this thesis demonstrate the broad diversity of drug 

delivery approaches that can be developed with PLGA-based nanoparticles. As 

various PLGA-based biomedical products such as bones fixations, drug deliveries 

implants or macroparticles ( Nutropin " Depot (Genentech), Trelsta™ Depot (Pfizer), 

Sandostatin'"' LAR Depot (Novartis)) are already available on the market; it is 

hopeful that novel PLGA-based nanoparticle formulations will reach clinical 

evaluation in the short to medium term.
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In this present work we describe a poly(lactic-co-glycolic acid) (PLGA) nanoparticle formulation for 
intracellular delivery of plasmid DNA. This formulation was developed to encapsulate DNA within PLGA 
nanoparticles that combined salting out and emulsion-evaporation processes. This process reduced the 
requirement for sonication which can induce degradation of the DNA. A monodispersed nanoparticle 
population with a mean diameter of approximately 240 nm was produced, entrapping a model plasmid 
DNA in both supercoiled and open circular structures. To induce endosomal escape of the nanoparticles, 
a superficial cationic charge was introduced using positively charged surfactants cetyl trimethy- 
lammonium bromide (CTAB) and dimethyldidodecylammonium bromide (DMAB), which resulted in 
elevated zeta potentials. As expected, both cationic coatings reduced cell viability, but at equivalent 
positive zeta potentials, the DMAB coated nanoparticles induced significantly less cytotoxicity than 
those coated with CTAB. Fluorescence and transmission electron microscopy demonstrated that the 
DMAB coated cationic nanoparticles were able to evade the endosomal lumen and localise in the cytosol 
of treated cells. Consequently, DMAB coated PLGA nanoparticles loaded with a GFP reporter plasmid 
exhibited significant improvements in transfection efficiencies with comparison to non-modified 
particles, highlighting their functional usefulness. These nanoparticles may be useful in delivery of 
gene therapies to targeted cells.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The application of nucleic acids as therapeutic agents for gene 
therapy has been extensively studied in a broad range of diseases 
[1-4]. However, a recurrent limitation in these therapies is the 
efficient delivery of the therapeutic DNA to the disease site. To 
address this issue, various strategies have been examined including 
vectors engineered from adeno- or adeno-associated viruses [5], 
but clinical trials have demonstrated substantial obstacles to their 
use, such as immunogenicity and inflammatory potential [6].

An alternative strategy is the application of non-viral gene 
delivery vectors, including liposomes [7], dendrimers [8], poly- 
cationic polymers [9,10] and polymeric nanoparticles (NP) [11] to 
reduce or avoid immunogenicity and associated risks of toxicity 
[12], A frequently employed biodegradable polymer in NP formu
lation is poly(lactic-co-glycolic acid) (PLGA). PLGA NP have shown 
particular promise in the delivery of a range of drug molecules to

* Corresponding author. Tel.: +44 (0) 2890972350.
E-mail address: c.scott@qub.ac.uk (C.J. Scott).

0142-9612/$ - see front matter © 2010 Elsevier Ltd. All rights reserved. 
doi:10.1016/j.biomaterials.2010.01.143

disease sites to improve efficacies [13-16]. Moreover, the non-toxic 
biodegradability of PLGA has resulted in FDA approval for the 
application of this polymer in various medicinal products [17].

One approach in the application of PLGA NP for nucleic acid 
delivery uses adsorption of the anionic DNA molecules onto 
cationic NP [18,19]. Despite this efficient formulation procedure, the 
peripheral exposure of the labile DNA limits stability and shortens 
its half-life, particularly in the acidic environment found within late 
endosomes where the particles will accumulate upon internal
isation [20,21]. Therefore, formulations that can encapsulate and 
protect the DNA from degradation are attractive for gene therapy 
approaches.

In addition to the protection of the DNA cargo, the physical 
characteristics of the nanoparticles can be manipulated to escape 
the degradative endosomal lumen, resulting in cytosolic local
isation. Various strategies have been used to promote this sub- 
cellular relocalisation including application of fusogenic peptides 
[22], proton sponge polymers [23], light excitation [24] and cationic 
coating [18,19,25,26], It is thought that the presence of a cationic 
surface charge promotes interaction and binding of the NP to the 
endosomal membrane, inducing membrane destabilisation and
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cytosolic relocalisation of the NP [27].On this basis, the objective of 
this current study was to develop a PLGA NP formulation that 
would combine the ability to produce NP encapsulating DNA with 
the capacity to evade endosomal degradation.

100 |.il TE buffer and the concentration was measured using a Quant-iT assay 
(Invitrogen). Entrapment efficiency was calculated using Equation (1).

Entrapment efficiency(%) =
Mass of DNA recovered(pg) 

Mass of DNA added(pg)
(1)

2. Materials and methods

2.1. Materials

PICA (Resomer RG 502 H) with an acid value of 9 mg KOH per g PLGA, molecular 
weight 12 kDa, was a generous gift from Boehringer Ingelheim, Germany. Poly(vinyl 
alcohol) (PVA), 87-89% hydrolysed with molecular weight 13-23 kDa, and dime- 
thyldidodecylammonium bromide (DMAB) were obtained from Sigma Aldrich, 
Germany. Magnesium chloride hexahydrate (MgCb-61320), sodium bicarbonate 
NaHC03, Tris-EDTA buffer and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra- 
zolium bromide (MIT reagent) were obtained from Sigma Aldrich, Germany. Hex- 
adecyltrimethylammonium bromide (CTAB) was obtained from Fluka, Germany. 
Acetone (Fisher Scientific, UK) was used as a water-miscible solvent during NP 
preparation, while dichloromethane (DCM) (Riedel-de Haeen, Germany) was used 
as a water-immiscible solvent. pSUPER-GFP plasmid DNA was obtained from Oli- 
goengine. PBS (phosphate-buffered saline) tablets and Dulbecco’s Modified Eagle’s 
Medium (DMEM) with i-glutamine were obtained from Gibco, Invitrogen. Foetal 
bovine serum was obtained from Biosera. Calcein was obtained from Invitrogen. A 
murine monocytic macrophage cell line (RAW 264.7) and a cell line derived from 
cervical cancer cells (HeLa) were a gift from Professor). Johnston (Queen’s University 
Belfast).

2.2. Preparation and purification of DNA-loaded nanoparticles

The double-stranded DNA vector pSUPER-GFP, containing genes encoding green 
fluorescent protein (GFP) and kanamycin resistance, was diluted to a concentration 
of 15 pg ml-1 in 10 itim Iris buffer, pH 7.5 containing 1 itim EDTA (TE buffer) sup
plemented with 100 itim NaHCOs. Ice-cold plasmid DNA solution (100 pi) was then 
carefully mixed with 700 pi of ice-cold organic phase comprising 20 mg PLGA in 
200 pi DCM and 500 pi acetone. The emulsion formed was then injected under 
moderate stirring into 3 ml of ice-cold solution containing 2.5% (w/v) PVA and 45% 
(w/v) MgCl2-6H20. Both phases were then sonicated in an ice bath at 20 mW. An 
additional 5 ml of 2.5% (w/v) PVA solution was finally added under moderate stirring 
to initiate acetone diffusion. Samples were left stirring overnight to allow for organic 
solvent evaporation. NP were centrifuged at 85,000x g for 10 min at 4 ”C, then 
washed using suspension-spin cycles with deionised water. NP pellets (20 mg) were 
resuspended in 8 ml deionised water to produce a NP suspension of 2.5 mg mP1 
prior to further use.

2.3. Surfactant adsorption

Diverse volumes of a DMAB or CTAB solution (1% w/v) were added to 0.5 ml of 
a purified NP (2.5 mg mP1 PLGA) suspension. The DMAB/NP and CTAB/NP 
suspensions were sonicated intermittently to ensure uniform mixing and agitated 
gently for 1 h at room temperature. To remove unbound DMAB, NP suspensions 
were centrifuged at 20,000 g for 60 min and the pellets were resuspended in 
deionised water.

2.4. Cell viability assay

HeLa and RAW 264.7 cells were prepared and incubated with the NP formula
tions as above. After 72 h, cell viability was assessed by the methylthiazolyldiphenyl- 
tetrazolium bromide (MTT) colorimetric assay in 96-well plates. MTT solution (20 pi 
of 5 mg mP1) in PBS was added to each well and the plates were incubated for 2 h at 
37 CC and 5% CO2 to allow for the formation of formazan crystals. The MTT medium 
solution was removed, 100 pi of dimethylsulfoxide was added and optical densities 
were determined at 570 nm (Tecan Spectra III, Austria). Cell survival percentages 
were calculated from absorbance ratios when compared to untreated control cells.

2.5. Nanoparticle characterisation

NP size and zeta potential were measured using photon correlation spectros
copy and laser Doppler anemometry, respectively (ZetaSizer 3000 HS, Malvern 
instruments, UK). The polydispersity index was also determined on this instru
mentation. Measurements were taken at a fixed angle of scatter (90 ’). Determina
tions were carried out at room temperature (25 °C), with each done in triplicate and 
an average particle size expressed as the mean diameter (Zave).

DNA entrapment efficiency was determined by dissolving purified DNA-loaded 
NP in 1 ml DCM and 0.5 ml TE buffer with mild shaking for 3 h at 4 °C. TE buffer 
solution containing free DNA was then extracted by two successive centrifugations 
at 800 g for 5 min at 4 °C. DNA was then isolated by ethanol precipitation and 
centrifugation for 60 minat 20,000gat0“C. DNA extracted was then resuspended in

2.6. DNA release from PLGA NP

The release profiles of DNA from suspensions of 20 mg of NP were evaluated 
using phosphate-buffered saline (pH 7.4) as the receiver medium. Measurements are 
performed on a 24-h cycle, whereupon test suspensions were centrifuged at 85,000g 
for 10 min at 4 °C The concentration of DNA in the supernatant phase was deter
mined by precipitation in ethanol, resuspension in 100 pi TE buffer and assayed 
using a Quant-iT kit (Invitrogen). The fractional DNA release was determined by 
comparison with the total mass of DNA incorporated in the NP.

2.7. Agarose gel electrophoresis of plasmid DNA

Plasmid DNA solutions were analysed by 0.7% agarose gel electrophoresis. The 
gels were prepared with 0.7% agarose in Tris-acetate-EDTA buffer containing 
0.5 pg ml 1 ethidium bromide. DNA solutions were analysed after treatment with 
Bluejuice™ loading buffer (Invitrogen, USA). Gel electrophoresis was performed at 
a constant 75 mV for 1 h and the resulting gel imaged on a UV trans-illuminator.

2.8. In vitro evaluation of plasmid DNA functionality

The functionality of released plasmid DNA was examined through trans
formation and selection of transformed Escherichia coli colonies with kanamycin 
resistance. DNA solutions (200 ng) were used to transform chemically competent 
TOP10F' E. coli following manufacturer's instructions (Invitrogen). The transformed 
cells were then plated on Luria Broth media agar plates (50 pg ml-1 kanamycin) and 
allowed to grow overnight at 37 °C.

2.9. In vitro evaluation of the cationic effect on endo/lysosomal vesicles

RAW 264.7 and HeLa cells were plated in 96-well microplates at 50 x 103 cells 
per well in 200 pi DMEM -1- 2 itim Glutamine + 10% foetal bovine serum (FBS) and 
allowed to adhere at 37 °C and 5% CO2. Twenty-four hours later, cells were washed 
and incubated in 200 pi of serum free media containing 150 pg mL_1 calcein. NP 
suspensions were added to the wells and allowed to incubate with cells for 3 h. Cells 
were then washed and re-incubated in 200 pi of PBS. The localisation of the calcein 
dye was then analysed by fluorescence microscopy.

2.10. Evaluation of intracellular localisation by confocal microscopy

Fluorescent NP were prepared by dissolving 0.1 mg ml-1 of coumarin-6 (Sigma) 
in the DCM solution used during the PLGA NP formulation. Raw 264.7 cells were 
seeded on coverslips in six-well plates at 2 x 10s cells per well and allow to grow 
overnight. This was followed by 3 h incubation at 37 °C and 5% CO2 in serum free 
media with 50 nM of LysoTracker® Red (Invitrogen) and 2 pL dispersion of 
2.5 mg ml-1 dye-loaded NP that were coated or not with DMAB. Cells were then 
washed three times with PBS then fixed in 4% para-formaldehyde for 1 h, washed 
three times with PBS then 30 min in pH 8 HEPES buffer. For nuclear staining, cells 
were incubated with 1/200 solution ofTO-PROs-3 iodide (Invitrogen) solution and 
subsequently washed 3 times with PBS. Coverslips were then mounted on micro- 
sope slides using SlowFade® Gold reagent (Invitrogen) and samples analyses were 
performed using confocal scanning laser microscopy (Leica Confocal TCS Sp2, 
Germany). Excitation was done using laser illumination at 488 nm for green fluo
rescence, 543 nm for red fluorescence and 633 nm for far red fluorescence.

2.11. Evaluation of intracellular localisation by transmission electron microscopy

HeLa cells were plated in 6-well microplates at 250 x 103 cells per well in 2 ml 
DMEM containing 2 itim Glutamine supplemented with 10% FBS and allowed to 
adhere at 37 °C and 5% CO2. Cells were washed after 24 h and incubated in 2 ml of 
medium without FBS. Different NP suspensions were added to the wells and incu
bated with cells for 3 h. Subsequently, cells were resuspended with trypsin and 
washed successively with medium supplemented with FBS then PBS and centri
fuged. Cell pellets were then fixed in glutaraldehyde, dehydrated, imbedded in resin 
and sliced into ultra-thin sections. Sub-cellular localisation of the NP in relation to 
endo/lysosomal vesicles within the cells was assessed using transmission electron 
microscopy.

2.12. In vitro transfection

RAW 264.7 cells were plated in 96-well microplates at 10 x 103 cells and were 
allowed to adhere for 12 h then washed and incubated in 200 pi of medium without
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FBS. Different DNA solutions or DNA-loaded NP suspensions corresponding to 
1.25 |ig PLGA were incubated with cells for 3 h. Cells were then washed and re- 
incubated in 200 pi of medium containing FBS for 3 days. Expression of GFP 
within cells was assessed after 60 h by fluorescence.

2.13. Statistical analyses

Statistical analyses were performed using Student’s t distribution analysis to 
compare all pairs of preparations (Graph-Pad Prism, San Diego, CA, USA). Rejection 
of the null hypothesis was considered when the p value was <0.05.

3. Results and discussion

3.1. Nanoparticle formulation

Upon internalisation by endocytosis, NP preferentially localise 
to late endosomes [20]. This localisation can be destructive to cargo 
DNA, particularly if adsorbed to the surface of cationic NP. Prema
ture dissociation of surface-adsorbed DNA from NP in endosomal 
compartments following cellular internalisation has previously 
been observed [21 ], where degradation occurs rapidly in the acid
ified environment. Thus, the ability to entrap the nucleic acid inside 
the PLGA NP is attractive in order to protect the cargo DNA and thus 
increase its stability and half-life. Furthermore, many forms of 
plasmid DNA are bacterially-derived and these have been shown to 
induce an immune response in mammals [28-30], Therefore, the 
encapsulation of the plasmid DNA inside the carrier may prevent or 
attenuate the activation of an immune response [31 ].

Previous studies examining the encapsulation of circular 
double-stranded plasmid DNA into polymeric nanoparticles have 
highlighted the labile nature of the DNA as a major limiting factor. 
Conditions used in the NP preparation, such as sonication, can 
create shear stresses that result in the degradation of the DNA [32- 
34], Here, a formulation method was developed that combined the 
water-in-oil-in-water (W/O/W) emulsion-evaporation method
ology [35,36] with a salting out process [37], It was hypothesised 
that this approach would generate NP with encapsulated DNA 
using only a minimal application of sonication.

The selected formulation process facilitated the production of NP 
of an adaptable diameter range. NP diameter is a major factor in 
cellular internalisation efficiencies, with NP of different diameters 
taken-up via different mechanisms and rates. Therefore, the 
production of NP with a diameter in the range of 200 nm was initially 
selected as the optimum size as they have previously been shown to 
internalise efficiently by endocytosis through clathrin-coated pits 
[38]. A range of sonication conditions were assessed, varying both the 
duration mode of application (continuous or pulsed). The results 
shown in Table 1 demonstrate how in general, longer sonication 
times resulted in the generation of NP with smaller diameters, but 
that specifically, 15 s of continuous sonication was sufficient to 
produce the optimum size (203.3 ± 6.6 nm). Moreover, pulse soni
cation was examined in parallel to allow comparison with continuous 
sonication, as this approach may enable improved heat dispersal.

which may also help protect the integrity of the cargo DNA. This 
variation in the formulation process proved relatively ineffective with 
a 30 s pulse sonication producing NP with a diameter of 
219.9 ± 2.0 nm; only marginally smaller than those prepared via 
a 10 s continuous sonication (237.7 ± 1.5 nm). These results obtained 
using a combination of W/O/W emulsion-evaporation and salting 
out methods produced smaller NP in comparison to conventional W/ 
O/W emulsion with a 60 s sonication step (260 nm ± 6.3 nm) [39], 
demonstrating the ability to generate small NP using only a minimal 
sonication step. On the basis of these findings, application of the W/ 
O/W formulation process with the 10 s continuous sonication step 
was selected as a compromise between NP diameter and potential 
DNA degradation for further studies; whereby it was hypothesised 
the shorter period of sonication would limit shearing of the DNA.

DNA degradation may also occur during or after formulation as 
a result of the acidification of the localised particulate environment, 
induced by PLGA polymer decomposition. Therefore, in an effort to 
improve DNA stability during NP formulation, the plasmid DNA was 
solubilised inTE buffer. Furthermore, NaHCOs (0.1 m) was added to 
the TE buffer as its buffering properties assist the maintenance of 
a neutral pH during both NP formulation and decomposition [40]. 
After the formulation of the NP incorporating the DNA was 
completed, the encapsulation efficiency was measured by disas
sembly of the NP using solvents and recovery of the entrapped DNA 
via ethanol precipitation. The entrapment efficiencies measured (8%; 
50 ng mg-1 PLGA) were lower in comparison to a previous approach 
where DNA entrapped PLGA NP were prepared using a double 
emulsion formulation (around 18%) [11 ]. An explanation for the low 
efficiency of entrapment may be due to the length of the formulation 
procedure employed here (15 h). Blum and co-workers observed 
a rapid release of DNA (up to 90%) from their PLGA NP within 12 h 
[11 ]. It is therefore possible that a proportion of the entrapped DNA 
has already been released by the start of our release study.

Another essential consideration was the integrity of the DNA that 
had been incorporated into the NP. This was first examined by 
analysis of the DNA extracted from the NP by agarose gel electro
phoresis (Fig. 1). Control unformulated maxiprep plasmid DNA was 
present mainly in its supercoiled form, while DNA extracted from 
the NP was shown to be mainly present in an open circular 
conformation. However, the change in electrophoretic migration of 
the DNA extracted from the NP could suggest that the DNA is now 
non-functional. Therefore to examine encapsulated plasmid 
activity, and thus, the integrity of the circular double-stranded DNA, 
solutions of recovered plasmid were assessed in their ability to 
transform competent E. coli cells. After transformation, cells were 
plated on selection agar plates containing kanamycin (selection

10 kbp
8 kbp ... Jk Coiled forms

Table 1
Effect of sonication mode and duration on size and polydispersity of PLGA NP.

Sonication step/s Particle size/nm Polydispersity index
None 900.0 ± 188 1.000
10 Continuous 237.7 ± 1.5a 0.14 ± 0.05
15 Continuous 203.3 ± e.e-’ 0.17 ± 0.02
30 Continuous 159.4 ± 3.0J 0.14 ±0.05
60 Continuous 120.8 ± 8.4d 0.15 ± 0.02
30 (pulsed) 219.9 ± 2.0b 0.29 ±0.31
60 (pulsed) 182.0 ± 10.5b 0.17 ± 0.03

Results presented are mean ± SD (n = 3).
3 p < 0.05 With respect to each other in continuous mode formulations. 
b p < 0.05 With respect to each other in pulsed mode formulations.

6 kbp 

5 kbp

4 kbp
Supercoiled

1 2 3

Fig. 1. Agarose gel electrophoresis of DNA extracted from PLGA NP. Lane 1, mass ruler; 
Lane 2, maxiprep(control) plasmid DNA; Lane 3, plasmid DNA extracted from NP after 
solubilisation in DCM and recovered through ethanol precipitation.
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marker for pSUPER-EFP), and therefore, only cells transformed with 
a functional plasmid formed colonies after overnight incubation. 
Using this approach, it was determined that at least 12.5% of the 
total DNA incorporated was functionally active in comparison to 
non-formulated control supercoiled plasmid DNA. Given that this 
procedure is based on the functionality of the entrapped plasmid 
DNA, it may be a more accurate determination of entrapment effi
ciency. However, uncoiling of the DNA during formulation may also 
have reduced the transformation efficiencies observed between the 
maxiprep control (mainly present in supercoiled form which will 
transform more readily) and the DNA extracted from the NP. Thus, 
the percentage of functional DNA measured may be under
estimated by this analysis. Nonetheless, these analyses clearly 
demonstrated that the salting out W/O/W formulation process had 
successfully resulted in the encapsulation of functionally active 
plasmid DNA. Given the small amounts of DNA required to transfect 
cells successfully to produce high GFP positivity (103 copies/cell; 
~ 0.005 pg/cell) [41], the levels of entrapped DNA measured were 
considered sufficient for application in cell transfection 
experiments.

3.2. Manipulation of surface charge ofPLGA NP

In order to obtain efficient transfection, plasmid DNA must 
localise to the nucleus. Therefore, the second step of this study was 
to develop an approach to facilitate endosomal escape of the NP 
into the cytosol, thus reducing/avoiding acid-induced degradation 
of the nucleic acid within the endosomal lumen, and leaving 
released DNA free to translocate to the nucleus. Previously, the 
application of cationic coatings have been examined to facilitate 
this translocation [18,19,26], The presence of a surface cationic

charge on NP has been shown to interact with the negatively 
charged endosomal membranes upon internalisation. This results 
in endosome/lysosome membrane destabilisation, resulting in NP 
escape/relocalisation into the cytosol [25,27],

Unmodified PLGA NP present a low anionic potential (-5 to 
-20 mV) due to the negative charge of the PLGA polymer, but 
introduction of polymers such as poly(ethylenimine) [10,18,42,43], 
chitosan [26] and CTAB [19,43], during or after formulation to 
increase the zeta potential have been examined. On this basis, we 
examined coating the DNA encapsulated PLGA NP with CTAB [44- 
47], and DMAB which has previously been used to improve oral 
availability of NP [48-50], After the introduction of these cationic 
coatings, NP diameter and zeta potential of the different formula
tions were examined. The addition of cationic surfactants increased 
the zeta potential of the NP in comparison to the anionic zeta 
potential of the non-modified NP (Fig. 2). However, there were 
differences in the behaviour of the particles coated with either 
CTAB or DMAB. In the DMAB concentration range examined (up to 
100.5 pg per mg PLGA) a concentration dependent increase in zeta 
potential was observed (Fig. 2A, top panel) with a small but non
significant increase in NP diameter, as can be seen from Fig. 2B 
(top panel, from 236 to 264 nm). Particles coated with CTAB 
exhibited a different profile with no concentration dependent 
increase in zeta potential observed until concentrations of 400 pg 
per mg PLGA were applied (Fig. 2A, lower panel) suggesting that 
CTAB is less efficient in coating the particles than DMAB. Indeed, 
the zeta potential is only increased in the CTAB particles in 
combination with a significant increase in particle diameter (Fig. 2B 
lower panel), suggesting a co-operativity in coating efficiency with 
CTAB; distinct from that of the dose-dependent effect of DMAB 
under the conditions that we have employed. These findings are in
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Fig. 2. Effect of the amount of cationic surfactant incubated with the NP on zeta potential (A) and diameter (B). (n = 3, error bars represent standard error of the mean, *p < 0.001).
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agreement with previous research showing that CTAB can desorb 
easily from PLGA microparticles due to its weak association with 
PLGA [51].

3.3. Assessment of cationic nanoparticle cytotoxicity

Previously it has been observed that the internalisation of 
strongly cationic NP can induce cell death through various intra
cellular mechanisms including lysosomal disruption and mito
chondrial damage [52-54], Therefore, the cytotoxicity of the NP 
formulations were examined by MIT assays and as anticipated, the 
incubation of positively charged NP did reduce HeLa cell viability 
after 72-h incubation (Fig. 3). However, it was also observed that in 
comparisons of CTAB and DMAB coated NP of equivalent cationic 
zeta potential (6.5 ± 1.4 mV and 9.5 ± 1.7 mV, respectively), the 
CTAB-coated particles appeared more toxic (46 ± 16.7% and 
74 ± 12% viability, respectively). These effects were further vali
dated by the determination of their IC50, confirming the increased 
toxicity of CTAB-coated NP (IC50 = 83 pg PLGA ml-1) compared to 
their DMAB coated counterparts (IC50 = 168 pg PLGA ml-1). This 
reduced cytotoxicity may be explained by the much smaller 
amount of DMAB required to produce equivalent cationic zeta 
potentials to CTAB. Furthermore, as it has been observed here that 
CTAB coats the PLGA NP less efficiently than DMAB, CTAB may be 
more readily released from the surface of the NP to elicit toxic 
effects as has been shown previously [55], Consequently, on the 
basis of these collective findings, DMAB coated PLGA NP (at 
4.7 pg mg-1 PLGA) was selected for subsequent experiments.

3.4. DNA release from PLGA nanoparticles

Release of the cargo DNA from the modified DMAB coated PLGA 
NP in PBS at 37 °C was next examined. The DNA release profiles 
observed (Fig. 4) showed a biphasic release kinetic with an initial 
burst release of 83.7 ± 1.3% (unmodified NP) and 89.2 ± 8.4% 
(DMAB coated NP) during the first 48 h, followed by a slower 
sustained release lasting for approximately 4 days. This biphasic 
release profile is common with DNA [56] or other molecules 
encapsulated in PLGA particles [57,58]. The initial DNA burst release 
may be attributed to the preferential release of DNA localised close 
to the surface of the NP or to the presence of pores within the 
particles that facilitate the rapid diffusion of a proportion of the
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Amount of DMAB per mg of 
PLGA (zeta potential)
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Fig. 4. DNA released profiles from non-coated PLGA and DMAB coated NP. The NP 
were incubated in PBS and centrifuged every 24 h. DNA content of the supernatant 
phase was measured and results presented as a percentage of total DNA released (n = 3 
error bars represent standard deviation).

DNA [59]. Interestingly, the release profiles of both unmodified and 
DMAB coated NP were very similar. This outcome was unantici
pated as interactions between the cationic surfactant and negative 
DNA would have been expected to result in slower release or 
a delay of the DNA. However, the small amounts of DMAB adsorbed 
(4.7 pg DMAB mg-1 PLGA) may explain why it did not have 
a significant effect on the DNA release kinetics.

3.5. Cellular localisation studies with NP formulations

Next, the ability of the DMAB coated NP to enter the cells and 
escape the endosomal compartments was examined. This was done 
by incubation of RAW 264.7 and HeLa cells with calcein in the 
presence of the various NP formulations. Calcein is a cell- 
impermeable green fluorescent dye that has previously been used 
to assess endosomal membrane stabilities [60]. Calcein can be 
internalised through active endocytosis/pinocytosis resulting in the 
staining of only endosomal lumens. Destabilisation of the endo- 
somes/lysosomes by the particles induces release of the calcein 
from the endo/lysosomal vesicles and resulting in disperse cyto
solic staining as demonstrated with the lysosomal disrupting agent 
i-Leucine- L-Leucinemethyl ester (LLME) [61] (Fig. 5A).

B 150

>, 100 -

Amount of CTAB per mg of
PLGA (zeta potential)

Fig. 3. Effect on amount of either CTAB or DMAB cationic surfactant coated on the NP on HeLa cell viability after 72 h using MTT assay (n = 5, error bars represent standard 
deviation).
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Fig. 5. (A). Combination of fluorescent and phase contrast or fluorescent only microscopy images of HeLa cells incubated with calcein. 1, 2: control; 3,4 cells treated with LLME; 5.6 
cells treated with anionic NP; and 7, 8 cells treated with cationic NP. Scale bar = 1 mm (B). Further magnified fluorescent microscopy images of HeLa cells incubated with calcein. 9; 
cells treated with anionic NP; 10: cells treated with cationic DMAB coated NP. Scale bar = 100 pm (C). Percentage of total cells showing cytosolic distribution of calcein due to 
disruption of endo/lysosomal membranes. 500 cells were sampled for each experiment. * (p < 0.05).

In Fig. 5 the majority of cells incubated with calcein alone 
(Fig. 5A, panels 1 and 2), and cells incubated with anionic NP in 
combination with the calcein dye (Fig. 5A, panels 5 and 6) displayed 
punctuate staining, indicative of its distribution in endocytic vesi
cles and highlighting their integrity (Fig. 5B panel 9). Conversely, 
incubation of the cell lines with cationic NP coated with the 
selected ratio of DMAB (1.4 pg mg-1 PLGA), produced a markedly 
higher proportion of the cells eliciting broad cytosolic calcein 
distribution, similar to the effects elicited by LLME (Fig. 5A, panels 
3, 4 and 7, 8; Fig. 5C). This shows the ability of cationic NP to 
destabilise endosomal membranes, thereby redistributing the cal
cein dye into the cytosol (Fig. 5C).

Further examination of the ability of the DMAB coated NP to 
escape endosomal compartments was carried out by comparing the 
sub-cellular localisation of anionic and DMAB coated NP using 
a lysosomal tracking dye (LysoTracker® Red, Invitrogen) in RAW 
264.7 (Fig. 6). When incubated with non-coated anionic NP, 
a strong colocalisation pattern (yellow fluorescence) indicative of 
NP accumulation within late endosomes/lysosomes was observed 
(Fig. 6, panels A and C). Conversely, in the presence of the cationic 
DMAB coated NP, the colocalisation was reduced and there was an 
increase in green fluorescence (NP) within the cell cytoplasm 
(Fig. 6, panels B and D) indicative of endosomal escape.

Finally, HeLa cells incubated with the NP formulations were 
analysed by transmission electron microscopy (TEM). TEM analysis 
facilitates the direct detection and visualisation of NP in prepared 
sections and has previously been employed in the study of sub- 
cellular localisation of NP [60], As can be seen in Fig. 7, distinct

differences in the distribution of the anionic and cationic particles 
were observed. Anionic NP were detected inside submicron vesicle 
structures, indicative of endosomal/lysosomal lumens (Fig. 7A and 
B), whereas a large majority of cationic DMAB coated NP were 
identified inside the cytosol (Fig. 7C and D).

Collectively, these data suggest that the alteration of the NP zeta 
potential to a cationic state result in their ability to evade the 
endosomal/lysosomal lumen and localise in the cytosol as a result 
of membrane destabilisation. On the basis of these findings, the 
ability to exploit the cationic NP cytosolic localisation was pursued 
for DNA delivery to these cell lines.

3.6. Transfection studies with DMAB coated NP

NP transfection efficiencies were assessed by exploitation of the 
green fluorescent protein (GFP) reporter gene in the pSUPER-GFP 
plasmid. RAW 264.7 and HeLa cells were incubated for 3 h with 
the NP formulations and the GFP positivity was observed by fluo
rescence microscopy. RAW 264.7 cells untreated or incubated with 
un-encapsulated DNA produced no GFP expression as anticipated 
(Fig. 8A, panels 1 and 2). The incubation of PLGA-only NP DNA 
formulations resulted in GFP expression in a small number of cells 
(Fig. 8A, panel 3) as previously reported in ref. [62]. Conversely, 
DNA encapsulated in the cationic DMAB coated PLGA NP (Fig. 8A, 
panel 4) resulted in a significant increase in GFP-positive cells 
(quantitatively shown in Fig. 8B) (approximately 20% transfection 
efficiency; p < 0.01). This is indicative of their improved ability to 
protect the plasmid DNA and deliver it into the cytosol, where it can
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Fig. 6. Fluorescent confocal microscope image of cross-sections of RAW 264.7. Cells were co-incubated with lysosomal tracking dye (LysoTracker® Red, appeared in red) and 
coumarin-6 loaded NP (appeared in green). (A) cells treated with anionic NP (B) cells treated with cationic NP. After incubation cells were fixed and counterstained with TOPRO 3 to 
stain the cell nuclei (appeared in blue). Colocalisation pattern in panel A (yellow fluorescence) are indicated by white arrows while green fluorescence of NP within the cell 
cytoplasm are indicated by blue arrows in panel B.
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Fig. 7. Transmission electron microscope image of cross-sections of HeLa cells treated with anionic NP (A and B) or cationic DMAB coated NP (C and D).
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B

Fig. 8. (A). Combination of fluorescent and phase contrast microscopy pictures of transformed macrophage RAW 264.7.1: control; 2; transformation with plasmid DNA alone; 3; 
transformation with plasmid DNA encapsulated anionic NP; 4; transformation with plasmid DNA encapsulated cationic NP. Scale bar = 50 pm (B). quantitative analysis of cells 
showing GFP expression using 4 fields of view were sampled for each condition (n = 3 error bars represents standard deviation) * (p < 0.01).

then translocate to the nucleus of the treated cells. Although the 
transfection percentages are relatively low, these efficiencies could 
be compared to lipofectamine (10%, data not shown) and other 
commercial cationic liposomal delivery systems routinely used for 
DNA transfection [63]. However, the transfection rates that have 
been observed here are a result of introducing approximately the 
equivalent of 3-5 ng of DNA per 5 x 105 cells, compared to 1 -5 mg 
generally employed with cationic liposomal reagents. It may be 
possible to increase these transfection rates through optimisation 
of DNA entrapment by introduction of co-polymers such as poly-i- 
lysine into the DMAB coated particles, thus providing particles with 
improved DNA entrapment efficiencies. Furthermore, as targeting 
and uptake of PLGA NP through antibody conjugation can improve 
cellular uptake [64,65], this may represent another strategy to 
further increase these transfection efficiencies.

4. Conclusion

In summary, the application of a salting out and emulsion- 
evaporation process has successfully resulted in the formulation of 
240 nm DNA-loaded NP. The introduction of a cationic surfactant 
(DMAB) has facilitated the endosomal escape of endocytosed NP, 
thus preventing premature degradation of the transfected DNA. 
This effect was exemplified by the observation of improved trans
fection efficiencies over anionic NP carrying a reporter plasmid. 
These DNA delivery modalities require approximately 1000-fold 
less DNA than cationic liposomal delivery agents to achieve 
comparable transfection efficiencies and given that PLGA NP are 
easily targeted to specific cell types by surface conjugation of 
antibodies, sugars or peptides, these NP represent potential new 
non-viral gene therapy vectors.

Appendix

Figures with essential colour discrimination. Certain figures in 
this article, in particular Figs. 5 and 8, have parts that are difficult to 
interpret in black and white. The full colour images can be found in 
the on-line version, at doi:10.1016/j.biomaterials.2010.01.143.
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