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Abstract
There continues to be a need for an affordable and stable formulation of amphotericin B 

(AmB) to treat visceral leishmaniasis which is prevalent in resource limited regions of the 

world. A new formulation must also be as safe and effective as current formulations. AmB 

is a poorly soluble polyene antibiotic that is toxic. Although the deoxycholate formulation 

of AmB (Fungizone®) is used in the treatment of visceral leishmaniasis, the liposomal 

formulation of AmB (AmBisome®) is a more effective formulation. AmBisome® is a safe 

medicine, but is limited by its high cost and the need for a cold chain.

The research described in this thesis is focused on the development of a stable, non

toxic and non-covalently associated polymer complex of AmB. A water-soluble polymer 

was utilised to solubilise the AmB with the aim to minimise the toxicity of AmB. Since a 

polymer is used rather than lipids, such a formulation has the potential to be more stable 

and cost effective. Three polymers were investigated: poly(methacrylie acid), poly(vinyl 

vinylpyrrolindone-co-methacrylic acid) and poly(a-glutamic acid) (PGA).

The main focus was the development of an AmB-PGA complex. PGA is a biocom

patible and biodegradable polymer that has been administered in humans and shown to be 

safe. Water soluble non-covalent complexes with AmB loadings in the range of 20.0-50.0% 

were prepared and characterised. The AmB-PGA complex displayed lower toxicity 

compared to Fungizone® towards human mammalian cells (red blood cells, KB and THP-1 

cells). The AmB-PGA complex can be reproducibly prepared and is stable. The aggregation 

of AmB within the complex appears to be very similar to that for AmB in AmBisome®. 

The AmB-PGA complex is as active in vitro against intracellular Leishmania donovani 

amastigotes as Fungizone® and the complex is as active as AmBisome® in the established 

BALB/c mice model of acute visceral leishmaniasis. The AmB-PGA complex has the 

potential to be developed into a safe, stable, lipid free and cost effective formulation of 

AmB for the treatment of visceral leishmaniasis.
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Chapter 1 
General introduction

1.1 Parenteral drug delivery
The main parenteral routes for drug administration are intravenous route, intramuscular 

route and subcutaneous route. These routes are used clinically for administering drugs 

which cannot be given by oral route due to poor absorption, liability to degradation in 

gastrointestinal tract and need for immediate drug effect (intravenous administration). 

Intravenous delivery is important as it overcomes all drug absorption barriers and can 

deliver the drug directly into blood circulation (Shi et al. 2009). Intravenous administration 

is widely used in therapeutic areas such as oncology and anaesthesia.

There are specific requirements for intravenously administered formulations which 

are (1) the particle size of the dispersant should be less than 7 pm, as larger particles can 

cause pulmonary embolism, (2) formulation must be sterile and pyrogen free, (3) pH of 

solution should be 7.4, and (4) the formulation should be isotonic (Strickley 2004; Shi et al. 

2009).

Several drug delivery systems are used parenterally to (1) increase drug solubility, 

(2) reduce toxicity of the drug, (3) enhance pharmacokinetics of the drug, (4) increase the 

dose and (5) enhance the stability of the drug (Uchegbu 1999a; Uchegbu 1999b). Examples 

of these delivery systems are: ( 1 ) molecular complexes with a complexing agent e.g. 

cyclodextrin (Brewster & Loftsson 2007) and dendrimers (Dhanikula & Hildgen 2006), (2) 

polymeric micelle systems e.g. poly(ethylene glycol)-poly(L-amino acid) block copolymer 

micelle (Hamaguchi et al. 2007), (3) nanosuspensions (Kipp 2004), (4) lipid based systems 

for example cocholeates (Zarif 2002), and (5) prodrug e.g. phosphate (Ishikawa et al. 

2003), amino acid (Liu et al. 2002) and polymer prodrugs (conjugates) (Vicent 2007).

Examples of clinically used parenteral delivery systems are: (I) liposomes such as 

AmBisome® (liposomal formulation of AmB) (Adler-Moore & Proffitt 2008) and Doxi® 

(doxorubicin) (Lasic 1996), (2) polymeric particulates system e.g. poly(lactide-co- 

glycolide) (PLGA) has been used as microparticulate carrier for the delivery of peptides 

such as (luteinizing hormone releasing hormone agonist peptides; Zoladex®) (Sharma et al.

2008), (3) drug polymer conjugate e.g. Styrene maleic anhydride-neocarzinostatin 

(SMANCS) (Zinostatin®) (Maeda et al. 2009), and (4) cyclodextrin inclusion complexes 

e.g. hydroxypropyl-b-cyclodextrin complex with itraconazole (Sporanox®). Preclinical and
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marketed parenteral delivery systems for AmB will be described in detail later in this 

chapter (Section 1.3).

Polymers in parenteral drug delivery systems
Polymers that are used for parenteral drug delivery should be non-toxic, biocompatible and 

non-immunogenic (Duncan 2007). The stated preference is usually that polymers should be 

biodegradable; however the key point is that they must be completely cleared from the 

body. This can be by kidneys (renal pathway) as the intact polymer or by degradation and 

metabolic pathways. Polymers designed for parenteral use must have optimal 

pharmacokinetics and biodistribution to favour targeting the desired tissues to avoid sites of 

toxicity (Caspar & Duncan 2009). Biocompatibility is defined as the ability of a material to 

perform with a proper host response in a specific application (Williams 1989). Toxicity can 

be defined as non-specific and unwanted adverse effects that might be induced by the 

compound towards cells, organs or patient (multi-organs system). Examples of polymeric 

delivery systems that have been evaluated in clinical trials and/or have made it to the 

market are shown in Table 1, 2 and 3.

There are several advantages of using a water soluble polymer in drug delivery such 

as ( 1) improving biodistribution and pharmacokinetics of a drug for e.g. poly(ethylene 

glycol) in protein delivery (Caliceti & Veronese 2003; Jevsevar et al. 2010), (2) enhancing 

water solubility of poorly soluble drugs and reducing toxicity of the drug for example 

conjugates of paclitaxel with poly(a-glutamic acid) (Paz-Ares et al. 2008), (3) improving 

the stability of the drug (Monfardini & Veronese 1998), (4) reducing immunogenicity 

(Jevesevar et al. 2010), (5) targeting the site of action such as lysosomotropic delivery and 

specific targeting moiety e.g. copolymer of N-(2-Hydroxypropyl)methacrylamide (HPMA) 

(Duncan 2009) and, (6 ) controlling drug release e.g. stimuli responsive polymer to either 

pH (Kabanov & Okano 2003; Oh et al. 2006) or temperature change (Bawa et al. 2009; 

Heath et al. 2007).
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Table 1. Examples of polymer-drug conjugate under clinical trials (Li & Wallace 2008;
Matsumura & Kataoka 2009; Sanchis et al. 2010).

Compound Therapeutic indication Stage of development
Polvmer- drue coniueate
Poly(L-glutamic acid)- 
camptothecin (CT2106)

Colorectal, lung and ovarian 
cancers

Phase 1

Poly(L-glutamic acid)-paclitaxel 
(CT-2013)

Colorectal, lung, ovarian, 
breast and esophageal 
cancers

Phase 111

HPMA-doxorubicin
(PKl)

Lung and breast cancers Phase 11

HPMA-camptothecin
(PNU166148)

Solid tumours Phase 1 
(discontinued)

HPMA-paclitaxel 
(PNU166945)

Solid tumours Phase 1 
(discontinued)

HPMA -doxorubicin- 
galactosamine (PK2)

Hepatocellular carcinoma Phase 1/11

HPMA-platinate
(AP5346)

Ovarian, melanoma and 
colorectal cancers

Phase 1

PEG-camptothecin
(Pegamotecan)

Solid tumours Phase 1 
(discontinued)

Cyclodextrin based polymer- 
camptothecin (IT -101)

Solid tumours Phase 1

Carboxymethyldextran-exatecan
(DE-310)

Solid tumours Phase 1

Poly( 1 -hydroxymethyl 
ethylenehydroxymethylformal)- 
camptothecin (XMT -1001)

Polymeric micelles

Advanced solid tumours Phase 1 
(ongoing)

PEG-poly(aspartic acid) 
copolymer micelle-Doxorubicin 
(NK911)

Pancreatic cancer Phase 11

PEG-polyaspartate copolymer- 
paclitaxel (NK105)

Solid tumours Phase 11
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Table 2. Examples of polymer-drug conjugate on the market (Duncan 2009).
Compound Product name Therapeutic indication

Polvmer-proteins coniueate
Styrene maleic anhydride- 
neocarzinostatin (SMANCS)

Zinostatin -Stimalmer® Hepatocellular carcinoma

PEG-adenosine deaminase 

PEG-asparaginase

Adagen®

Oncaapar®

Severe combined
immunodeficiency
syndrome
Acute lymphatic leukaemia

PEG-Interferon alpha 2b PEGIntron® Hepatitis C

PEG-Interferon alpha 2a PEGSYS® Hepatitis C

PEG-Human granulocyte colony 
stimulating factor

Neulasta® Chemotherapy induce 
neutropenia

PEG- anti-TNF Fab Cimzia® Crohns disease, arthritis

PEG-Human growth hormone 
antagonist

Somavert® Acromegaly

PEG-aptamer (selective growth 
factor antagonist)

Macugen® Age related muscular 
degeneration

Polymeric drues and séquestrants
Copolymer of L-gluamic acid, L- 
alanine and L-tyrosine

Copaxone® Muscular sclerosis

Phosphate binding polymer Renagel® End stage renal failure

Cholestrol binding polymer 

Polymeric particles

Welchol® Type-2 diabetes; elevated 
low density 
lipoproteins(LDL)

Albumin-paclitaxel Abraxane® Breast cancer

Table 3. Examples of cyclodextrin based intravenous formulations in the market (Shi et al. 
2009).

Drug Cyclodextrin Trade name
Alprostadil a-Cyclodextrin Caveiject®

Itraconazole Hydroxypropyl-p-cyclodextrin Sporanox®

Mitomycin Hydroxypropyl-(3-cyclodextrin Mitozytrex®

Tc-99 Teboroxine Hydroxypropyl-y-cyclodextrin Cardio Tec®

Voriconazole Heptasulfobutyl ether p-cyclodextrin Vfend®

Ziperasidone Heptasulfobutyl ether p-cyclodextrin Zeldox®
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Lysosomotropic drug delivery is defined as selective uptake of substances by the 

lysosome (Duve et al. 1974). Physiologically soluble macromolecules are taken up into 

cells by endocytosis (Mellman 1996) and are then thought to be trafficked through the 

endosomal pathway to the lysosomes. This provides the virtue of targeting intracellular 

pathogen such as Leishmania parasite residing inside the macrophages. The main 

limitations of this type of drug delivery are overloading of the lysosomes and the 

consequent lysosomal rupture (Duve et al. 1974). An example of polymer used for 

lysosomotropic delivery is HPMA copolymer which has been preclinically used to deliver 

antileishmanial agents such as AmB (Nicoletti et al. 2009) and 8 -aminoquinoline (Nan et 

al. 2004).

Limitations of use o f polymers in drug delivery
The choice of the right molecular weight of the polymer is crucial as the polymer molecular 

weight affects its renal clearance (Yamaoka et al. 1994). The rate and mechanism of renal 

clearance of the polymers depends mainly on their molecular weight. Polymers with 

molecular weight below the renal threshold are cleared quickly from the blood and being 

eliminated from the body mainly via the renal system (Kabanov & Okano 2003). The 

threshold for renal filtration of water soluble polymers is in the range of 30.0 to 50.0 kDa 

depending on the polymer conformation, flexibility and shape (Duncan 2003; Fox et al.

2009). Polymers with molecular weight less than 25 kDa can be cleared via the kidney 

(Hespe et al. 1977). Random coil polymers having molecular weight higher than 40 kDa 

cannot often be excreted through the renal system (Goddard et al. 1991). The clearance 

limit of intravenously administered hyaluronic acid is 25 kDa (Fraser et al. 1981). Similar 

values of the upper limits for renal clearance were observed with HPMA copolymers which 

were cleared from the blood depending on their molecular weight (Kissel et al. 2001).

Polymers with molecular weight exceeding the renal threshold will not be cleared 

through the renal system but by extravasation into tissues (Hoste et al. 2000; Kissel et al. 

2001; Mitra et al. 1993). Furthermore, the charge of the polymer affects its renal clearance. 

Anionic macromolecules are found to be cleared more slowly than neutral or positive ones 

by renal ultrafiltration due to low permeability of the glomerular capillary wall to anionic 

macromolecules e.g. dextran (Takakura et al. 1990). All the polymers which are intended to 

be used parentally should either have a molecular weight below the renal threshold. If they 

have a higher molecular weight then they should be biodegradable.
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Some polymers elicit a biological activity when administered into the body. 

Parenteral administration of polyanionic polymer into a mammal can induce several 

activities: (1) antiviral (DE Somer et al. 1968), (2) anticoagulant (Ricketts .R.C 1952), (3) 

mitogenic activity (Dorries et al. 1975), (4) adjuvant (Bradfield et al. 1974), (5) reduce liver 

phagocytic activity (Bradfield et al. 1974) (6 ) induce lymphocytosis (Ross et al. 1975). The 

activity and toxicity of synthetic polyanionic polymers depends mainly on their structure 

and molecular weight (Raphael 1991).Copolymers of maleic anhydride and divinylether 

(pyran) have been found to induce release of interferon, antiviral activity, antitumor, 

anti fun gal and antibacterial activity (Breslow 1976). These copolymer activate 

reticuloendothelial system (RES) at molecular weight <15 kDa and suppress it at higher 

molecular weight, and also toxicity to liver was found with use of high molecular weight 

and too broad distribution of the copolymer.

1.2 Drug delivery for neglected diseases
Neglected diseases are group of tropical infections that are endemic in low income areas in 

Africa, Asia and America. There are caused by 13 parasitic and bacterial infections which 

are helminth infections, lymphatic filariasis, onchocerciasis, schistomiasis, chagas disease, 

dracunculiasis, buruli ulcer, trypansomiasis, leishmaniasis, leprosy and trachoma (Hotez et 

al. 2007). These diseases have crucial health and economic effect on poor population in 

Africa, Asia and Latin America causing 534000 deaths annually (Alvar et al. 2006; Hotez 

et al. 2007). Leishmaniasis is one of the neglected diseases. The main drawbacks of 

antileishmanial agents are poor selectivity and/or drugs that must be administered 

repeatedly or in high doses by the parenteral route (Davidson 1998). These factors result in 

toxicity and poor patient compliance (Sundar et al. 2004). There is an urgent need for drug 

delivery systems to overcome the problem of toxicity and to improve the efficacy of the 

therapy. Furthermore, the cost of new delivery systems should be affordable for people in 

the developing countries.

Leishmaniasis
Leishmaniasis is a parasitic disease complex with various manifestations. The causative 

parasites are Kinetoplastid flagellates (Family Trypansomatidae) (Stuart et al. 2008). It is 

transmitted by female sandflies (Phlebotomine species). There are more than 17 species of 

Leishmania parasites which can cause human infection.
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There are two main clinical forms of leishmaniasis, visceral (kalazar) and cutaneous 

(ulcerative skin lesions), as well as less common manifestations for example 

mucocutaneous leishmaniasis (destructive mucosal inflammation) (Croft & Coombs 2003). 

There are two type of visceral leishmaniasis (VL) according to the process of transmission 

of the infection (Quinnell & Courtenay 2009): (1) the anthroponotic form is transmitted 

from human to human via infectious sandfly bites (Ldonovani mainly in India and Eastern 

Africa), and (2) the zoonotic form which is transmitted from animal to human via infectious 

sandfly bites fed on infected dogs (caused by Leishmania infantum and Leishmania chagasi 

mainly in the Mediterranean basin, the Middle East, Central Asia and South America) 

(Chappuis et al. 2007). Transmission of cutaneous leishmaniasis (CL) is either zoonotic or 

anthroponotic depending on whether human are the main reservoir (Reithinger et al. 2007).

Leishmaniasis is prevalent in 47 countries in tropical and subtropical regions across 

the world (Figure 1). It is estimated that 500,000 cases of visceral leishmaniasis are 

reported every year and more than 50,000 deaths (Desjeux 2004). Most of these cases 

(90%) occur in India, Bangladesh, Nepal, Sudan, Brazil and Ethiopia (Chappuis et al. 

2007; Desjeux 1992) and 60% in the Indian subcontinent alone (Desjeux 1992). VL is 

endemic in many developing countries and in the poorest areas for example Bihar state in 

India (Guerin et al. 2002), Nepal and Bangladesh where the disease is related to poverty 

and overcrowded agricultural villages (Bern et al. 2008). Cutaneous leishmaniasis is 

endemic in more than 70 countries, 90% of cases occur in Syria, Saudi Arabia, Pakistan, 

Algeria, Afghanistan, Peru, and Brazil (Desjeux 2004).

The second largest number of VL cases occurs in Eastern Africa (Sudan, Ethiopia, 

Kenya, Uganda and Somalia) (Bern et al. 2008). It is endemic in East Africa especially in 

Sudan with high rate of mortality due to malnutrition and inaccessible healthcare (Cerf et 

al. 1987; Ritmeijer and Davidson 2003; Seaman et al. 1996). In mortality surveys obtained 

from 1980-1990s in the western upper province of Sudan, 100,000 deaths were found to be 

caused by VL (Bern et al. 2008; Zijlstra & el-Hassan 2001). The co-infection of 

leishmaniasis with HIV is resulting in an increase of mortality and morbidity worldwide 

(Ezra et al. 2010).
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Figure 1. Geographical distribution of Leishmaniasis (Davies et al. 2003). Endemic areas 
are shown as red regions.

Leishmaniasis is classified generally as a New World disease when the infection 

occurs in Americas and an Old World disease when infection occurs in Africa, the Middle 

East or Europe. Different Leishmania strains are responsible for the infection in these areas. 

The geographical distribution is shown in Table 4.

Table 4. Geographical distribution of the main species of Leishmania parasite (Lee &

Syndrome Parasite strain Geographical distribution

L.donovani India, East Africa, China, Nepal

Visceral
L. chagasi

and Pakistan

leishmaniasis Latin America

L. major Asia, Middle East and northern
Cutaneous Africa

leishmaniasis L. tropica Middle East, India, Pakistan and 
Asia

L  mexicana, L. braziliensis Central and south America

L.aethiopica Ethiopia and Kenya

Mucocutaneous
leishmaniasis

L. braziliensis Central and south America

Clinical manifestations
Visceral leishmaniasis (VL) is caused primarily by L.donovani in India and East Africa 

(Guerin et al. 2002). It can lead to death if untreated resulting from opportunistic infections 

which cause pneumonia and diarrhoea (Croft & Coombs 2003). Clinical symptoms of VL 

are fever, weight loss, anaemia, abdominal pain, depression of the immune system and 

enlargement of liver and spleen. The clinical manifestation of VL can take up to 4 to 6
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months to appear. The disease is localised mainly in spleen and liver macrophages, in 

addition to macrophages of bone marrow and lymph nodes (Chappuis et al. 2007).

Cutaneous leishmaniasis (CL) is caused by many Leishmania species for example 

L.major and L.mexicana in most areas. The disease is localised at the site of infection in 

dermal macrophages with probability of development of infection in bone marrow and 

lymphatic tissue (Romero et al. 2001). Cutaneous lesions are characterised by formation of 

nodules which might undergo ulceration (Berman 1997). These lesions can self heal in 

period of 3 to 18 months depending upon patient immunity status and parasite species. 

Formation of disfiguring scar after recovery is common (Reithinger et al. 2007). 

Mucocutaneous leishmaniasis (MCL) and diffuse cutaneous leishmaniasis (DCL) are a 

complex form of CL (Reithinger et al. 2007).

Life cycle
The life cycle of the parasite occurs in two hosts, insect (sandfly) and the mammalian host 

(Bates 1994; Bates 2007) (Figure 2). In the insect, the parasite is found as a uniflagellated 

form referred to as promastigote stage. A rounded non motile form of the parasite is present 

in mammalian host, the amastigote stage (Alexander et al. 1999). Transmission occurs 

when the sandfly feeding on a mammal's blood injects promastigotes into the host skin. 

Promastigotes are taken up by host neutrophils by phagocytosis (Laskay et al. 2008). 

Phagocytosis is the process of engulfment of any foreign material by the macrophages 

(Rittig & Bogdan 2000). The infected neutrophils become apoptotic after 48 h post 

infection (Laskay et al. 2008). The host Monocytes and macrophages migrate to site of 

infection and ingest infected apoptotic neutrophils via phagocytosis. Phagocytosis of 

apoptotic neutrophils leads to silencing of the macrophage functions and entry of parasite in 

to the macrophages (Laskay et al. 2008).

Inside the macrophages, the promastigotes undergo transformation into rounded non 

motile amastigotes. Amastigotes reside inside the macrophages phagolysosomes and 

multiply by binary fission. An increase in the density of the dividing amastigotes can lead 

to rupture of the macrophage with subsequent release of amastigotes which can further 

invade other macrophages and infect the entire mononuclear phagocyte system (MPS) 

(Rittig & Bogdan 2000).

Infected mammals act as a reservoir for the parasite as amastigotes are taken up by 

sandflies during feeding on a mammal's blood. Amastigotes are transformed into
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promastigotes in the insect midgut. The promastigotes then attach to the insect gut wall by 

their flagellum where they become infective as they transform into non dividing infective 

stage in the foregut which then can be injected into mammalian host (Bates 2007). The 

stage of promastigotes in which can become infective to mammaTs is called metacyclic 

stage. Metacyclic promastigotes are small (5-8 pm) and narrow. These metacyclic 

promastigotes are attached in the lumen of anterior midgut and/or foregut of the sandfly 

(Bates 1994), and deposit in the skin of mammalian host when the sandfly take another 

blood meal leading to the transmission of the disease (Bates 2007).

Sandfly Stages

I SandSy take» a blood meal
(injaet» prome«tn>o«* »t«g»

into the »tun)

A  Divide in mtdgut and 
^  migrate to proboaci»

Human Stages

A  Promastigotes are 
phsgocytized by 
macrophage»

Ingeition of
paraiitizcd cell

Promastigotes transform 
mto amastigotes mside 
macrophages ^

O Amastigotes transtorm into 
promastigote stage m midgut

Amastigotes multiply in cells 
(including macrophages) of 
vanous tissues

A « infective Stage 
A s Diagnostic Stage

A  Sandfly takes a  blood meal

Figure 2. Life cycle of Leishmania parasite (http://www.dpd.cdc.gov/dpdx).

Immune response
In both CL and VL infections, the process of responding to the infection depends on the 

immune system. When macrophages are activated they kill the parasites by an increased 

level of reactive oxygen metabolites and nitric oxide. This activation is a cell mediated 

immune response which involves release of IL12 and y-INF by the macrophages, 

stimulation of T helper lymphocytes (Th 1) and release of cytokines ( IL-12 and interferon) 

(Solbach & Laskay T 2000). Activation of Th 1 will to healing due to activation of 

macrophages by y-INF which induces release of nitric oxide induced synthase. This leads to 

production of reactive nitric oxide and killing of the parasite (Tripathi et al. 2007). The

34

http://www.dpd.cdc.gov/dpdx


clinical manifestation of disease symptoms depend on the nutrient and immune status of 

the patient (Gradoni & Gramiccia 1994).The immune response might affect the efficiency 

of chemotherapeutic agents by activation of T- helper lymphocytes (Th 2) which inhibits 

cell mediated immune response by release of cytokines (IL-4, IL-10 and IL-13). IL-10 is a 

potent suppressor of macrophage antimicrobial function and induces the release arginase by 

the macrophages. Arginase converts arginine into ornithine which is used for synthesis of 

polyamines that is important for parasite growth and survival (Wanaseen & Soong 2008). 

Activation of T-lymphocyte (Th 2) will lead to progression of the disease while activation 

o f T-lymphocyte (Thl) will protect against reinfection (Tripathi et al. 2007).

Chemotherapy

Target
The parasite targeted by chemotherapy when it exists as the intracellular amastigotes which 

is the clinically relevant stage. These amastigotes are present inside the macrophage in a 

specific cell compartment called the phagolysosome which has an internal pH of 4.5- 5.0 

(Zilberstein 1993). The acidic and hydrolytic environment of the lysosome leads to 

degradation of macromolecules such as proteins and RNA to a lower molecular weight 

derivatives (amino acids, nucleoside and phosphate) which are important for parasite 

nutrition (Burchmore & Barrett 2001). The properties of chemotherapeutic agents which 

determine their uptake by phagolysosome are molecular weight, pKa, lipophilicity and 

transporters. Efficient drugs should be able to cross phagosomal membrane and be taken up 

by the amastigotes (Croft & Yardley 2002).

Chemotherapeutic agent
The standard treatments for leishmaniasis are pentavalent antimonials (Sb^) and 

amphotericin B (AmB). These drugs are toxic, costly and require repeated administration. 

The current therapeutic dose of Sb^ for treatment of CL is 20 mg/kg per day for 20 to 28 

days (Berman 1997; Reithinger et al. 2007). The recommended dose of Sb^ for VL is 20 

mg/kg/day for 28-30 days (Chappuis et al. 2007; Herwaldt & Berman 1992). It can be 

administered intramuscularly (which is painful due to irritation and administration of large 

volume) or intravenously which is less painful but impractical when treating large numbers 

of patients. A list of drugs used for the treatment of leishmaniasis is shown in Table 5. All 

the mentioned drugs are administered parenterally except miltefosine (oral administration).
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Table 5. Chemotherapeutic agents for the treatment o f visceral leishmaniasis.
Drug Chemical nature Mode of action Drawbacks

Pentavalent 
antimony compounds 
(sodium
stiboglucanate SbV, 
SSG, meglumine 
antimonite)

Derivatives of stibonic 
acid (Alvar et al. 2006)

1. Affects the metabolism of glutathione and trypanothione 
(Wyllie et al. 2004)

2. Killing the parasite by process of apoptosis through 
DNA fragmentation (Sereno et al. 2001; Sudhandiran & 
Shaha 2003)

Incidences of resistance to SSG 
have emerged in Bihar state 
(India)and toxicity (Sundar et al. 
2000)

Miltefosine Alkylphosphocholine 
(Croft et al. 1987)

1 .Affect ether lipid metabolism, cellular signal 
transduction (Lux et al. 1996).

2. Induction of apoptosis (Navin & Chinmoy 2004).

Tetratogenecity and the risk of 
emergence o f resistance 
(Bhattacharya et al. 2007; 
Bryceson 2001; Sundar & Olliaro 
2007)

Paromomycin Aminoglycoside 1. Interaction with Leishmania ribosome. Aminoglycoside toxicity
(Aminosidine) antibiotic

(Chunge et al. 1990)
2.Induction of respiratory dysfunction by affecting cell 
metabolism (Davidson et al. 2009).

(ototoxicity)

Pentamidine Aromatic diamidine 
(Croft & Yardley 
2002)

Inhibition of arginine transport and its effect on polyamine 
biosynthesis (Bray et al. 2003)

1.Toxicity; diabetes, 
nephrotoxicity, and tachycardia 
(Soto et al. 1994).

2. Emergence of resistant strains 
in India.

Amphotericin B Polyene antibiotic 
(Gold et al. 1956)

Will be discussed in section 1.3 Infusion related toxicity and 
nephrotoxicity

36



Strategy o f drug delivery to the macrophages
The location of the parasite inside the phagolysosome of the resident macrophages in 

different anatomical sites in the body presents a critical barrier for antileishmanial drugs to 

overcome (Romero & Morilla 2008). There is an urgent need to develop selective drug 

formulation for macrophages that will minimise undesirable systemic side effects. Upon 

systemic administration of the drug only a small amount of the drug typically reaches the 

macrophages (Ahsan et al. 2002). The main challenge in drug delivery of antileishmanial 

drugs is to control the distribution of the drug to the target macrophages and to minimise 

the interaction of the drug with non-target tissues after its systemic administration (Gupta & 

Vyas 2007). The pharmacokinetic and biodistribution of a drug is affected by type of 

delivery system.

Colloidal drug carriers such as vesicular systems (liposomes and niosomes), and 

particulate carriers (microparticles, nanoparticles, nanospheres and microspheres) have a 

crucial effect on the biodistribution of the drug (Gupta et al. 2010). These colloidal carriers 

can be used for passive targeting to the macrophages since they can be taken up by the 

mononuclear phagocyte system (MPS) in the liver and spleen via phagocytosis (Figure 3) 

(Ahsan et al. 2002). Particulate drug carriers are recognised by phagocytic cells of the MPS 

as exogenous particle in intact form or opsonised form. Both colloidal carriers and the 

Leishmania parasite are taken by the macrophages. This makes colloidal carriers potentially 

ideal delivery system for antileishmanial agents (Figure 3). Examples of drug delivery 

systems preclinically used for passive targeting of the macrophages are: ( 1 ) liposomes for 

example liposomal formulation of antimony (Frezard et al. 2009), (2) drug polymer 

conjugate for example N-(2-hydroxypropyl) methacrylamide (HPMA) were used in form of 

conjugates to deliver AmB (Nicoletti et al. 2009) and (3) nanoparticles for example 

pentamidine loaded in poly(D,L-lactide) nanoparticles (Durand et al. 1997) and 

primaquine-polyalkylcyanoacrylate nanaoparticles (Gaspar et al. 1992).
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Figure 3. Schematic representation o f passive targeting o f drug encapsulated carrier to the 
macrophages (Gupta et al. 2010).

Another strategy for delivering a drug to the macrophages is by active targeting of 

the delivery system by inclusion o f specific macrophage receptor ligands (Figure 4). 

Macrophages have various surface receptors such as Fc receptors, complement, fibronectin 

lipoprotein, and mannosyl and galactosyl receptors. These receptors are responsible for 

controlling macrophage activities such as activation, recognition, endocytosis and secretion 

(Ahsan et al. 2002).

Many attempts have been made to target macrophages using liposomes (Basu & 

Lala 2004). These includes: (1) mannose grafted liposomes which target mannose receptor 

in the Kupffer cells (Banerjee et al. 1996; Irache et al. 2008; Veerareddy et al. 2009). An 

example is the delivery o f pentamidine in mannose grafted liposome which displayed very 

high in vivo activity against experimental leishmaniasis (Banerjee et al. 1996). (2) Tuftsin 

bearing liposome capable o f binding and activating macrophages to kill intracellular 

pathogens (Gupta & Haq 2005) were used to encapsulate AmB (Agrawal et al. 2002) and 

sodium stiboglucanate (Guru et al. 1989). These liposomes showed high activity against 

experimental visceral leishmaniasis. (3) Immunoliposomes (liposome grafted with antibody 

IgG) were reported to cause higher clearance o f L.donovani amastigotes from the 

macrophages than liposome free IgG (Dasgupta et al. 2000). All these techniques have not 

reached the clinic because o f difficulties in scaling up and high cost (W agner et al. 2002).
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Figure 4. Schematic representation o f active targeting o f drug encapsulated carrier to the 
macrophages (Gupta et al. 2010).

Polymers can be used for lysosomotropic drug delivery and can passively deliver 

drug into the macrophages. They can also be modified by attachment o f a ligand for 

specific targeting o f the macrophages for example grafting the polymer with a mannose 

moiety has been shown to target drug-polymer conjugates to the macrophages via their 

mannose receptor (Nan et al. 2004). A polymer drug conjugate is defined as attachment of 

the drug to a polymer via a covalent bond. The linker can be specifically cleaved by 

lysosomal enzymes or by hydrolysis. Polymers grafted with mannose moiety for example 

N-(2-hydroxypropyl) methacrylamide (HPMA) were used in form o f conjugates to deliver 

amphotericin B (Nicoletti et al. 2009) and 8-aminoquinoline (Nan et al. 2004). HPMA was 

grafted with mannose to facilitate its interaction with the mannose receptor in the 

macrophages in a similar way as Leishmania parasite interact with the mannose receptor to 

get internalised inside the macrophages (Green et al. 1994). Therefore, these conjugates 

become internalised via mannose dependent receptor mediated endocytosis and can 

completely destroy the parasite inside the macrophages (Nan et al. 2004). There was no 

significant difference between the non-mannosylated and mannosylated conjugate in their 

observed in vivo antileishmanial activity in BALB/c mice infected with L.donovani. This 

was partially explained by the presence of conformational hindrance that prevent 

interaction o f the polymer bound mannose with the mannose receptor (Nicoletti et al.

2009).
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1.3 Amphotericin B (AmB)
Amphotericin B (AmB) is a polyene antibiotic that was first isolated from Streptomyces 

nodosus in 1955 (Gold et al. 1956). It is the gold standard for treatment of disseminated life 

threatening systemic fungal infections such as Candida albicans, Histoplasma capsulatum, 

and Aspergillos niger infections (Michael 2006; Moen et al. 2009). AmB is used for the 

treatment of invasive fungal infections in immunodeficient patients (HIV and immune- 

suppressive therapy recipients) (Gallis et al. 1990). It has been a first line treatment for 

antifungal infections since the 1960s because of its broad spectrum activity and no 

incidence of mycological resistance (Rex et al. 2001; Tumbarello et al. 1996).

The antileishmanial activity of AmB was discovered in the 1960s (McMill 1960). 

AmB is currently recommended as a first line for treatment of VL (especially in immune- 

competent and immunodepressed patients) in Europe and the United States (Sundar & 

Chakravarty 2010). It has recently being considered as first line therapy in India, Nepal, 

Africa and Brazil for the treatment of VL due to the incidence of resistance to antimonials 

(Sundar & Chakravarty 2010; WHO 2005). Resistance to AmB in eukaryotic 

microorganisms has been rarely reported (Espuelas et al. 2000; Ghannoum & Rice 1999).

Physicochemical properties o f AmB
AmB is an amphiphilic drug as it consists of hydrophobic part (long chain double bond) 

and a hydrophilic part (hydroxyl groups) (Figure 5). It is an amphoteric molecule as it 

contains both a carboxylic acid group and a basic amino group in the mycosaminyl moiety. 

The mycosaminyl moiety is the amino glycoside group in AmB (Figure 5). At neutral pH, 

AmB is zwitterionic with an ionised carboxyl ic group and protonated amino group. It has 

two pKa values of 5.7 and 10.0 due to presence of amino group and carboxyl ic group 

(Gupta et al. 2007b). It has a molecular weight of 924 Da. AmB decomposes at temperature 

greater than 170°C. As described in the British Pharmacopiea, AmB is yellow to orange 

powder with no odour or taste.
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Figure 5. Chemical structure of Amphotericin B (AmB). The mycosaminyl group is 
outlined in red and the carboxyl ic group is outlined in blue.

Solubility and stability
AmB is poorly soluble in all aqueous solvents and in some organic solvents (Table 6 ). This 

poor solubility is due to ( 1 ) its amphiphilic and zwitterionic nature and (2 ) non symmetrical 

distribution of hydrophilic and hydrophobic regions in AmB molecule. The solubility of 

AmB in water is less than 1 mg/L in physiological pH (6-7) (0.001 mg/mL at room 

temperature) (Lavasanifer et al. 2001). The water solubility improves at acidic (pH 2) and 

basic (pH 11) conditions. Unfortunately AmB at this extremely acidic or basic pH tends to 

be unstable. The solubility of AmB in different solvents is shown in Table 6 .

Table 6 . Solubility of AmB in different solvents at pH 6-7 (Lemke et al. 2005).

Solvent Solubility (mg/L)

Water* < 1

Methanol 2 0 0 0

Ethanol 500
Chloroform 1 0 0

Petrol ether 1 0

Dimethylformamide 2

Propylene glycol 1

Ciclohexane 2 0

AmB when used in the clinic should not be reconstituted in sodium chloride (0.9%) 

as it will result in precipitation of AmB (Trissel 2010). AmB is photosensitive therefore it 

should be protected from light and stored in refrigerator (2 to 8 °C).
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Aggregation
AmB tends to self associate and to form aggregates in aqueous solution. This is due to its 

amphiphilic nature (Legrand et al. 1992). The aggregates form in water at an AmB 

concentration of 0.2 pg/mL by hydrophobic interactions between the polyene chains 

(Milhaud et al. 2002). There are essentially three forms of AmB in aqueous solution: (1) 

monomers, (2) water soluble aggregates (oligomers) (at a concentration at and above 1 pM) 

and (3) water insoluble aggregates (at a concentration at and above 10 pM) (Szoka & Tang 

1993). The physical appearance of these three AmB species is different, although all AmB 

aqueous solutions are yellow. An AmB solution composed mainly from the monomeric 

form tends to be a transparent solution, while AmB oligomers form a translucent 

dispersion. On the other hand water insoluble aggregates form an opaque suspension 

(Torrado et al. 2008).

The mechanism of AmB aggregation has been explained by several theories. AmB 

molecules forms small dimers that are stabilised by hydrophobic interactions at the 

beginning of the aggregation process (Ernst et al. 1981). The oligomeric form of AmB is 

formed by association of these dimers via ionic interactions. The water insoluble aggregates 

result from association of the oligomers. Another suggestion was five molecules of AmB 

tend to organise themselves in the form of a tube like hydrophobic pore (Barwicz et al. 

1993). These tubes like pores interact with each other in a head to head or a side by side 

manner to form a bigger aggregate. It has also been proposed that the AmB molecule 

interacts head to head to form a dimer (Caillet et al. 1995).

The aggregation of AmB depends on its concentration in solution (Legrand et al.

1992). The critical aggregation concentration of AmB in water is 0.1 pM. When the 

concentration of AmB in aqueous solution exceeds 0.1 pM, AmB molecules aggregate 

(Barwicz et al. 1992). At a concentration of AmB of 0.01 pM in aqueous phosphate buffer, 

the AmB present is in the monomeric form. As the concentration of AmB is increased 

above 1.0 pM aggregates start to form. AmB solution becomes completely aggregated at 

concentrations above 10 pM (Egito et al. 2002). AmB is present as a monomeric form in 

dimethylsulfoxide (DMSO) at concentration below 100 pM and small dimers start to form 

at 104 pM (Balakrishnan & Easwaran 1993). The nature of the solvent also affects the 

aggregation of AmB. In organic solvent such as methanol, ethanol, DMSO and DMF 

(dimethylformamide), AmB present in monomeric form (Mazerski et al. 1990).
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The aggregation of AmB can easily be determined by spectrophotometry. The 

monomeric form of AmB is characterised by a peak at 406-409 nm in absorption 

spectroscopy, while oligomers are characterised by the presence of intense single peak at 

328-340 nm. The insoluble aggregates appear as bands at 360-363 nm, 383-385 nm and 

406-420 nm (Adams & Kwon 2004; Espuelas et al. 1998; Sanchez-Brunete et al. 2004a). 

The aggregation state of AmB can be described as a relative ratio between aggregates peak 

to monomeric peak (Adams & Kwon 2004).

The AmB self-association phenomena depends on medium, excipients, temperature 

and drastic changes in pH during formulation preparation (Gaboriau et al. 1997; Saka & 

Mita 1998; Tancrede et al. 1990). Many studies concluded that the aggregation state of 

AmB has an important effect on toxicity (Barwicz et al. 1992; Bolard et al. 1991; Legrand 

et al. 1992), antimicrobial activity (Gaboriau et al. 1997; Brajtburg et al. 1994) and the 

stability of AmB (Lamy-Freund et al. 1993).

Mode o f action
The antifungal and antileishmanial activity of AmB can be attributed to several 

mechanisms (Bolard et al. 1993). Firstly, the main mechanism of antifungal and 

antileishmanial activity of AmB is alteration of cell membrane integrity. AmB interacts 

with ergosterol in the fungal cell membrane and ergosterol precursor in Leishmania 

parasites cell membrane. This interaction increases the permeability of the fungal cell or 

Leishmania parasites cells and results in leakage of its content causing its death (Brajtburg 

& Bolard 1996). AmB is thought to form two types of ion channels in the cell membrane, 

(1) non-aqueous and (2) aqueous channels. The non-aqueous channels are permeable to 

monovalent cations and less permeable to monovalent anions (Romero et al. 2009). These 

channels are formed in cholesterol-containing cell membranes and ergosterol-containing 

cell membranes at an AmB concentration of 0.5 pM and 0.05 pM respectively (Cohen 

2010).

The aqueous channels are permeable to monovalent cations and anions, calcium ion 

(Ramos et al. 1996) and non-electrolytes (glucose) (Cohen 1992). This channel is 

impermeable to sulfate ions and large cations such as choline and tetraethylamonium. The 

aqueous channels are formed in cholesterol-containing cell membranes and ergosterol- 

containing cell membrane at AmB concentration 1.6-2.0 and 0.4 pM respectively (Cohen

2010 ).
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The formation of nonaqueous and aqueous channels by AmB has been described by 

the following steps (Romero et al. 2009): (1) adsorption monomeric AmB molecules at the 

membrane interface, (2) insertion of the AmB monomers between phospholipids chains to 

form a non-aqueous channel and, (3) interaction of non-aqueous pore with sterol molecules 

to form an aqueous channel.

The effect of AmB on Leishmania promastigotes is time and concentration 

dependent. Non-lytic cation channels (non aqueous channels) are formed at an AmB 

concentration less than 0.1 pM leading to severe reduction in the cell membrane potential. 

At an AmB concentration higher than 0.1 pM aqueous channels are formed. This leads to 

cation and anion influx followed by a change in the cellular osmotic pressure with 

subsequent cell lysis (Ramos et al. 1996). The formation of aqueous channels in 

Leishmania promastigotes reaches a threshold at an AmB concentration of 0.4 pM. 

Furthermore, AmB has been found to trigger apoptosis like responses in Leishmania 

promastigotes and fungal cells (Cohen 2010). The reduction of the mitochondrial potential 

as a marker for apoptosis has been detected after addition of AmB 0.4 pM (Lee et al. 2002). 

This induction of apoptosis is caused by a direct effect of AmB on the cell membrane 

causing influx of calcium ion via formation of aqueous channel (Cohen 1998; Cohen 2010). 

The uptake of excessive calcium ion by the mitochondria in mammalian cells can cause 

opening of the permeability transition pore followed by membrane depolarisation and 

release of apoptogenic proteins in the cytosol (Bernardi & Rasola 2007).

A second mechanism is AmB can induce an increase in concentration of the active 

oxygen species which are involved in its auto-oxidation (Sokol-Anderson et al. 1986). 

These reactive species can cause lipid membrane peroxidation which increases the 

susceptibility of the cells to lysis by an increase in osmotic pressure due to leakage of ions 

(Brajtburg et al. 1985). A third mechanism of action is AmB can also cause inhibition of 

Na/K ATPase membrane enzyme due to binding of AmB to ATPase protein or disruption 

of lipid membrane (Foresti & Amati 1983). A fourth mode of action is related to activation 

of the macrophages. AmB can promote the production of superoxide anions by human 

macrophages (Wilson et al. 1991). It was found that AmB increase the phagocytic activity 

of peritoneal mouse macrophages (Wilson et al. 1991). Studies have also showed that 

AmB can induce the release of TNF-a by murine macrophages in vitro which inhibit 

C.albicans growth inside the macrophages (Vant Wout et al. 1990).
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The selectivity of AmB towards fungal cells can be explained by the differences in 

sterol membrane composition between fungal and human cells. Human cells contain 

cholesterol while fungal cells contain ergosterol (Brajtburg & Bolard 1996). The affinity of 

AmB towards cholesterol is weaker than its affinity toward ergosterol ( KAff = 1.7x10^ M'  ̂

for ergosterol and 0.2x10^ M'^ for cholesterol) (Szoka & Tang 1993). This affinity depends 

mainly upon the aggregation state of AmB. Other factors such as the level of cellular 

catalase, an enzyme involved in the peroxidation process, and the nature of membrane 

phospholipids might contribute to the selectivity of AmB towards fungal cells (Bolard et al.

1993).

Side effects and toxicity o f AmB
The problem of poor water solubility limits the clinical use of the pure AmB. A solubilising 

agent is required to prepare a parenteral formulation of AmB. The first solubilising agent 

used was sodium deoxycholate. Fungizone® is the most widely used formulation of AmB. 

It is a colloidal dispersion of AmB and an ionic surfactant called deoxycholate. This 

mixture in phosphate buffer is in a form of a micelle (Brajtburg & Bolard 1996). This 

formulation can be administered intravenously, intrathecally, intralesionally and infused 

into surgical sites. The preferred dose of AmB as Fungizone® is 1.0 mg/kg daily for 20 

days for treatment of VL given in the form of an intravenous infusion (Mishra et al. 2007). 

The need for a long period of parenteral administration is not convenient and requires 

hospitalisation. Prolonged intravenous access limits the therapeutic use of Fungizone®. 

Furthermore, patients treated by intravenous infusion of Fungizone® tend to experience 

many side effects, which sometimes require discontinuation of the treatment (Laniado- 

Laborin & Cabrales-Vargas 2009).

Fungizone® causes two types of toxicity. Firstly, infusion related toxicity (acute 

toxicity) such as fever, chills, muscle spasms, vomiting, headache and hypotension occurs 

in approximately 70% patients receiving Fungizone® (Cleary et al. 1992). These symptoms 

are generally seen 1-3 h after the start of the infusion (Aming et al. 1995). A more 

dangerous effect due to rapid infusion is hyperkalemia (Barcia 1998) which might lead to 

cardiac arrhythmias (Groot et al. 2008). Overdoses of AmB can cause severe cardiac 

toxicity in patients with pre-existing heart disease (Burke et al. 2006). Neurotoxic side 

effects such as hyperthemia, hypotension, confusion, depression, convulsions, loss of 

hearing and blurring of vision were observed after intravenous injections of AmB
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(Hoeprich 1992; Walker & Rosenblum 1992). A second toxicity is related to what is known 

as delayed toxicity (chronic toxicity) which results in damage to the kidney and liver (Khoo 

et al. 1994). The risk factors of AmB induced nephrotoxicity are high daily dose of 

Fungizone® (>35 mg/day AmB), diuretic use, body weight greater than 90 kg and male 

gender (Fisher et al. 1989; Girmenia et al. 2002). Anaemia is another side effect that occurs 

in 75% of the patients’ receiving AmB (Lanido-Laborin & Cabrales-Vegargas 2009).

Mechanism of AmB toxicity
The mechanism of AmB toxicity can be explained by: (1) the pro inflammatory effect of 

AmB and (2) the ability of AmB to interact with biological membranes. The acute toxicity 

of AmB is due to pro inflammatory cytokine production by innate immune cells (Sau et al. 

2003). AmB is a microbial agent that stimulates the immune cells via toll receptor (TLR2) 

and CD 14 (Sau et al. 2003). Toll like receptors (TLRs) are a family of mammalian cellular 

receptors (TLRI-TLRIO) in humans. Microbial agents are recognised by TLRs on the 

immune cells followed by stimulation of inflammatory cytokine release from immune cells 

through TLR dependent signal transduction (Shoham et al. 2001). Examples of ligands for 

TLR2 are gram positive bacteria and peptidoglycan. An example of ligand for TLR4 are the 

lipopolysaccharides (EPS) of gram negative bacteria and taxol (Lein & Ingalls 2002; 

Shoham et al. 2001). CD 14 is glycosylphosphatidylinositol co-receptor present on the 

immune cell which is required for optimal response to TLR2 and TLR4 agonists especially 

amphiphilic molecules (LPS) (Alexander & Rietschel 2001).

AmB induces the release of proinflammatory TNF-a and IL- 8  from the immune 

cells (Saha et al. 2007). This inflammatory effect of AmB is induced directly on blood and 

tissues cells possessing TLRs signaling molecules and it requires the expression of the 

integral lipid raft protein CD 14 (Sau et al. 2003). AmB might bind with CD 14 in similar 

way as lipopolysaccharides to allow transfer of AmB into plasma cell membrane and form 

signaling TLR complexes.

AmB might stimulate immune cells by an indirect pathway. It binds and 

intersperses with cholesterol and phospholipids in the cell membrane leading to formation 

of multimers (Carozzi et al. 2000; Paquet et al. 2002). Therefore, AmB can lead to 

aggregation of lipid raft matrices. Lipid raft is a glycolipoprotein and has cholesterol rich 

microdomains in the plasma cell membrane that contains glycosphingolipids and protein 

receptors. Modification of lipid raft composition and distribution is associated with signal

46



transduction. CD 14 is present within the lipid rafts and TLR4 (Pfeiffer et al. 2001; 

Triantafilou et al. 2002), and the TLR2 associates with lipid raft during activation. 

Therefore it is possible that AmB can stimulate multiple receptors indirectly by inducing 

lipid raft clustering (Simons & Toomre 2000), reorganisation of rafts (Carozzi et al. 2000) 

or redistribution of lipid raft proteins (Simons & Toomre 2000). Modification of the lipid 

raft by AmB might facilitate its interaction with multiple TLRs (Sau et al. 2003).

Fungizone® infusion related toxicity is not caused directly by the toxic effect of 

AmB on the cell membrane. The toxicity to mammalian cell membrane occurs at AmB 

concentrations higher than that attained in patients (2.5 pg/mL) (Heinemann et al. 1997b). 

AmB has the ability to bind with cholesterol in the mammalian cell membrane, and forms 

channels that cause toxicity (Baginski et al. 2002). This membrane toxic effect is 

responsible for the chronic toxicity associated with long-term use of AmB (Fungizone®) 

that causes its accumulation on specific organs. Nephrotoxicity is caused by the direct 

effect of AmB on the membrane of renal tubules (Anderson 1995). AmB increases the 

delivery of monovalent ions to distal tubule causing vasoconstriction, renal hypoperfusion 

and eventually loss of functioning nepherons (Bagnis & Deray 2002).

AmB causes haemolysis of the human red blood cells by formation of potassium 

membrane channel that allows permeation of monovalent cations (Skrocka-Knopik & 

Bielawski 2002). In addition to lysis of red blood cells, AmB oxidises low density 

lipoproteins by extracting their cholesterol. The oxidation products might play role in 

cytotoxicity caused by AmB (Barwicz et al. 1998). Anaemia is a side effect of AmB as a 

result of direct suppression of platelet formation by AmB (Lanido-Laborin & Cabrales- 

Vegargas 2009). Haemolysis caused by direct interaction of AmB with erythrocytes is not 

an important factor for the cause of anaemia as it occurs only at very high AmB 

concentration that is not attained in therapy (Hoeprich 1992).

The toxicity of AmB is related to its ability to form self-aggregates. It is toxic to 

mammalian cells, whose cell membrane contains cholesterol in the form of water soluble 

aggregates (oligomers) (Brajtburg & Bolard 1996; Legrand et al. 1992). On the other hand, 

it is toxic against the fungal cells or parasitic cells whose cell membrane contain ergosterol 

or ergosterol precursors in both monomeric and water soluble aggregates (Brajtburg & 

Bolard 1996). The water insoluble aggregates are not toxic to both mammalian and fungal 

cells or parasitic cells (Bolard et al. 1991).
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It is thought that the toxicity of AmB towards mammalian cells can be reduced by 

decreasing its self association in water (Barwicz et al. 1992). Higher selectivity of AmB 

formulation to fungal cells and Leishmania parasites can be attained by maintaining AmB 

in monomeric form (Barwicz et al. 1992; Brajtburg & Bolard 1996). Only free AmB 

(unbound to a carrier) is active against cells, therefore the toxicity of AmB depends on the 

ability of AmB dissociate from the delivery carrier (Brajtburg & Bolard 1996). Binding of 

AmB to plasma proteins is another factor that affects its toxicity in vivo.

Interaction o f AmB with plasma lipoproteins
Lipoproteins are macromolecules of lipid and protein complexes that are responsible for the 

transport of lipids through vascular and extravascular body fluids to cells. Lipoproteins are 

important in controlling cholesterol homeostasis in the blood circulation (Wasan et al. 

2008). There are spherical particles with a non-aqueous core (7-25 nm diameters) (Wasan 

et al. 2008). High-density lipoproteins (HDL) are responsible for transferring cholesterol 

from peripheral tissues to the liver. Low-density lipoproteins (LDL) direct cholesterol to 

the liver and other tissues such as kidney, spleen and skeletal muscle. Lipid transfer protein 

(LTP) facilitates transfer of cholesteryl esters, triglycerides, and phosphatidylcholine into 

serum lipoproteins (Morton 1990; Morton & Zilversmit 1983; Morton & Zilversmit 1982; 

Wasan et al. 2008). LTP binds to HDL and LDL, with the most stable complex being 

formed with HDL (Pattnaik & Zilversmit 1979). HDL has ability to attract negatively 

charged particles. Complex between HDL and LTP becomes more stable as the negative 

charge density increases in the surface of the lipoprotein. Furthermore, LTP has ability to 

form complexes with negatively charged particles.

AmB interacts with cholesterol and cholesteryl esters in serum (Fielding et al.

1992). AmB associates with plasma lipoproteins mainly HDL. The amount of AmB 

associated with HDL is increased when AmB is formulated in negative or positively 

charged liposomes (Wasan et al. 1994). Incubation of AmB-deoxycholate (Fungizone®) 

with human serum containing LTP for 60 min at 37°C resulted in more recovery of AmB 

from LDL and lower from HDL than with serum having no LTP. There was a reduction in 

the LTP facilitated transfer of cholesteryl ester from LDL to HDL. Incubation of liposomal 

AmB with human serum with or without LTP did not affect distribution of AmB to HDL. 

Liposomes with positive or negative surface charge inhibit the LTP mediated transfer of 

cholesteryl ester from HDL to LDL. The distribution of AmB between HDL and LDL is

48



related to LTP mediated transfer of cholesteryl ester, as AmB interacts with cholesterol and 

cholesteryl ester in serum (Wasan & Lopez-Berestein 1994). For every seven molecules of 

cholesteryl ester that are transferred from HDL to LDL, three molecules are transferred 

from LDL to HDL after incubation for 120 min at 37°C (Morton & Zilversmit 1983). 

Similar results were found for AmB; over 70% of the original dose was recovered from 

HDL after incubation period more than 60 min (Wasan et al. 1993). AmB binding with 

HDL increases when AmB is incorporated in negatively or positively charged lipid carriers 

due to inhibition of LTP facilitated transfer of cholesteryl ester from HDL to LDL (Wasan 

et al. 1993).

The cytotoxicity of free AmB, and AmB bound to lipoproteins (LDL and HDL) 

against LLCPKl renal cells was studied (Wasan et al. 1994). Binding of AmB to HDL 

reduced its renal toxicity while AmB bound to LDL displayed renal toxicity equal to free 

AmB in vitro. The reduced renal toxicity of AmB bound to HDL is due to lack of HDL 

receptor in LLCPKl renal cells. The renal toxicity of the free AmB is induced by the direct 

effect on the renal cell membrane. The occurrence of toxicity in the case of AmB bound to 

LDL is due to high expression of LDL receptor in the renal cells. LLCKPl renal cells 

express high/low affinity LDL receptor and only low affinity HDL receptor. Binding of 

AmB to either LDL or HDL did not affect its antifungal activity (Wasan & Lopez-Berestein

1994).

The renal toxicity of AmB incorporated in a liposome is influenced by liposomal 

surface charge, length of phospholipids acyl chain, chain saturation, and liposomal 

lipid/AmB ratio (Joly et al. 1992; Juliano et al. 1987; Legrand et al. 1992). 

Phosphatidylglycerol, which is negatively charged, increases exchange of cholesterol 

between HDL and liposome only in the presence of LTP (Billheimer & Gaylor 1990). The 

presence of unsaturated acyl chains in phospholipids increases the exchange while neutral 

phospholipids significantly reduce cholesterol exchange between HDL and liposome. The 

toxicity of AmB depends on the amount of AmB transferred to the cell membrane and 

extent of pore formation as result of drug transfer (Brajtburg & Bolard 1996; Juliano et al. 

1987). The presence of a low concentration of unbound and water soluble AmB 

(monomeric form) may be sufficient for antifungal activity but not enough to form 

aggregates (oligomers) that are toxic to mammalian cells (Jullien et al. 1990). The toxicity 

of liposomal AmB is reduced towards mammalian cells as long as AmB is bound to lipids
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and is not in a monomeric form. Binding of AmB to the plasma lipoproteins plays 

important roles in its toxicity, biodistribution and pharmacokinetics.

Pharmacokinetics and biodistribution
AmB is poorly absorbed from the gastrointestinal tract (GIT) due to its poor solubility 

(Torrado et al. 2008). It is highly bound to plasma proteins (lipoproteins, albumin and 

glycoproteins) (91-95%) after intravenous administration (Bekersky et al. 2002b). AmB 

binding in the plasma is non-linear. Binding in plasma is concentration dependent due to 

the low solubility of AmB in plasma that limits the concentration of unbound AmB in 

plasma to less than I.O pg/mL. Binding to plasma proteins does not affect urinary and 

faecal clearance of AmB. Most of AmB removed from the blood in the liver is excreted 

with the bile via faeces (94.0%) (Bekersky et al. 2002a). AmB binds extensively to tissues 

with an initial half life of 24-48 h and terminal half life 15 days. The long terminal half life 

of AmB is due to its slow release from the tissues (Angra et al. 2009).

The plasma concentration of AmB was found to decline biexponentially in healthy 

BALB/c mice after intravenous injection of 5 mg/kg (AmB equivalent. Fungizone®) 

(Veerareddy et al. 2009). The plasma pharmacokinetic parameters for Fungizone® were as 

following: AUC (area under plasma concentration-time curve) was 23.7±8.3 pg.h/mL, Cl 

(clearance) of 227±7.7 mL/h/kg, ti/2pof 7.7±2.8 h and ti/2aOf 0.42±0.24 h and Vss (volume 

of distribution at steady state) was 2.10±0.34 1/kg (Veerareddy et al. 2009). Plasma 

pharmacokinetic studies in healthy rats after intravenous administration of a single dose of 

1.0 mg/kg AmB (Fungizone®) displayed AUC of 37.4 pg.h/mL, Cl of 27 mL/h/kg, ti/2 aof 

0.125 h and tmp of 19.6 h. In addition, tissue pharmacokinetics showed Cmax (peak plasma 

concentration) and t^ax (time required to reach maximum concentration) of 4.23±1.20 pg/g 

and 0.083 h respectively for AmB in the liver, 4.30±0.18 pg/g and 0.25 h for AmB in the 

spleen and 2.4±0.34 pg/g and 0.25 h for AmB in the kidney (Echevarria et al. 2000).

The biodistribution of AmB after intravenous administration is mainly in the liver, 

spleen, kidney and lung. Intravenous administration of a single dose of 1.0 mg/kg AmB 

(Fungizone®) leads to accumulation of 24.4±6.8 mg/kg in the liver and 18.6±5.25 mg/kg in 

the kidney after 12 h in healthy BALB/c mice (Khan & Owais 2006). The high level of 

AmB in the kidney explains renal toxicity observed following administration of 

Fungizone®. A similar distribution trend was observed after an intravenous administration 

of a single dose of Fungizone® of 0.3 mg/kg in healthy rats (van Etten et al. 1995a). Tissue
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biodistribution after 15 min of dosing was 0.3 mg/L AmB in the blood, 1.4 |Lig AmB/g of 

tissue in the liver, 2.0 îg AmB/g of tissue in the spleen, 1.2 pg AmB/g of tissue in the 

kidney and 1.3 pg AmB/g of tissue in the lung, decreased after 12 h to 0.8 pg AmB/g of 

tissue in the liver, 0.6 pg AmB/g of tissue in the kidney, and 0.8 pg AmB/g of tissue in the 

lung. Similar findings was reported in healthy rabbits after multiple dose administration of 

1 mg/kg AmB (Fungizone®) for seven consecutive days (Ramaswamy et al. 2001; van 

Etten et al. 1995b). AmB level was 9.27±2.18 pg AmB/g of tissue in the liver, 3.95±1.24 

pg AmB/g of tissue in the kidney, 3.22±2.94 pg AmB/g of tissue in the lung, 1.31±0.79 pg 

AmB/g of tissue in the spleen after 72 h form last dose administration (Ramaswamy et al. 

2001; van Etten et al. 1995c). The pharmacokinetic and biodistribution of AmB depends 

mainly on type of formulation used in the delivery system (Echevarria et al. 2000; 

Townsend et al. 2001; Vogelsinger et al. 2006).

AmB formulations used in the ciinic

Micellar dispersion
Micelles are aggregates formed by amphiphilic molecules at a specific concentration 

(known as critical micelle concentration). Above the critical micelle concentration, 

molecules self-assemble to form a core-shell structure. In aqueous solution, amphiphilic 

molecules self-assemble to form hydrophilic shell and hydrophobic core which is suitable 

for solubilisation of hydrophobic drugs.

Fungizone® is a colloidal dispersion of AmB with sodium deoxycholate. 

Deoxycholate is an ionic surfactant that forms mixed micelles with AmB, which increases 

the solubility of AmB (Tancrede et al. 1990). The proportion between AmB and 

deoxycholate is 1:2. The AmB aggregates present in the conventional Fungizone® are 

oligomers. Increasing the proportion of deoxycholate can lead to disaggregation of AmB 

into monomers bound to deoxycholate (disruption of micellar structure) (Brajtburg & 

Bolard 1996). Fungizone® has been used for treatment of systemic fungal infections since 

1958 (Brajtburg & Bolard 1996). Fungizone® has a broad spectrum activity but is 

ineffective in immunocompromised patients (Torrado et al. 2008). The main drawbacks of 

Fungizone® are toxic side effects. Fungizone® is administered in form of slow intravenous 

infusion over 4-24 h infusion period in order to reduce its toxic side effects (Eriksson et al. 

2001).
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Lipid based formulations o f AmB
Lipid based AmB formulations are either liposome based or lipid complexes. They differ in 

size, shape, AmB content, phospholipids composition and charge (Maesaki 2002). Optimal 

lipid based formulations of AmB reduces its toxicity by altering the pharmacokinetics of 

AmB and by the reducing rate of transfer AmB to the sites of its toxicity (Szoka & Tang

1993). The toxicity and efficacy of AmB-lipid based formulations depends upon particle 

size, lipid composition, electric charge and the presence of double bonds in the 

phospholipids, phospholipids/AmB ratio and stability (Bolard et al. 1993). The 

commercially available AmB lipid based formulations are Amphocil ® in Europe (also 

called Amphotec® in USA), AmBisome®, Abelcet®, Fungisome® (India), Amphomul® 

(India) and Anfogen® (Argentina).

The mechanism of internalisation of the AmB lipid based formulations by 

mammalian cells depends mainly on the binding strength between AmB and lipid carriers 

(Figure 6 ). The interaction of AmB with plasma lipoproteins influences its internalisation 

by mammalian cells (Brajtburg & Bolard 1996). If the bond is weak between AmB and the 

lipid carrier, AmB is released upon dilution in the blood stream. Free AmB binds to LDL. 

The LDL bound AmB is internalised by LDL receptor bearing cells via receptor mediated 

endocytosis (Vyas & Gupta 2006). If the bond between AmB and the lipid carrier is strong 

and remains intact after administration into bloodstream, the bound AmB get taken up by 

phagocytosis without intervention of LDL receptor. Intact AmB-lipid formulations might 

bind to HDL and remains in the bloodstream e.g. Abelcet® (Wasan et al. 1994), or might 

not bind to lipoproteins e.g. Amphocil ® (Guo & Working 1993). In micellar form of AmB 

(Fungizone®) the bond between AmB and deoxycholate is very weak. Complete 

dissociation of AmB from deoxycholate occurs upon dilution in the blood stream. Free 

AmB from Fungizone® binds to LDL receptor (Vyas & Gupta 2006).
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Figure 6. Internalisation o f AmB lipid based formulation by mammalian cells (Vyas & 
Gupta 2006).

A belcet ®

Abelcet ® is a lipid complex formulation that consists o f two phospholipids; dimyristoyl- 

phosphatidylcholine (DMPC), dimyristoylphosphatidylglycerol (DMPG) and AmB in ratio 

o f 7:3:10 mole ratio. It is found as a lipid complex in the liquid form, with a ribbon shape 

and diameter o f 2.0 to 5.0 pm (Szoka & Tang 1993). The therapeutic index o f Abelcet ® is 

higher than Fungizone®. It shows less risk o f nephrotoxicity at a dose o f 1.0-5.0 mg/kg/day 

(Torrado et al. 2008). After intravenous administration, Abelcet ® is distributed mainly to 

the liver, spleen, lung and less in bone marrow due to its uptake by the reticuloendothelial 

system (RES). Abelcet ® acts as a reservoir to deliver AmB to the tissues, from which 

AmB is released slowly (Olsen et al. 1991).

A m phocil®

Amphocil® is a lipid complex o f AmB with cholesteryl sulfate in 1:1 molar ratio. It has a 

disc-like shape with a diameter around 115 nm. It is manufactured in a lyophilised powder 

form (Szoka & Tang 1993). Amphocil® has similar antifungal activity and lower toxicity 

than Fungizone®. The reduction o f renal toxicity o f Amphocil® is due to the high affinity 

o f AmB to cholesterol in the lipid complex (Torrado et al. 2008). The tissue distribution
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after intravenous administration of Amphocil® is similar to Abelcet ® mainly in the liver, 

spleen and bone marrow (Fielding et al. 1992). AmB administered in form of Amphocil® 

binds less to plasma proteins than Fungizone® (Janknegt et al. 1992). The elimination half 

life of Amphocil® is 8 6  h after administration of single dose (0.25 mg/kg) in healthy 

human volunteers (Sanders et al. 1991). Amphomul® has a similar composition as 

Amphocil®.

Fungisome®
Fungisome® is a liposomal AmB formulation developed and commercialised in India in 

2003 (Kshirsagar et al. 2005). The ratio between AmB and lipids in Fungisome® is 2.2. It 

has been reported to be safe in preclinical and pharmacokinetic studies (Sanath et al. 2005). 

Phase II and phase III clinical trials were conducted in patients with systemic fungal 

disease. Data regarding amount of AmB retained in the liposome upon dilution, interaction 

with plasma lipoproteins and biodistribution in humans is not available (Romero & Morilla 

2008). Furthermore, the need of sonication prior administration can be a major safety 

concern.

Anfogen®
Anfogen® is a liposomal formulation of AmB that have similar chemical composition as 

AmBisome® but different preparation process. These difference in the manufacture process 

resulted in different physicochemical properties of the liposome and toxicity in mice. The 

size of Anfogen® is 111.5 nm compared to 77.8 nm for AmBisome® (Olson et al. 2008). 

AmBisome® is tolerated in mice at a high dose with a LD$o greater than 1 0 0 . 0  mg/kg 

(Olson et al. 2008). In comparison Anfogen® has LD50 of 10.0 mg/kg in mice (Olson et al. 

2008).

AmBisome®
This liposomal formulation of AmB (AmBisome®) was successfully developed for the 

treatment of systemic fungal infections and it was introduced to the market in the 1990. 

AmBisome® was found to be effective in the treatment of visceral leishmaniasis caused by 

L.infantum or Ldonovani in humans (Bern et al. 2006; Croft et al. 1991; Sundar et al. 2010) 

and it was approved for the treatment of VL by food and drug administration (FDA) in 

USA in 1997 (Meyerhoff 1999). AmBisome® is the gold standard formulation of AmB.
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AmBisome® is a negatively charged unilamellar liposome composed of 

hydrogenated soy phosphatidylcholine (HSPC), cholesterol, distearoylphosphatidylglycerol 

(DSPG) and AmB is present in 2:1:0.8:0.4 molar ratios (14.3 wt% AmB/lipids). It is 

manufactured in the form of a lyophilised powder (Adler-Moore & Proffitt 1993). 

AmBisome® has a particle size of 60.0-80.0 nm and a negative surface charge (Adler- 

Moore & Proffitt 2002; Adler-Moore & Proffitt 1993; Dupont 2002; Hiemenz & Walsh 

1996; Olson et al. 2008; Storm & van 1997; Torrado et al. 2008). AmB is present in a 

highly aggregated state in AmBisome®, with an aggregation peak at 324 nm (Espada et al. 

2008b). AmBisome® remains intact for long time in the blood circulation and less than 1% 

free AmB dissociates from the liposome (Bekersky et al. 2002b). The increase in the 

circulation time of AmBisome® might be attributed to several factors such as its small 

particle size (less than 1 0 0  nm), high stability, the presence of cholesterol as part of the 

formulation and complexation of AmB with distearoylphosphatidylglycerol (DSPG) 

(Boswell & Bekersky 1998).

AmBisome® is non toxic to human cells (RBCs) and is tolerated in mice at high 

dose with LD50 greater than 100 mg/kg (Olson et al. 2008). The reduced toxicity of 

AmBisome® is due to it s aggregation state, high stability and lower release of free AmB in 

the blood circulation (Bolard et al. 1993). AmB is sequestered in the liposome due to non- 

covalent interactions between positively charged amine group in AmB and negatively 

charge distearoylphosphatidylglycerol (DSPG) and the presence of hydrophobic 

interactions with cholesterol (Boswell & Bekersky 1998). AmB remains firmly attached to 

the liposomal lipid layer (Manosroi et al. 2004). AmBisome® is found to remain intact for 

24 h in plasma and 48 h in physiological saline in vitro (Boswell & Bekersky 1998) and 

less than 5.0% of AmB was release after 72 h incubation in human plasma (Adler-Moore & 

Proffitt 1993).

The pharmacokinetic profile of AmBisome® is different than Fungizone® and 

other lipid based formulations. The blood level of AmBisome® is higher than Fungizone®. 

In pharmacokinetic studies in healthy mice, following intravenous administration of 7 

mg/kg AmB equivalents (AmBisome®), the blood concentration of AmB was 104.4 mg/L 

after 5 min of administration and decreased to 0.2 mg/kg after 48 h (van Etten et al. 1995d). 

In comparison, after administration of Fungizone® at dose of 0.3 mg/kg, the blood 

concentration decreased from 0.6 to 0.2 mg/L after 2 h (van Etten et al. 1995e). These 

results were consistent with other studies where a comparative pharmacokinetic study in
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healthy rats following intravenous administration of 3.0 mg/kg AmB has been conducted 

(Jung et al. 2009). The plasma AUC was 10.204 pg.h/mL, Cmax was 3.224 ng/mL, im  (0-24 

h) was 3.673 h for AmBisome® (Jung et al. 2009). In comparison, the plasma AUC was 

1.084 jig.h/mL, Cmax was 0.224 ng/mL, ti /2 was 3.825 h for Fungizone® (Jung et al. 2009). 

The plasma level of Fungizone® was lower than AmBisome® (Jung et al. 2009). Similar 

findings were observed in healthy human volunteers (Bekersky et al. 2002a) and patients 

(Heinemann et al. 1997a).

AmB pharmacokinetics in patients with systemic fungal infection displayed a 

higher level of plasma AmB following administration of AmBisome® than Fungizone®. 

Fungizone® at a dose of 1.0 mg/kg of body weight showed median Cmax of 1.70 pg/mL, 

median AUC of 18.65 pg.h/mL, median Vss of 2.41 1/kg and median Cl of 1.2 mL/min and 

ti/2p 26.8 h. (Heinemann et al. 1997a). In comparison, AmBisome® at a dose of 2.8 to 3.0 

mg/kg of body weight displayed a median Cmax of 14.4 pg/mL, median AUC of 171 

pg.h/mL, median V of 0.42 1/kg and median Cl of 0.363 mL/min and ti/2p of 13.05 h 

(Heinemann et al. 1997a). The elimination of AmB from serum was biphasic for both 

formulations, although the apparent half-life of elimination was twofold shorter for 

AmBisome®.

The pharmacokinetics of AmBisome® and Fungizone® was compared in a phase 

IV study in healthy volunteers. AmB has very long plasma half life (152 h) for 

AmBisome® and 127 h for AmB-deoxycholate (Fungizone®) following intravenous 

administration of AmB in healthy volunteers (Bekersky et al. 2002b). The total AmB 

plasma concentration is increased and the concentration of unbound AmB decreases in 

plasma when AmBisome® is administered because AmB remains associated with the 

liposome (97.0%). The concentration of unbound AmB in the plasma remains less than 25 

ng/mL (Bekersky et al. 2002a). AmBisome® showed a higher plasma level, less volume of 

distribution and a decreased excretion of unchanged AmB in urine and faeces than 

Fungizone®. AmBisome® significantly changes the excretion of AmB. Furthermore, 

reduction of amount of excreted unbound AmB in urine after administration of 

AmBisome® leads to less renal toxicity (Bekersky et al. 2002b). AmBisome® is taken up 

by tissues and released slowly from tissues without degradation (Bekersky et al. 2002a).

Biodistribution studies displayed high concentration of AmB in the liver and the 

spleen after intravenous administration in healthy rats. The concentration of AmB was 

higher after administration of AmBisome® (at dose of 0.3 mg/kg) in the blood, liver and
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spleen, and lower in the kidneys and lungs than Fungizone®. The amount of the dose that 

was recovered from the liver and spleen was 54.0% after 5 min, and 81.0% after 12 h (Van 

Etten et al. 1995). Similar results was obtained in rabbits, AmBisome® showed higher 

AmB level in the liver and spleen than Fungizone® (Lee et al. 1994). Biodistribution of 

AmBisome® was studied in patients with suspected or proven systemic fungal infection 

using tissue autopsy (72 h before patients died) (Vogelsinger et al. 2006). The daily dose 

was 3.48±0.81 mg/kg AmB equivalents intravenously administered and the cumulative 

dose was 2739.29±3754.24 mg AmB equivalents. The level of AmB was high in the liver 

(102.81±68.72 pg/g of tissue), followed by the spleen (60.32±29.75 pg/g of tissue), the 

lung (11.63±7.70 pg/g of tissue) and the kidneys (11.89±12.77 pg/g of tissue). 

AmBisome® displayed high penetration into the liver and the spleen and less in the kidneys 

which explain high efficacy and lower toxicity (Vogelsinger et al. 2006). AmBisome® is 

the most active lipid formulation in vivo experimental models of visceral and cutaneous 

leishmaniasis (Yardley & Croft 2000) and in VL patients (Sundar & Chakravarty 2010). 

The high plasma level of AmBisome® can be explained by the small size of AmBisome® 

that lowers its rate of clearance by reticuloendothelial system (RES) (Torrado et al. 2008).

AmBisome® is the mostly used formulation of AmB for treatment of VL because 

of its high therapeutic index, no side effects and can be given as short course treatment 

(Bern et al. 2006). AmBisome® is the first lipid based formulation licensed and used in 

Europe and US for the treatment of visceral leishmaniasis at a recommended dose of 3.0 

mg/kg given daily for five days, on day 14 and day 21 (total dose 21.0 mg/kg) (Bern et al. 

2006). The cure rate is 90-100% with total dose of 18.0-24.0 mg/kg (10 days therapy) in 

Europe and South America, 14-18 mg/kg in Kenya (Murray 2004). In India the cure rate 

was 100 and 89% with doses of 6.0 and 3.75 mg/kg respectively (Sundar et al. 2002; 

Thakur et al. 1996). It is used as first treatment line in Bihar state in India with very high 

cure rate of 99% (Pal et al. 2004). The cure rate was 90% of patients in India with single 

dose of 5.0 mg/kg (Sundar et al. 2003). Recent studies reveals that single dose of 

AmBisome® (10 mg/kg) given once is very effective against VL (96.3% activity) in India 

(Sundar et al. 2010). In Africa, a regimen of 25-30 mg/kg is needed to treat VL (Mueller et 

al. 2007) and used successfully in Sudan (Collin et al. 2004; Seaman et al. 1995) and 

Ethiopia (Dey et al. 2000). AmBisome® is active against antimony resistant strains of 

Ldonovani and L.infantum in patients with immunosuppression problem (Minodier et al.
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2003). Although AmBisome® displays reduced AmB toxicity and high anti leishmanial 

activity; its clinical use might be limited by its high cost.

The cost of liposomal AmB in the developing countries is US $20 per vial of 50 mg 

(Olliaro et al. 2009). Currently Gilead offers AmBisome® for limited use in resource poor 

parts of the world at a cost of $18 per vial (WHO 2010). The total dose for treatment of VL 

is 20.0 mg/kg in Africa, Brazil and the Mediterranean (WHO 2005). The dose of 

AmBisome® is given by intravenous infusion at either of the following regimen; (1) 2.0 

mg/kg (five doses) given every other day (total dose 10.0 mg/kg), (2) 3.0 mg/kg (five 

doses) given every other day (total dose 15.0 mg/kg), (3) 4.0 mg/kg (five doses) given 

every other day (total dose 20.0 mg/kg), and (4) 5.0 mg/kg as a single dose. Single dose of 

AmBisome® (10.0 mg/kg) given once has been found to be very effective 96.3% in VL 

patients (Sundar et al. 2010). In an effort to reduce the cost of AmBisome®, many 

combinations have been investigated such as: ( 1 ) single dose of intravenous infusion of 

AmBisome® of 3.75 mg/kg or 5.0 mg/kg followed by miltefosine orally administered 50.0 

mg twice every day for 7, 10 or 15 days (Sundar et al. 2008), and (2) single dose of 

intravenous infusion of AmBisome® of 5.0 mg/kg followed by paromomycin for 15 or 10 

days. In a randomised clinical trial, single injection of AmBisome® (5.0 mg/kg) followed 

by either 50.0 mg oral miltefosine for 7 days or 11.0 mg/kg intramuscular injection of 

paromomycin for 10 days were given to patients (Sundar et al. 2011). The cure rates were 

97.5% for AmBisome® plus miltefosine and 98.7% for AmBisome® and paromomycin 

combination (Sundar et al. 2011). The combination therapy for VL treatment appeared to 

be efficacious, safe and reduce the duration of the treatment (Sundar et al. 2011; van & 

Boelaert 2011).

Preclinical AmB delivery systems
Several carrier systems such as PEGylated liposomes (Moribe & Maruyama 2002), 

microemulsions (Pestana et al. 2008), cochleates (Zarif 2005), water soluble complexes 

(Chakraborty & Naik 2003; Charvalos et al. 2006), microspheres (Sanchez-Brunete et al. 

2005), nanosuspensions (Kayser et al. 2003), polymeric micelles (Adams et al. 2003; 

Lavasanifar et al. 2002), nanospheres (Espuelas et al. 2003a) and polymeric conjugates 

(Conover et al. 2003; Ehrenfreund-Kleinman et al. 2004) have been investigated in order to 

try to improve the therapeutic index of AmB.
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AmB lipid based formulation 

Lipid cochleates
Lipid cochleates are composed mainly from phosphatidyl serine and calcium. The lipid 

bilayer is formed by electrostatic interactions of the phosphatidylcholine and calcium to 

form cylinders of rolled up bilayers that are suitable for entrapment of hydrophobic or 

amphiphilic molecules such as AmB (Berlin 2004; Zarif 2005). An AmB cochleate 

formulation (iCO-010) was reported to reduce the toxicity of AmB and to be active against 

VL after oral administration in mice (Sachs-Barrable et al. 2008; Wasan et al. 2010; Wasan 

et al. 2009). No information on the dose response correlation of this oral formulation in the 

BALB/c mice model for VL is available. Furthermore, a large amount of the AmB 

cochleate formulation was administered orally to achieve 99.0% inhibition of the hepatic 

parasite burden in BALB/c mice {Ldonovani) (10.0 mg/kg twice a day for 5 days) (Wasan 

et al. 2010). It is not clear from the literature whether this formulation can be developed for 

clinical use. Previous studies in the 1960s showed that administration of solubilised AmB 

(Fungizone®) orally at total dose of 100.0 mg/kg (divided into four doses) for 10 days did 

not reach a therapeutic level (Kravetz et al. 1961).

Lipid complex and lipoprotein carriers
Lipid complexes of AmB similar to Abelcet ® have been developed by a different method 

(nanoprecipitation) (Larabi et al. 2004a). The lipid complex has a size of 250.0 nm in 

diameter. This lipid complex is present in as an interdigitated form rather than a bilayer. 

These complexes were non-toxic in vitro (macrophages) and in vivo mice (Larabi et al. 

2003; Larabi et al. 2004b). The activity of these complexes against VL was higher than 

Abelcet ® but lower than AmBisome® in mice (Larabi et al. 2003).

A disc like lipid formulation was developed by using lipoproteins (Burgess et al. 

2010; Oda et al. 2006). Apo A-1 specific apolipoprotein from high density lipoproteins was 

added to a mixture of AmB and lipids (dimyristoylphosphatidylcholine (DMPC), 

dimyristoylphosphatidylglycerol (DMPG)). The size of the disc was 8-10 nm in diameter. 

This formulation reduced the toxicity of AmB and showed high activity against VL in a 

BAB/c mice model. Nanodisks containing AmB were found to be more active than 

AmBisome® against experimental cutaneous leishmaniasis in BALB/c mice upon 

intraperitoneal administration at an equivalent dose and treatment frequency (Yardley & 

Croft 2000). These results can be explained by the small size of the nanodisks and their
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recognition by scavenger receptors (S R-A) macrophages as apolipoproteins act as ligands 

for SR-A (Nelson et al. 2006). It is not clear from the literature why there were no further 

studies conducted for the development of this nanodisk and lipid complex into a medicine.

Emulsion

AmB mixed with lipid emulsion formulation such as Intralipid® and Lipofundin® have been 

used (Barratt & Bretagne 2007). Mixing AmB with Intralipid® (0/W  emulsion stabilised by 

lecithin) reduces AmB toxicity but the results were not reproducible. There is no data on 

the toxicity of AmB and Lipofundin® mixed formulation. More recently, AmB was 

formulated in 0/W  emulsion called trilaurin emulsomes coated with 0-palmitoyl mannan. 

This formulation accumulated in the liver, spleen and lungs, and displayed more than two 

fold elimination efficiency of Leishmania parasite from the spleen than free AmB following 

its intravenous administration in mice. There is no data on (1) acute and multiple dose 

toxicity and (2) stability of the emulsion upon dilution. In addition, accumulation of AmB 

in the lung is not important for treatment of VL (Gupta et al. 2007a).

A microemulsion of AmB composed from glyceryl monoeleate (oil phase), 

polyethylene glycol 40 stearate and polyethylene glycol 15 hydroxystearate (surfactants) 

has been investigated (Darole et al. 2008). The lyophilised mixture can be reconstituted in 

water to give a very stable emulsion. The size of the dispersed phase globule is 84.0 nm and 

AmB is found in the form of aggregates. The toxicity of the AmB emulsion against RBCs 

was 92.0% less than Fungizone® and the LD50 of AmB emulsion was 3.4 mg/kg in mice 

(Darole et al. 2008). A similar concept to prepare the AmB microemulsion was studied by 

other researchers. AmB was incorporated in 0/W  microemulsion based on lecithin as oil 

phase and biocompatible surfactants (soya phosphatidylcholine/Tween 20) (Perstana et al.

2008). AmB was also successfully incorporated in a lectin oil microemulsion with the 

droplet size of 45.0 nm. This lectin based microemulsion showed a reduction in toxicity of 

AmB with a L D 5 0  = 2.9 mg/kg compared to 1.4 mg/kg for Fungizone in mice (Brime et al. 

2002). Although microemulsions appeared to be more efficient than Fungizone® in vivo, 

no information regarding toxicity related to the amount of surfactant that can be 

administered in humans is available. There might be possible toxicological problems 

related to the amount of the surfactant in the microemulsion system (Lemke et al. 2005).
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Heat induced AmB aggregate
Heating Fungizone® at 70°C for 1 h results in formation of superaggregates (Bartlett et al. 

2004; Van Etten et al. 2000; Gaboriau et al. 1997). These heat-induced superaggregates 

have an aggregation maximum peak at 324-327 nm. Heat-induced AmB superaggregates 

are less toxic to mammalian cells (Van Etten et al. 2000; Gaboriau et al. 1997; Bartlett et al.

2004) in vitro and in vivo (mice) (Petit et al. 1998; Van Etten et al. 2000) than small water 

soluble oligomeric aggregates present in Fungizone®. The renal toxicity of Fungizone® 

(80.0% cytotoxicity) was reduced 2 fold by formation of AmB heat-induced 

superaggregates (40.0%) against LLC-PK] pig kidney cells in vitro at an AmB 

concentration of 100.0 pg/mL after 18 h incubation at 37°C (Bartlett et al. 2004). A similar 

observation was reported where AmB heat-induced superaggregates were less toxic than 

un-heated Fungizone® against human kidney promixal tubular (HK-2) cell after 18 h 

incubation at 37°C (Leon et al. 2005). The AmB heat-induced superaggregates displayed 

35.45±8.79% cytotoxicity, while the un-heated Fungizone® showed 71.29±10.23% 

cytotoxicity at an AmB concentration of 50.0 pg/mL (Leon et al. 2005). Although there 

was no difference in the cytotoxicity against HK-2 cells between heat treated and un-treated 

Fungizone® at an AmB concentration of 100.0 pg/mL (80.0% cytotoxicity) (Leon et al.

2005). There was significant reduction of AmB toxicity against HT29 cells (human colon 

cancer cells) in the case of AmB heat-induced superaggregates with an EC50 of 40.0 pM 

compared to 4.0 pM for un-heated Fungizone® after 15 h incubation at 37°C (Gaboriau et 

al. 1997). The un-heated Fungizone® displayed signs of acute toxicity upon intravenous 

administration of 1.0 mg/kg in BALB/c mice, while AmB heat-induced superaggregates 

were administered safely at an AmB dose of 2.5 mg/kg in BALB/c mice (Petit et. al 1999).

The activity of heat induced AmB aggregates is slightly reduced against Candida 

albicans (Gaboriau et al. 1997) but has an increased antileishmanial activity {Ldonovani) 

(Petit et al. 1999). These heat-induced superaggregates displayed an EC50 of 0.035± 0.0024 

pg/mL against intracellular amastigotes of Ldonovani in mouse peritoneal macrophages. In 

comparison the un-heated Fungizone® showed an EC50 of 0.024±0.008 pg/mL. The in vivo 

antileishmanial activity of AmB heat-induced superaggregates was higher than the un- 

heated Fungizone®. This AmB superaggregate displayed an ED50 of 0.144 ±0.018 to 

0.37±0.14 mg/kg against Ldonovani in BALB/c mice. In comparison the un-heated 

Fungizone® showed an ED50 of 0.361±0.067 to 0.5 mg/kg (Petit et al. 1999). The heat 

induced superaggregates did not reach the clinic because the information regarding the
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effect of heat on degradation of the AmB and the number of aggregate forms that were 

obtained was not available (Torrado et al. 2008). Furthermore, data on the in vivo toxicity 

was not reproducible in different animal studies (Kwong et al. 2001).

AmB polyaggregates
Polyaggregates of AmB have been prepared by dispersion of AmB in a solution of sodium 

deoxycholate, dibasic sodium phosphate and monobasic sodium phosphate in water 

(Espada et al. 2008b). The aggregation peak of polyaggregates appears as a broad peak at 

358-370 nm. These polyaggregates were found to be non-toxic in vitro towards human 

RBCs at AmB concentrations up to 100.0 pg/mL after 1 h incubation at 37°C which was 

similar to AmBisome® (Espada et al. 2008b). These AmB polyaggregates were non-toxic 

up to 40.0 mg/kg given as a single intravenous bolus injection to mice (Espada et al. 2008c; 

Espada et al. 2008b). They was also non-toxic up to 10.0 mg/kg given intracardially as a 

single dose to hamsters (Sanchez-Brunete et al. 2004b). The lower toxicity of 

polyaggregated AmB and heat-induced AmB superaggregates can be explained by lower 

solubility in water, which allows them to act as a reservoir of AmB. This polyaggregates 

displayed 81.8±19.5 and 97.4±3.2% parasite burden inhibition in the spleen and liver 

respectively against L.infantum in hamsters following intracardial administration of 2.0 

mg/kg AmB on day 69, 71 and 73 post infection (Sanchez-Brunete et al. 2004b). In 

comparison. Fungizone® showed 64.3±15.6 and 60.1±6.7% parasite burden inhibition in 

the spleen and liver respectively at the same dose. The biodistribution of polyaggregates 

was mainly in the liver and spleen with very low AmB concentration in plasma and kidney 

following intravenous administration of 2.0 mg/kg AmB in mice (Espada et al. 2008c). The 

lower distribution of these AmB polyaggregates in the kidney is the explanation of the 

absence of the renal toxicity.

These AmB polyaggregates are similar to AmB heat-induced superaggregates in 

being a heterogeneous mixture of different non-water soluble AmB aggregates (Espada et 

al. 2008b). There was mass loss and reduction in size of the aggregates upon centrifugation. 

The haemolytic toxicity of these polyaggregates increased with an increase in the number 

of centrifugation cycles. Smaller AmB aggregates caused more haemolysis than larger 

aggregates. The initial five centrifugation cycles were 5 min at 700 x g and the last cycle 

was at 4500 x g. Haemolysis caused by these polyaggregates increased to approximately 

8.0, 35.0 and 55.0% after 2, 4 and 6  centrifugation cycles respectively (Espada et al.
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2008b). Therefore, there might be an issue of stability of these AmB poly aggregates which 

limits their further development. Moreover, as the case with heat-induced AmB 

superaggregates, the number of aggregate forms obtained was not available.

AmB nanoparticles and microspheres
Several attempts for preparing AmB particulate systems have been made using 

biodegradable polymers such as poly(E-caprolactone), PLGA, dextran and albumin. AmB 

loaded in poly(e-caprolactone) nanoparticles was found to be more active than free AmB 

against in vitro intracellular Ldonovani amastigotes in mouse peritoneal macrophages with 

a significant reduction of AmB toxicity (Espuelas et al. 2002). However lower ( 8  fold) 

antifungal in vitro activity of this nanoparticle against C.albican than Fungizone® was 

reported (Espuelas et al. 2003b). The LD50 was 9.8 mg/kg for AmB-poly(e-caprolactone) 

nanoparticles compared to 4.0 mg/kg for Fungizone® after single intravenous 

administration in mice (Espuelas et al. 2003b). However there was weak interaction 

between AmB and poly(e-caprolactone) that led to fast disassociation of AmB from poly(e- 

caprolactone) nanoparticles upon dilution (Barratt & Bretagne 2007).

AmB loaded on PLGA nanoparticles showed in vivo antifungal activity similar to 

Fungizone® in BALB/c mice (Amaral et al. 2009). Attempts to target AmB loaded PLGA 

nanoparticles to the macrophages were made by conjugation of PLGA to mannose directly 

or via PEG spacer (Nahar & Jain 2009). This mannose conjugated AmB-PLGA particle 

showed higher macrophage uptake than non-targeted AmB-PLGA nanoparticles in vitro in 

J774 macrophage cell line. The targeted and non-targeted AmB-PLGA nanoparticles 

displayed 61.20±2.17 and 41.20±2.19% parasite burden inhibition respectively against 

Ldonovani amastigotes in J774 macrophage cell line at AmB concentration of 0.1 pM 

(Nahar & Jain 2009). In comparison, AmBisome® and free AmB caused 58.87±2.09 and 

31.45±1.08% inhibition respectively at the same concentration. In vivo biodistribution of 

AmB mannose targeted PLGA nanoparticles in mice showed accumulation of the 

nanoparticles in macrophage rich tissues (liver, spleen, and lymph nodes) (Nahar & Jain 

2009). The AmB loading in targeted and non-targeted PLGA nanoparticles was low 

(5.9±0.46 and 2.81±0.16%) (Nahar & Jain 2009). Furthermore, preparation of mannose 

conjugated PLGA nanoparticles required many chemical synthetic and purification steps 

which might limit its further development and scaling up.
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Nanoparticles prepared by polyelectrolyte complexation of oppositely charged 

polymers chitosan (positive surface charge) and dextran sulfate (negative surface charge) 

with zinc sulfate as a cross linker through electrostatic interaction were used in efforts to 

encapsulate AmB (Tiyaboonchai & Limpeanchob 2007). AmB in these nanoparticles was 

found in aggregated form with an aggregation peak display a spectral shift from 329 nm as 

in Fungizone® to 333 nm. The size of the nanoparticles was in the range 600-800 nm with 

AmB loading 65.0%. Incorporation of AmB in chitosan-dextran nanoparticles reduced its 

renal toxicity in comparison with Fungizone® in mice. There was no sign of renal toxicity 

after intravenous administration of a high dose of AmB chitosan-dextran nanoparticles (4.0 

and 8.0 mg/kg) (Tiyaboonchai & Limpeanchob 2007). Although administration of the AmB 

free chitosan-dextran nanoparticles alone (dose of 7.2 mg/kg) induced renal toxicity as 

measured by the elevated level of blood urea nitrogen and creatinine. Furthermore, the 

interaction between AmB and the nanoparticles was very weak and resulted in the fast 

release of AmB (Tiyaboonchai & Limpeanchob 2007).

Recent studies showed that nanoparticles composed of a complex between PEG 

(Mw 2000), L-ascorbyl 2,6-dipatmitate and a surfactant (distearoylphosphatidyl- 

ehanolamine) can incorporate AmB and reduce its toxicity (Moribe et al. 2010). The lethal 

dose of these AmB-PEG lipid nanoparticles was 10.0 mg/kg in comparison with 3.0 mg/kg 

for Fungizone® in mice. Stability studies were conducted at 25°C (Moribe et al. 2010) and 

no information on the stability of this formulation at elevated temperature was provided.

AmB encapsulated in polylactide-co-glycolide (PLGA) or albumin microspheres 

displayed reduction of AmB toxicity toward mammalian cells and both microsphere 

formulations were non-toxic against murine macrophages (J774) at AmB concentration of

4.0 pg/mL. In comparison, free AmB caused killing of these cells at this AmB 

concentration. These AmB microspheres displayed antileishmanial activity against 

intracellular amastigotes of L.infantum in murine macrophages (J774) in vitro (Ordonez- 

Gutierrez et al. 2007). AmB loaded in albumin and PLGA microspheres displayed an EC50 

of 0.0037±0.002 to 0.037±0.0113 pg/mL and 0.033±0.011 to 0.08±0.466 pg/mL 

respectively against intracellular L.infantum amastigotes in murine macrophages (J774). In 

comparison free AmB displayed an EC50 of 0.033±0.007 pg/mL (Ordonez-Gutierrez et al. 

2007). Un-loaded PLGA microspheres (no AmB) displayed a 20.0-52.0% reduction of 

growth of intracellular L.infantum amastigotes in murine macrophages (J774) in vitro. The 

AmB-albumin microsphere was active in an experimental in vivo model of visceral
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leishmaniasis {L.infantum) using the golden hamster whereas the free AmB did not show 

any activity after intracardial administration of 1.0 mg/kg AmB (Dea-Ayuela et al. 2004). 

This AmB-albumin microsphere reduced the parasite level in the liver and spleen by more 

than 99.0% following a dose of 10.0 mg/kg in hamsters infected with L.infantum (Sanchez- 

Brunete et al. 2004). In this in vivo model, the toxicity of AmB was reduced 8  times by 

encapsulation in the albumin microsphere compared with AmB-deoxycholate 

(Fungizone®). No sign of acute toxicity was observed after intravenous administration of 

up to 40.0 mg/kg AmB-albumin microsphere in hamster, whereas Fungizone® was lethal at 

a dose of 5.0 mg/kg (Sanchez-Brunete et al. 2004). AmB loaded in PLGA microspheres 

was less effective than AmB-albumin microspheres in reducing liver and spleen parasite 

load. It was not clear from what is described in the literature why there was no further work 

to develop the AmB-albumin microspheres.

AmB-polymer conjugate
Several polymers have been examined for the delivery of AmB as conjugates with the aim 

to improve AmB solubility and therapeutic index. Examples included the polymer derived 

from the methacrylimide of hydryoxypropyl amine (HPMA) (Nicoletti et al. 2009), PEG 

(Conover et al. 2003), arabinogalactan (Ehrenfreund-Kleinman et al. 2002) and dextran 

(Sokolsky-Papkov et al. 2006). Conjugation of AmB to a polymer might affect its 

antileishmanial activity, as conjugation occurs via the amino group of AmB, which is 

proven to be very important for AmB interaction with ergosterol membrane. The presence 

of positively charged nitrogen atom of amino group of AmB is very important for effective 

interaction with ergosterol and hence for antifungal and antileishmanial activity (Sedlak 

2009). Furthermore, literature in most of these AmB-polymer conjugate did not describe 

the mechanism of the release of AmB from the polymer and whether the free AmB 

(released from the conjugate) or the whole AmB-polymer conjugate is biologically active. 

Moreover, conjugation of AmB to a polymer result in altering the chemical structure of the 

AmB which is can be a problem from drug regulatory point of view.

A water soluble polymer arabinogalactan was used to increase solubility of AmB 

(Ehrenfreund-Kleinman et al. 2002). Arabinogalactan is a biodegradable and biocompatible 

natural polymer (polysaccharide) with very high water solubility (Ehrenfreund-Kleinman et 

al. 2002; Falk et al. 1999; Falk et al. 2004). Conjugation of AmB to arabinogalactan is 

possible by reductive amination and it is possible to control the amount of conjugated AmB
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(via amine group in AmB). The polysaccharide was oxidised by addition of periodate to its 

di-aldehyde derivative and then conjugated to AmB via schiff base formation. The Schiff 

bond was then reduced to the more stable amine bond using sodium borohydride. The 

molecular weight of arabinogalactan that was used for conjugation was 20-30 kDa and the 

AmB loading in the conjugate was 20.0% w/w (Ehrenfreund-Kleinman et al. 2002).

AmB-arabinogalactan conjugates displayed similar activity to Fungizone® against 

amastigotes in mouse peritoneal macrophages and promastigotes of L.major (EC50 of 0.17- 

0.31 and 0.19-0.34 pg/mL respectively) and L.infantum (EC50 of 0.027-0.035 and 0.03-0.06 

pg/mL respectively) in vitro. In comparison Fungizone® displayed an EC50 of 0.02 and 

0.01 pg/mL against promastigotes of L.major and L.infantum respectively (Golenser et al. 

1999). Theses conjugates were found to be more active than Fungizone® in treating 

experimental cutaneous leishmaniasis {L.major) upon both intravenous and subcutaneous 

routes (Golenser et al. 1999). BAB L/c mice infected with L.major were treated on day 2 for 

2 weeks on alternating days by intravenous administration of 6.0 mg/kg AmB for the 

conjugates and AmBisome® and 1.0 mg/kg for Fungizone®. These AmB conjugates 

caused a significant delayed appearance of the lesions more effectively than Fungizone® 

but not as well as AmBisome®. Upon administration of the same dose subcutaneously, 

AmB-arabinogalactan conjugates were more effective in delaying lesion appearance than 

AmBisome®. This conjugate displayed 40 times less toxicity than free AmB in mice and 

was 60 times less haemolytic against sheep erythrocytes after 1 h incubation at an AmB 

concentration of 500 pg/mL (Ehrenfreund-Kleinman et al. 2002). Up to 12.0 mg/kg AmB- 

arabinogalactan can be administered intravenously in mice. AmB-arabinogalactan 

conjugates were found to be more effective than Fungizone® and AmBisome® in the 

eradication of fungal infection (yeast) in vivo (mice) (Falk et al. 1999). These conjugates 

were non-toxic in vivo with a maximum tolerated dose of 50.0 mg/kg in mice. The 

distribution of AmB-arabinogalactan conjugates was mostly in the lung followed by the 

liver and spleen after intravenous administration in BALB/c mice (Falk et al. 2004). It was 

not clearly described how AmB was released from the conjugate and whether the observed 

biological activity is caused by the free AmB that dissociated from the conjugate or by the 

whole AmB-polysaccharide conjugate.

The pharmacokinetics of AmB-arabinogalactan conjugates was studied in rats. A 

dose equivalent to 4.0 mg/kg of the conjugate and 1.0 mg/kg for Fungizone® was given 

intravenously (Elgart et al. 2010). The half life and volume of distribution for AmB
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deoxycholate were 10.9 h and 1630 mL/kg respectively and for the AmB-arabinogalactan 

conjugate these values were 8 . 8  h and 217 mL/kg respectively. The half life of the AmB 

conjugate depends on the molecular weight of arabinogalactan. The low volume of 

distribution for the AmB-arabinogalactan conjugate was due to the large molecular size of 

the conjugate to extravasate from blood vessels leading to lower distribution into tissues 

(Elgart et al. 2010).

Another study examined AmB-gum arabic polysaccharides conjugates which were 

structurally similar to the AmB-arabinogalactan conjugate except the arabinogalactan has 

high molecular weight (250 kDa) (Nishi et al. 2007). Similar results were observed 

regarding toxicity and biological activity (antifungal and antileishmanial activity) as the 

foregoing conjugates (Nishi et al. 2007). These conjugates were non-toxic in vivo up to

20.0 mg/kg AmB. These AmB-gum conjugates showed an EC50 of 0.37±0.04 pg/mL 

against Ldonovani promastigotes in vitro and the minimum inhibitory concentration 

against C.albicans and C.neoformans was in the range of 0.5-0.9 pg/mL in vitro. The 

bioavailability of the conjugates in rabbits was in the range of 5.0-20.0 pg/mL for over 24 h 

(Nishi et al. 2007). AmB is thought to be released from the conjugate by hydrolysis of 

imine or amine bond between the carboxylic group in the polysaccharide and the amino 

group of AmB in the blood. In vitro release studies in PBS (pH 7.4) and bovine serum 

albumin (0.9 mM) displayed release of AmB from the conjugate (Nishi et al. 2007). The 

release of AmB from imine conjugate was faster than amine conjugate. After 24 h 

incubation of the conjugate in serum, the release of AmB were 20.0 and 80.0% from amine 

and imine conjugate respectively (Nishi et al. 2007). The faster release in the case of the 

imine conjugate indicates instability of the conjugate. The release of AmB from the amine 

conjugate was 30.0% after 50 h incubation in serum which indicates that AmB is not 

efficiently released from the conjugate. It was thought that the released AmB will exert the 

pharmacological action by interacting with membrane (Nishi et al. 2007). It was not clear 

whether the observed antifungal and antileishmanial activity is caused by the released AmB 

or the whole AmB-gum conjugate. Although amine conjugates were less active than imine 

conjugate against Ldonovani promastigotes and C.albicans which might be due to slow 

release of AmB from amine conjugate (Nishi et al. 2007). This indicates that conjugation of 

AmB to gum Arabic resulted in reduction of AmB biological activity. Furthermore, the in 

vitro release studies were carried out in PBS (pH 7.4) and bovine serum albumin which
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does not mimic the real physiological conditions. Moreover, the mechanism of hydrolysis 

of the bond between AmB and gum Arabic was not described clearly.

Another method for preparation of AmB-arabinogalactan conjugates utilised 

tosylate or mesylate derivatives of arabinogalactan which were allowed to react with AmB 

(Ehrenfreund-Kleinman et al. 2004).The resulting conjugates were water soluble with 

improved stability. These conjugates were active against Candid albicans (MIC of 1.0 

pg/mL) and L.major promastigotes (EC50 of 0.1 pg/mL) in vitro. The conjugates were 60 

times less toxic toward sheep RBCs than Fungizone® after 1 h incubation at AmB 

concentration of 500.0 pg/mL. The maximum tolerated dose of these conjugates was 10.0-

30.0 mg/kg compared with 1.0 mg/kg for Fungizone® in vivo (BALB/c mice). This AmB- 

arabinogalactan conjugate was very stable and there was poor release of free AmB from the 

conjugates. It was thought that AmB is biologically active as conjugate without the need for 

the release of free AmB from the conjugate (Ehrenfreund-Kleinman et al. 2004). However, 

no systematical release studies were carried out and the in vitro activity against Candid 

albicans and L.major promastigotes was done without including control formulations 

(Fungizone® or AmBisome®) for comparison. Therefore it is difficult to know whether 

these conjugates have similar or lower in vitro antifungal and antileishmanial activity than 

standard AmB formulation. Furthermore, the blank polymer was not tested for possession 

of biological activity.

The main drawbacks of AmB-arabinogalactan conjugate are (1) incomplete removal 

of the oxidising agent that was used to form di-aldyde derivative of arabinogalactan which 

is important step in the preparation of the conjugate, can cause oxidation and degradation of 

AmB and the polymer and, (2) alternative conjugation techniques resulted in formation of 

toxic side products and conjugate with less activity and more toxicity than free AmB 

(Ehrenfreund-Kleinman et al. 2004).

Another polysaccharide has been investigated for conjugation with AmB is dextran. 

Dextran forms an imine conjugate with AmB, which has been found to be active against 

L.donovani promastigotes in vitro ( E C 5 0  of 0.25-0.3 pg/mL) (Sokolsky-Papkov et al. 2006). 

In comparison. Fungizone® displayed an E C 5 0  of 0.05 pg/mL. AmB-dextran conjugates 

were 15 times less toxic than Fungizone® against sheep red blood cells after 1 h incubation 

at 37°C at AmB concentration of 512.0 pg/mL. The main drawbacks of AmB-dextran 

conjugates is the presence of residual dextran aldehyde which is formed in the first step of 

the process of conjugation might result in toxicity toward mammalian cells. Dextran
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polyaldehyde was found to be cytotoxic toward the kératinocytes and fibroblasts (Draye et 

al. 1998). Furthermore, the in vitro antileishmanial activity of this AmB-dextran conjugate 

against L.donovani promastigotes were 5-6 fold lower than Fungizone®.

Another approach was conjugation of AmB to PEG with a molecular weight of 40 

kDa. This conjugate was highly water soluble (2.5 mg/mL AmB equivalent). These 

conjugates were less toxic (10.0% haemolysis) than Fungizone® after 30 h incubation with 

rabbit RBCs at AmB concentration of 1.0 mg/mL (Conover et al. 2003). However, these 

conjugates displayed 70.0% haemolysis after 3 h incubation at 37°C. Furthermore, AmB- 

PEG conjugates were 100.0% less active against Aspergillus niger than Fungizone® 

(Conover et al. 2003). pH responsive conjugates of AmB with PEG have also been studied 

where AmB was conjugated to PEG via an imine bond which is stable in the blood and 

tissue (pH7.4-7.6) (Sedlak et al. 2007b). This imine linkage should be easily hydrolysed at 

low pH 5. These conjugates were stable in phosphate buffered saline (PBS) (pH7.4) and 

only 5 mol% of AmB was released after 24 h. In a model medium with low pH (5.5) 

simulating the conditions of infected tissues, the conjugates release AmB with half lives of 

2-45 min. These conjugates were non-toxic in vivo with LD50 of 20.7 and 40.5 mg/kg for 

conjugates prepared from PEG with molecular weight of 10 and 50 kDa respectively 

(Sedlak et al. 2007b). In other studies by the same research group, AmB was conjugated to 

a copolymer of poly(ethylene glycol)-b-poly(L-lysine) via an acid labile imine linkage 

(Sedlak et al. 2007a). These conjugates were stable in human plasma and PBS (pH 7.4), 

with controlled release under acidic conditions (pH 5.5) (half life 2 min). The L D 5 0  of these 

conjugates was 45 mg/kg (Sedlak et al. 2007a).

A biocompatible and water soluble N-(2-hydroxypropyl)methacrylamide (HPMA) 

copolymer was used to conjugate AmB via a biodegradable linker (GlyPheLeuGly). This 

AmB-HPMA conjugate was found to be active against L.donovani amastigotes in vitro with 

an E C 5 0  of 0.03 pg/mL in both of mouse peritoneal macrophages and bone marrow derived 

macrophage. In comparison, free AmB displayed an E C 5 0  of 0.03-0.07 pg/mL in these 

macrophages. AmB-HPMA conjugates displayed an E C 5 0  of 0.57 pg/mL against 

L.donovani amastigotes in the differentiated THP-1 cells compared to 0.24-0.42 pg/mL for 

free AmB. The in vivo activity of this conjugate was not reproducible. AmB-HPMA 

conjugates having 27.5% AmB displayed 55.9±7.7% inhibition of the liver parasite burden 

at a dose of 1.0 mg/kg body weight given in three alternate days (total dose of 3.0 mg/kg) in 

BALB/c mice. In contrast, AmBisome® displayed 98.7±0.7% liver parasite burden at the
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same dose (Nicoletti et al. 2009). In another in vivo experiment the same conjugate showed 

93.8±1.6% inhibition compared to 99.9±0.1% caused by AmBisome® at the same dose. 

Information on the release profile of AmB from the AmB-HPMA conjugate was not 

available in the literature. However, it was mentioned that AmB is linked to HPMA by a 

lysosomally degradable linker that result in specific drug release inside the lysosomes 

(Nicoletti et al. 2009). There was no information in the mechanism of degradation of the 

linker. Furthermore, degradation experiment was not conducted. It was not clear from the 

literature whether the free AmB is the conjugated AmB is active against L.donovani in vitro 

and in vivo.

Targeting AmB-HPMA conjugates to the macrophages by covalently attaching a 

mannose moiety to the polymer was also studied by the same research group. There was no 

advantage of attaching a mannose moiety (6.0%) to AmB-HPMA conjugate regarding the 

antileishmanial efficacy (Nicoletti et al. 2009). The AmB-HPMA conjugate containing 

6.0% mannose and 10.4% AmB loading displayed 34.6±9.4% parasite burden inhibition 

compared to 46.6±6.1% caused by the non-mannosylated conjugate with 9.6% AmB 

loading at a total dose of 3.0 mg/kg in BALB/c mice {L.donovani). The same in vivo 

antileishmanial activity of the mannosylated and non-mannosylated conjugates was 

explained by: ( 1 ) presence of conformational hindrance that prevents interaction of the 

mannose bound polymer with the mannose receptor and (2 ) rate of cellular uptake via other 

mechanisms may be faster than mannose receptor mediated endocytosis (Nicoletti et al.

2009).

Recently combination therapy of AmB-HPMA conjugates with another 

antileishmanial agent covalently attached to the same polymer has been studied (Nicoletti et 

al. 2010). The two drugs AmB and alendronic acid were conjugated to HPMA via a 

biodegradable linker. These new combinations did not show any increase in the 

antileishmanial activity in vivo {L.donovani in BALB/c mice) compared with AmB-HPMA 

conjugates (Nicoletti et al. 2010). AmB-HPMA conjugates having AmB loading of 8.2 and 

13.4% containing 5.5 and 3.9% of alendronic acid displayed 44.4±2.6 and 53.8±5.2% 

hepatic parasite burden inhibition respectively at a total AmB dose of 3.0 mg/kg. In 

comparison, the AmB-HPMA conjugates with AmB loading of 9.6 and 16.9% containing 

no alendronic acid caused 36.1± 10.4 and 77.5±3.0% hepatic parasite burden inhibition at 

the same dose (Nicoletti et al. 2010).
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AmB-polymer micelle
AmB incorporation in a polymeric micelle has also been studied. Micelles prepared from a 

copolymer of poly(ethylene oxide)-b-poly(N-hexyl-L-aspartamide) were used to 

incorporate AmB (Adams et al. 2003; Adams & Kwon 2004; Lavasanifer et al. 2002). 

AmB was present in a non-aggregated form in this micelle system and was released slowly 

from the micelle. The in vitro antifungal activity of AmB incorporated in this micelle 

remained equal to Fungizone®. Similar results were observed by encapsulation of AmB in 

poly(ethyleneglycol)-block-poly(N-hydroxystearate-L-aspartamide) copolymer micelles 

(PEG-b-PHSA). The solubility of AmB was increased to 1.0 mg/mL in water and the 

loading efficiency was 96.6±0.6% AmB. The size of the micelle was 66.0±5.5 nm in 

diameter (Diezi et al. 2010).

AmB micelles prepared from partially benzylated poly(L-aspartic acid) (PBPA) is 

found to contain AmB in a non-aggregated form and having particle size of 60 nm (Yoo et 

al. 2006). The AmB-PBPA micelle displayed an in vitro antifungal activity against 

C.albican (MIC of 5.0 pg/mL) that was two folds lower than Fungizone® (MIC of 2.5 

pg/mL). This micelle system displayed reduction in AmB renal toxicity after single 

intravenous administration (5.0 mg/kg AmB equivalent) in rat. There was no damage of 

proximal renal tubular cells after 7 days of the treatment in the case of AmB-PBPA micelle, 

while Fungizone® displayed profound damage to these cells at the same dose. The 

reduction of AmB renal toxicity was explained by the modification of AmB aggregation 

state in the micelle system and the presence of electrostatic interaction between anionic 

groups of PBPA and amino group of AmB (Yoo et al. 2006). Another type of polymeric 

micelle system used for delivery of AmB is poly(ethylene glycol-block-poly(e- 

caprolactone-co-trimethylenecarbonate) copolymer. These micelles contained AmB in a 

non-aggregated form and increased water solubility of AmB to 101.0-122.0 pg/mL. This 

AmB micelle system contained 1.0 and 10.0% copolymer displayed 32.0 and 9.0% 

haemolysis respectively after 30 min incubation with rat RBCs at an AmB concentration of

12.0 pg/mL. In comparison, Fungizone® caused 94.0% haemolysis at the same 

concentration. No information was provided on the haemolytic toxicity of this AmB 

polymeric micelle after 1 and 24 h incubation or at higher AmB concentrations. 

Furthermore, the in vitro antifungal activity against C.albicans was reduced by 

encapsulation of AmB in this micelle system (Vandermeulen et al. 2006). This AmB-
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polymer micelle showed a minimum inhibitory concentration (MIC) of 0.3-1.19 pg/mL, 

while Fungizone® had a MIC of 0.15 pg/mL (Vandermeulen et al. 2006).

Vakil & Kwon studied the incorporation of AmB in poly(ethylene glycol-block- 

poly(e-caprolactone-phospholipids) mixed micelle (Vakil & Kwon 2006). This mixed 

micelle system was able to solubilise AmB. Incorporation of AmB into PEG-phospholipids 

micelles increased its solubility while reducing its toxicity in vitro with retention of its 

antifungal activity (Vakil & Kwon 2005). Unfortunately these AmB in PEG-phospholipids 

micelles showed toxicity in vivo which is explained by the instability of the micelle in the 

blood leading to rapid release of AmB (Vakil & Kwon 2008).

Recent studies described an amphiphilic block copolymer of PEG and poly(lactic 

acid) (PLA) that can self assemble and form vesicles called polymersomes (Jain & Kumar 

2010b). AmB can be incorporated in these polymersomes with a loading of 16.25±2.50% 

and size of 199.6±14,1 nm (PDl, 0.258±0.18). AmB polymersomes displayed negligible 

haemolysis after 30 min incubation with rat RBCs at AmB concentration of 100.0 pg/mL. 

In comparison, Fungizone® displayed 100.0% haemolysis at the same AmB concentration. 

There was no mortality at dose up to 6.0 mg/kg AmB equivalent after intravenous bolus 

administration of the polymersomes in BALB/c mice (Jain et al. 2011), Similar antifungal 

efficacy as Fungizone® was observed for these polymersomes in mice infected with 

C.albicans at the same AmB dose (1.0 mg/kg) (Jain et al, 2011). There is no information on 

the stability of this AmB-polymersomes at elevated temperature or in serum available in the 

literature.

AmB was incorporated in poly(ethylene oxide)-block-poly(e-caprolactone) micelles 

with AmB loading 10.0-30.0% (Falamarzian & Lavasanifar 2010a). The maximum 

solubility that was achieved was 436.0 pg/mL AmB equivalents. These micelles reduced 

AmB toxicity against rat RBCs to 15.0% haemolysis compared to more than 90.0% caused 

by Fungizone® at 30 pg/mL AmB after 30 min incubation at 37°C (Falamarzian & 

Lavasanifar 2010b). The haemolytic toxicity was not tested at extended incubation periods 

therefore these micelles might be more haemolytic after 1 and 24 h incubation period.

AmB encapsulated in a polymeric micelle of poly(DL-lactide-co-glycolide) (PLGA) 

grafted-dextran (DexLG) copolymer showed antifungal activity against C.albicans in vitro 

(Bang et al. 2008). The in vitro antifungal activity against C.albicans of AmB-PLGA 

micelle (MIC of 0.6-0. 8  pg/mL) was similar to Fungizone® (MIC of 0.6 pg/mL) (Bang et 

al. 2008), The size of these AmB loaded micelles was 30-150 nm and AmB was again
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present in a less aggregated form (Choi et al. 2008). The loading of AmB in this PLGA 

micelle was very low (1.7-4.2%) (Bang et al. 2008). Furthermore, these AmB-PLGA 

micelles did not significantly reduce the toxicity of AmB against human RBCs. It displayed 

30.0% haemolysis after 30 min incubation at 37°C compared to 98.0% haemolysis caused 

by Fungizone® at an AmB concentration of 25.0 pg/mL (Bang et al. 2008). The haemolytic 

toxicity was not tested at extended incubation periods therefore these micelles might be 

more haemolytic after 1 and 24 h incubation period.

Polymeric micelle systems are relatively easy to fabricate in the laboratory, but 

unfortunately most of these systems suffer from instability in serum which reduce their 

stability in vivo (Chen et al. 2008; Savic et al. 2006).

AmB-polymer complex
A complex is a molecular association between molecules via non covalent bonding, mainly 

by electrostatic binding, hydrogen bonding and hydrophobic interactions. Cyclodextrin 

(CD) can form an inclusion complex with a drug via hydrophobic interaction by entrapping 

the drug in the rigid cavity of cyclodextrin (Jansook et al. 2010). The use of cyclodextrin in 

parenteral drug delivery is limited by their toxicity which is related to the dose and 

structure of CD. CDs have the liability of forming a precipitate in the glomerular filtrate 

causing renal problems. The water solubility of CDs have been improved by derivatisation 

of CDs e.g. hydroxypropyl-p-cyclodextrins and sulfobutyl ether derivatives of p- 

cyclodextrins (Shi et al. 2009).

Attempts to improve the solubility of AmB by formation of inclusion complexes 

with CD have been made in the past. Gamma cyclodextrin can form an inclusion complex 

with AmB which can form homogenous solution upon dissolving of the lyophilised AmB- 

CD complex in water (Jansook & Loftsson 2009; Kajtar et al. 1989). In other studies, the 

AmB-CD complex was prepared by addition of AmB (50.0 mg) in 20.0 ml of gamma 

cyclodextrin solution (45.0 mg/mL) in water having a pH of 12 that was previously 

adjusted with sodium hydroxide (Espada et al. 2008b). Then the solution was neutralised to 

pH 7.4 by orthophosphoric acid. AmB was present in a monomeric form in this complex 

and had a size of 594.5 nm. This AmB-CD complex displayed 33.1±2.04% haemolysis 

after 1 h incubation with human RBCs at 37°C at an AmB concentration of 100.0 pg/mL 

(Espada et al. 2008b). This haemolytic toxicity of the AmB-CD complex was consistent 

with haemolysis caused by pure gamma cyclodextrin alone (Ohtani et al. 1989). The use of
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gamma cyclodextrin at intravenous doses below 1 2 0 . 0  mg/kg was reported to be safe 

(Donaubauer et al. 1998). Moreover, haemolysis at longer incubation period (24 h) was not 

tested which implies that these complexes may be more haemolytic than described. The 

lethal dose of this AmB-CD complex was 15.0 mg/kg given as single intravenous bolus 

injection in BALB/c mice (Espada et al. 2008b) and up to 5.0 mg/kg given as intracardial 

single dose in hamster (Espada et al. 2008b).

More recent studies investigate the loading of the AmB-cyclodextrin complex in 

proliposomes (Chakraborty & Naik 2003) and niosomes (Mullen et al. 1997). 

Proliposomes contains AmB-CD complex displayed a similar in vivo antifungal activity 

compared with Fungizone® (Chakraborty & Naik 2003). This proliposomes showed 15.0- 

27.0% haemolysis of mice RBCs after 1 h incubation at 37°C compared to 100.0% 

haemolysis caused by Fungizone®. The haemolytic activity was not assessed at longer 

incubation period such as 24 h in which these proliposomes might cause more haemolysis. 

Furthermore, these proliposomes were very haemolytic at an AmB concentration of 100.0 

pg/mL (100.0% haemolysis) after only 1 h incubation period (Chakraborty & Naik 2003). 

AmB-CD complexes loaded into niosomes were found to be less active than AmBisome® 

against experimental VL following intravenous administration of 2.5 mg/kg AmB on day 

7-11 post infection (Mullen et al. 1997). The drawback of cyclodextrins is the need to use a 

large amount of cyclodextrin to achieve effective solubilisation of the drug.

Preclinical studies investigating the formation of a complex between 

poly(vinylpyrrolidone) (PVP) and AmB have been made (Charvalos et al. 2006). AmB- 

PVP complexes were prepared by dissolving both AmB (5.0 mg) and PVP (2.0 g) in 

methanol (100.0 mL) at 50°C. Solvent was removed by evaporation at 45°C. PVP used in 

the preparation of the complex has molecular weight of 10, 24 and 40 kDa. The loading 

percentage of AmB in the complex was very low (0.249% w/w). The complex that was 

formed retained antifungal activity against Candida spp in vitro with a MIC of 0.12-0.5 

pg/mL (Charvalos et al. 2006). However, no direct comparison between the in vitro 

antifungal activity of these complexes with Fungizone® or AmBisome® was made. 

Furthermore, AmB-PVP complexes caused only 2 fold reduction of the haemolytic toxicity 

of AmB compared with Fungizone® (100.0% haemolysis) after 1 h incubation with sheep 

red blood cells at 37° C at an AmB concentration of 40.0 pg/mL (Charvalos et al. 2006). 

This can be explained by the formation of toxic AmB aggregates that resemble oligomers 

present in Fungizone®. This was evidenced by UV spectroscopic analysis of the AmB-PVP
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complex (Charvalos et al. 2006). No 24 h incubation data were given which implies that 

these complexes were quite haemolytic, and no further work has been describe to develop 

these AmB-PVP complexes. In addition, a large amount of PVP and methanol was required 

to prepare these complexes. This would presumably make the large scale manufacture of 

the AmB-PVP complex difficult, costly and in the end not feasible.

1.4 Aim and hypothesis
The current challenge for novel treatments for VL is to develop a stable, highly effective 

and affordable formulation that can be used in developing countries. The main aim of the 

project is to develop a stable and water soluble formulation of AmB by non-covalently 

associating AmB to a polymer. In the hope to minimise the toxicity of AmB while 

maintaining its antileishmanial activity.

To avoid the negative effects on the biological activity of AmB that might arise 

from conjugating AmB to a polymer or instability issues related to the use of a polymeric 

micelle, we will develop a new strategy utilising a water soluble polymer to form a non- 

covalently associated complex with AmB. Three polymers were investigated: 

poly(methacrylic acid), poly(vinylpyrrolindone-co-methacrylic acid) and poly(a-glutamic 

acid).

Our hypotheses are: (1) the AmB-polymer complex can passively target the 

macrophages with subsequent killing of Leishmania parasite that resides inside the 

macrophages and, (2) the use of a polymer to prepare safe and effective lipid free AmB 

formulation can result in a less expensive and more stable formulation that can replace 

liposomal AmB (AmBisome®) for the treatment of VL in tropical climate areas.
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Chapter 2 

Complexation of AmB with the precursor polymer 2

2.1 Background
Several preclinical polymer based formulations have been developed to tackle the problem 

of toxicity and poor water solubility of AmB. The most famous techniques that utilise a 

polymer to improve water solubility or modify biological activity of a drug are; ( 1 ) 

conjugation of a drug to a polymer (covalent bond) (Nicoletti et al. 2010; Nicoletti et al. 

2009; Sedlak 2009) and (2) encapsulation of drug in a polymeric micelle (Bang et al. 2008; 

Choi et al. 2008; Moribe et al. 2010). Our approach is to complex AmB to a polymer 

containing carboxylic pendant groups. The word complex is defined by lUPAC 

(International Union of Pure and Applied Chemistry) as "a molecular entity formed by 

loose association involving two or more component molecular entities (ionic or uncharged), 

or the corresponding chemical species". The bonding between the components is normally 

weaker than in a covalent bond. Our efforts were focused on developing a non-covalently 

associated AmB-polymer complex using a precursor polymer, A precursor polymer is 

defined as a polymer that can be converted to a different polymer by a chemical reaction.

Precursor polymer (poly(N-methacryloxysuccinimide)) 2 was synthesised by atom 

transfer radical polymerisation in order to prepare narrow molecular weight polymer 

(Scheme 1). The narrow molecular weight of polymer is important to ensure preparation of 

homogenous AmB-polymer complex that can elicit reproducible pharmacological effects in 

vivo. This precursor polymer 2 can be hydrolysed to a linear water soluble poly(methacrylic 

acid) sodium salt ^  and is soluble in DMSO as AmB (Scheme 1). The precursor polymer 2 

was initially examined for the conjugation with AmB.
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Scheme 1. Synthesis of narrow molecular weight poly(methacrylic acid) 3: (1) 
polymerisation by controlled radical polymerisation to give precursor polymer 2 and (2 ) 
hydrolysis of the precursor polymer 2 to give poly(methacrylic acid) sodium salt The 
protonated poly(methacrylic acid) 3 is formed at pH value less than 5.

76



Attempts to conjugate AmB directly to the precursor polymer 2 via the amino group 

in AmB were unsuccessful. The use of small linker such as aminobutyric acid and glycyl- 

glycyl-glycine with reactive amino group to conjugate AmB to the precursor polymer 2 was 

also investigated (Figure 7). AmB was derivatised by attaching the amine protected linker 

to amino group of AmB. After deprotection the more reactive amino group in the linker 

was available for conjugation with the precursor polymer 2. Purification of AmB-linker 

compound was very difficult. The AmB adduct with aminobutyric acid was unstable and 

underwent side reactions which made the amino group in the linker unavailable for reaction 

with the precursor polymer 2. Regardless of these drawbacks, efforts to conjugates AmB to 

the precursor polymer 2 via linker were examined. After conjugation of AmB-linker to the 

precursor polymer 2 , sodium hydroxide was added to hydrolyse the remaining active ester 

moieties (NHS) to form water soluble AmB conjugates. These AmB conjugates had very 

poor antileishmanial activity in vitro (Harris Debra 2006). Furthermore, AmB conjugation 

to the precursor polymer 2 was difficult to reproduce and was not feasible to increase AmB 

water solubility.

Conjugation of AmB to a polymer is well known (Nicoletti et al. 2010; Nicoletti et 

al. 2009; Sedlak 2009), however it was thought that release of AmB was also necessary. 

The conjugation of AmB to a polymer might affect its antileishmanial activity; as 

conjugation occurs via amino group of AmB, which is proven to be very important for 

AmB interaction with ergosterol membrane (Sedlak 2009). Hence AmB conjugation 

appeared to be complicated strategy.

.OH
H ,N ‘

OH O o

Glycyl-glycyl-glycine Aminobutyric acid

Figure 7. Chemical structures of aminobutyric acid and glycyl-glycyl-glycine.

Interestingly during the preparation of AmB-polymer conjugates, it was observed 

by Dr Antony Godwin (The School of Pharmacy) that there was non-covalent association 

between linker derivatised AmB and the polymer. There was presence of linker derivatised 

AmB in the final product even after extensive purification of AmB-polymer conjugates by
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dialysis. This observation suggested formation of a complex between AmB and the 

hydrolysed polymer

A prior PhD student, Debra Harris (2006) (The School of Pharmacy, University of 

London) began to study how the precursor polymer 2 could be hydrolysed in the presence 

of AmB as a mean to complex AmB to poly(methacrylic acid) sodium salt It was found 

that AmB-PMAA complex 4 was prepared by slow hydrolysis of the precursor polymer 2 

by addition of two equivalents of aqueous sodium hydroxide (1.0 M) in the presence of 

AmB (Scheme 2). The AmB loading in the AmB-PMAA complex 4 was in the range of 

15.0-50.0%. Formation of the complex 4 did enable improvement of the solubility of AmB 

up to at least 4.0 mg/mL AmB equivalents in water and reducing its toxicity towards 

mammalian cells. The in vitro activity of the complex 4 was similar to Fungizone® against 

Leishmania donovani and Leishmania mexicana promastigotes and intracellular 

amastigotes in mouse peritoneal macrophages. This AmB-PMAA complex 4 was stable for 

12 months at 4°C and at 37°C for 1 month in the form of a lyophilised powder. The AmB- 

PMAA complex 4 (48.0% AmB loading) displayed in vivo activity against Leishmania 

donovani in BABL/c mice model which is similar to Fungizone®.
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Scheme 2. Mild hydrolysis of narrow molecular weight precursor polymer 2 in the 
presence of AmB gives the corresponding narrow molecular weight AmB-PMAA complex 
4.

These studies have been continued to be supported by DNDi (Drugs for Neglected 

Diseases Initiative). However, there was an issue related to the presence of impurities in the 

AmB-PMAA complex 4. The impurities are related to the N-hydroxysuccinimide ester 

group (NHS) which are not toxic to mammalian cells in mouse model but might affect 

stability of the complex 4 or become an issue later in development. These impurities have 

no function and difficult to identify and quantify. The impurities result from ring opening 

side reaction of reactive ester group (NHS) in the precursor polymer 2 that might not be
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completely hydrolysed upon addition of sodium hydroxide or being entrapped inside AmB- 

PMAA complex 4. One of the aims of this chapter is to overcome impurities problems arise 

during preparation of AmB-PMAA complex 4 from the precursor polymer 2. The polymer 

present in the final AmB-PMAA complex 4 is poly(methacrylic acid) sodium salt ^  

derived from hydrolysis of the precursor polymer 2 (Scheme 1). Properties of 

poly(methacrylic acid) ^are  described below.

Poly(methacrylic acid)
Poly(methacrylic acid) (PMAA) 3 is a polyelectrolyte and possesses properties of weak 

acid (polyacid). The properties of PMAA 3 that allows its potential therapeutic use are: (1) 

it is a pH sensitive and biocompatible polymer, (2) at physiological pH, PMAA 3 is 

negatively charged which enhances formation of complexes with oppositely charged 

compounds. PMAA 3 adopts hypercoiled conformation at low pH (<4) due to hydrophobic 

interaction between the methylene groups in the polymer (Soutar & Swanson 1994). 

Addition of a base to a PMAA 3 solution can cause ionisation of the carboxylic pendant 

groups. The polymer will acquire a negative charge. These negatively charged groups on 

the polymer will repel each other resulting in a conformational transition from a 

hypercoiled to an expanded form at pH 5-6 (Jones & Rahman 1994). This conformational 

change is reversible (Soutar & Swanson 1994).

PMAA 3 has the ability to form a complex with hydrophobic agents when the 

polymer is present in compact hypercoiled conformation (CHu & Thomas 1984; Morishima 

1992). The hypercoiled form of PMAA 3 is its acid form and resembles to some extent a 

globular protein. It is thought that PMAA 3 has the capability to solubilise and 

compartmentalise non polar agents (Bednar et al. 1985). Very early studies reveals the 

ability of PMAA 3 to increase the water solubility of aromatic polycyclic hydrocarbons 

such as phenanthrene, anthracene and pyrene in its compact form (Barone et al. 1967). The 

solubilisation was achieved by suspending polycyclic hydrocarbons in aqueous solution of 

PMAA 3 and the suspension was left until it reached equilibrium and was then filtered. 

Solubilisation of these hydrocarbons reached 80% saturation after 10 days. The water 

solubility of phenanthrene, anthracene, and pyrene was 9><10' ,̂ 4.4x10'^ and 7.7x10'^ 

mole/L respectively. PMAA 3 addition improve solubility of phenanthrene, anthracene, and 

pyrene to 2.7x10'"^, 0.3x10'"^ and 2.0x10"^ mole/L respectively (Barone et al. 1967). 

Protonated PMAA 3 solution was found to increase solubility of polycyclic hydrocarbons

79



due to the formation of the hypercoil conformation. Neutralisation of the PMAA 3 solution 

with sodium hydroxide (0.1 N) leads to reduction of the ability of PMAA 3 to solubilise 

non-polar molecules due to conformation change from the tight, sparingly solvated coils to 

open, more solvated coils (Barone et al. 1967).

PMAA 3 has been used to solubilise hydrophobic dyes such as cyanine and coumarin 

fluorescent dyes via formation of water soluble complexes (Jones & OH J 1994;Jones & 

Rahman 1994). Solubilisation of coumarin florescent dyes was achieved by dissolving an 

excess of the dye in a PMAA 3 solution at pH 3.0 overnight followed by filtration. 

Coumarin dyes are insoluble in water (0.2xl0’̂ -10xl0'^ M). PMAA 3 (1.0% w/v) increases 

their water solubility by 100-200-fold (21x10'^-200x10"^ M) (Jones & Rahman 1994). The 

solubilisation effect of PMAA 3 is thought to result from hydrophobic interactions between 

its methylene pendant groups that form lipid-like microdomains in the compact coil form of 

aqueous PMAA 3 at pH 3 (Jones & Jimenez 2001; Jones & Rahman 1994). The dye is 

thought to be entrapped inside these hydrophobic microdomains. Furthermore there is 

hydrophobic interaction between PMAA 3 methylene groups in the main chain and the 

coumarin dye within this hydrophobic core. This interaction disappeared upon ionisation of 

PMAA 3 at pH> 8  (charged rod like conformation) (Jones & Rahman 1994). Similar finding 

was reported by other researchers, hydrophobic cyanine dye was bound in the 

microdomains of PMAA 3 acid form (uncharged, compact hypercoiled conformation) at pH 

< 4.0 in water (Jones & OH J 1994).

The solubilisation of these polycyclic hydrocarbons and hydrophobic dyes by PMAA 

3 mentioned above may not be similar to the AmB and PMAA 3 complexation. As AmB- 

PMAA complexes 4 are formed at alkaline pH where PMAA 3 presents in ionised form. In 

comparison solubilisation of these polycyclic hydrocarbons and hydrophobic dyes by 

PMAA 3 occurs at acidic pH in which PMAA 3 is present in a non-ionised form. Polymers 

like poly(methacrylic acid) 3 and the precursor polymer 2 are made by radical 

polymerisation reactions. Since many of these precursor polymers 2 are not commercially 

available we were required to synthesise them for this project.

Free radical polymerisation

Free radical polymerisation is a common method used for synthesis of polymers that are 

derived from carbon-carbon bonds between each repeat unit in the main chain. Many 

polymers have been synthesised by free radical polymerisation such as polyethylene, poly-

80



(methylmethacrylate), polystyrene, poiy(vinylchloride) and poly(vinylpyrrolidone) 

(Allcock & Lampe 2008). The polymerisation system often consists of monomer, initiator 

and solvent. Most of the initiators which are used in free radical polymerisation form a free 

reactive radical under the effect of heating or radiation (Allcock & Lampe 2008).

Free radical polymerisation is chain reaction that consists of four general processes,

( 1) initiation; which involves generation of free radicals, (2 ) propagation; mainly addition 

of monomer to active radical centre, (3) chain transfer; transfer of an active radical centre 

from one molecule to another molecule to cause it to propagate, and (4) termination; which 

stops the polymerisation reaction for a propagating chain either by combination of two 

active radicals or by disproportionation (Scheme 3) (Allcock & Lampe 2008). Free radical 

polymerisation is known as an addition polymerisation reaction.

Initiator-------^  2R 1

R +M ------- ^  R 1 jlnitiation

R 1 +M  ^R  2 ~1

R n+M  ►R n + i J Propagation

R n + Y Z  ► RnY+Z Chain transfer

ft- n"̂  ft- m ------ ^ Pn+m

f t  n +  f t  m   ►Pn+Pm J  Termination

Scheme 3. Mechanism of free radical polymerisation (Allcock & Lampe 2008).

A disadvantage of free radical polymerisation is the difficulty to control polymer 

structure and polydispersity (Coessens et al. 2001). The initiation is often slow for many 

monomers but the propagation can be fast, which results in formation of polymer having 

high molecular weight and wide polydispersity. Polydispersity is the ratio between weight 

average molecular weight and number average molecular weight. Hence the polydispersity 

of natural protein would be 1 , while typically the polydispersity of a polymer produced by 

free radical polymerisation is often less than 2. A polymer from a free radical 

polymerisation has a polydispersity always above 1.5.
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Atom transfer radical polymerisation (ATRP)
To address the limitation of broad polydispersity other radical polymerisations have been 

developed. Controlled radical polymerisation is successful method for synthesis of well 

defined polymers and copolymers. The main types of controlled radical polymerisations 

(Ali & Brocchini 2006; Braunecker & Matyjaszweski 2007; Zetterlund et al. 2008) are: (1) 

reversible addition-fragmentation chain transfer polymerisation (RAFT), (2) atom transfer 

radical polymerisation (ATRP), and (3) stable free radical polymerisation (SFRP). Atom 

transfer radical polymerisation (ATRP) has been used in the synthesis of narrow molecular 

weight distribution of styrene (Ouchi et al. 2009; Patten et al. 1996), methacrylamides 

(Teodorescu & Matyjaszweski 1999), butylacrylate (Ibrahim et al. 2003; Oh et al. 2008) 

and methyl acrylate (Davis et al. 1999).

ATRP provides control over molecular weight and polydispersity of the polymer 

(PD<1.3). The molecular weight is determined by the ratio of the monomer to initiator. The 

control over molecular weight is due to fast initiation and persistent radical effect 

(Coessens et al. 2001). Fast initiation ensures formation of uniform polymer by 

simultaneous initiation of all chains which are able to start propagating at the same time 

(Coessens et al. 2001). The persistent radical effect reduces the concentration of the 

reactive radical by an equilibrium between the dormant and growing chains (Fischer 1997). 

The equilibrium constant must be low to keep concentration of the active species low. 

This minimise chain transfer reactions. The narrow molecular weight distribution is 

achieved by having faster deactivation than propagation to achieve rapid exchange of 

radicals (Monge et al. 2004).

The simplified mechanism of ATRP process was described by (Matyjaszweski 

1997), as the addition of monomer to the growing chain formed from alkyl halide by 

reversible reduction-oxidation reaction catalysed by metal transition complex (cuprous 

halide complexed by two bipyridine molecules) ( Scheme 4). The principle of ATRP is the 

formation of reversible equilibrium between dormant species P-X and polymer radical 

(Scheme 4). This equilibrium can be achieved by use of a catalyst system comprising from 

(transition metal in its lower oxidation state) and a suitable ligand. The ligand plays a role 

in increasing the solubility of the transition metal in the polymerisation media (Coessens et 

al. 2001). The equilibrium should favour formation of temporarily inactive species to 

reduce termination by radical-radical coupling reaction by reducing concentration of active
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radicals (Matyjaszweski 1998). The dormant chains are capped with halogen atom which 

can be transferred to metal complex leaving the growing chain which can propagate by 

addition of monomer. This halogen atom then bonds to the growing chain making it 

dormant. The halogen atom moves between metal complex and the radical chain. The 

oxidation-reduction reaction of the metal complex is reversible. The halogen binds to the 

metal complex in the lower oxidation state Cu (II) and then detaches from it in the higher 

oxidation state Cu(I) (Matyjaszweski 1998). Cu (II) is formed during the polymerisation 

reaction or it can be included in the polymerisation system. Addition of Cu(II) at the 

beginning of the reaction provides more control over molecular weight distribution due to 

an increase in the deactivation rate and a reduction of termination reaction (Teodorescu & 

Matyjaszweski 1999). The kinetics of ATRP can be complicated. ATRP was used to 

synthesis the precursor polymer 2 .

P — X +  Cu(I)/2bipy -y -  ?„* +  X ~ C u  ( II )/2bipy

K ,

+ monomer

Scheme 4. Mechanism of ATRP using cupper halide and bipyridrine as ligand. (X is 
halogen atom). Adapted from (Matyjaszweski 1997).

2.2 Aims
The main aims of the work described in this chapter are to optimise the preparation of the 

AmB-PMAA complex 4 and to eliminate impurities due to the N-hydroxysuccinimide 

reactive ester group (NHS). Several strategies have been investigated in an effort to 

eliminate NHS related impurities:

(1) Variation of the process of preparation of AmB-PMAA complex 4 from the 

precursor polymer 2  (e.g. stoichiometry of the base, type of the base and 

temperature).

(2) Preparation of the AmB-PMAA complex 4 without the use of the reactive ester 

group by using PMAA 3, PMAA-Na ^  and poly(acrylic acid) sodium salt.
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2.3 Materials and methods 

Materials
N-Hydroxysuccinimide (98.0%) (Sigma Aldrich) was freeze dried before use to remove 

residual moisture. Dimethylsufoxide (DMSO) 99.9% (anhydrous grade) was purchased 

from Sigma Aldrich. 2,2-Bipyridine (99.0%) (Sigma Aldrich) was purified by 

recrystalisation from ethanol (warm). Copper bromide (Sigma Aldrich) was purified by 

dissolving in acetic acid 50.0%, filtered and washed with methanol. All reagents that were 

used in the ATRP polymerisation were stored under argon. Poly(methacrylic acid) sodium 

salt (PMAA-Na ^  (molecular weight is 31.1 kDa and polydispersity is 1.02) was 

purchased from Sigma Aldrich. Poly(acrylic acid) sodium salt (PAA-Na 7) was purchased 

from Sigma Aldrich (Mw 30.0 kDa).

Synthesis o f N- methacryloxysuccinimide monomer i
N-Hydroxysuccinimide (27.5 g, 0.24 mmol, NHS) was placed into a dry three necked flask 

(250.0 mL) containing anhydrous dichloromethane (110.0 mL), purged with argon and 

fitted with two dropping funnels. This mixture was cooled to 4°C and the dropping funnels 

were charged separately with methacryloyl chloride (25.0 g 0.24 mmol dissolved in 50.0 

mL DCM) and triethylamine (24.2 g, 0.24 mmol dissolved in 50.0 mL DCM). The content 

of the two funnels were added dropwise simultaneously to NHS and DCM mixture. After 

complete addition, the reaction was stirred for 1 h and then washed with water (xl), 

aqueous sodium hydrogen carbonate (0.1 M) (x2) and a saturated aqueous sodium chloride 

solution (xl) using reparatory funnel. The organic solvent was collected and dried using 

magnesium sulfate and then filtered. The solvent was evaporated at reduced pressure 

leaving a white solid material. The crude monomer 1 was recrystallised from ethyl acetate: 

hexane mixture (90:10 v/v) to give a white crystalline solid which was dried in vaccum. H’ 

NMR ( CDCI3) , 2 ppm (3H , CH3 ), 2.9 ppm ( 4H , CH2 CH2 ), 5.9 ppm (1 H, vinyl) 

and 6.4 ppm( IH vinyl). ‘̂ C^NMR (CDCI3) d 18.03, 25.5, 130.2, 131.9, 162.1, 169.2.

Synthesis o f precursor polymer (poly(methacryloxysuccinimide)) 2
In a typical polymerisation, monomer 1 (2.0 g, 10.9 mmol), bipyridine (23.9 mg, 0.15 

mmol), Cu(l)Br (6.3 mg, 0.04 mmol) and Cu(II)Br (7.3 mg, 0.03 mmol) were added to a 

schlenk tube which was then sealed with a septum, placed under an argon atmosphere and
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dimethylsulfoxide (DMSO) (2.25 mL) was injected. The resulting brown mixture was 

stirred until a solution formed, then purged with argon for 30 min. The reaction tube was 

placed in preheated oil bath at 80°C. Initiator (42.6 mg, 0.2 mmol) was dissolved in DMSO 

(0.25 mL), then added to the reaction mixture by syringe. The reaction was left to stir for 1 

h at 80°C. Polymerisation was evident as the solution became viscous. The reaction mixture 

was removed from the oil bath and DMSO (5.0 mL) was added. The solution was stirred 

overnight. The precursor polymer Z was then precipitated by slow addition of the polymer 

reaction solution to stirred acetone (250.0 mL) at ambient temperature. The solid white 

product was isolated by filtration and dried under vacuum at room temperature.

Hydrolysis o f the precursor polymer 2
The precursor polymer Z was hydrolysed to its sodium salt ^  before being analysed by gel 

permeation chromatography (GPC). The precursor polymer Z was accurately weighed 

(120.0 mg) and dissolved in DMSO (0.6 mL). Volume of Sodium hydroxide (1.0 M, 3.0 

mL) was added to the polymer solution and the resultant mixture was heated to 80°C for 4 

h. The polymer solution was purified using a size exclusion column (PDIO, Sephadex 

5000). The column was first equilibrated with deionised water (25.0 mL). The polymer 

solution (1.0 mL) was loaded and 1.0 mL of the elute was discarded. Distilled water (2,0 

mL) was added into the column and (2.0 mL) of the elute was discarded. Then added 2.0 

mL of water and 2.0 mL of the elute was collected. The solution was freeze dried and used 

for GPC analysis.

Gel permeation chromatography analysis (GPC)
GPC analysis was conducted to determine molecular weight and polydispersity of the 

precursor polymer. GPC measurements were carried out using a column with triple 

detection system which consists of Viscometer, Refractive index and Light scattering 

detectors (Trisec GPC/SEC system, Viscotek). Calibration was carried out using linear 

poly(methacrylic acid) standards (8.0 mg/mL). The mobile phase that used was 50.0 mM 

sodium phosphate aqueous buffer, pH 7.4 with 150.0 mM sodium chloride and a flow rate 

of 0.7 mL/min. A conventional calibration curve was constructed using linear 

poly(methacrylic acid) sodium salt standard having different molecular weights (Mw of 

31.1 kDa (M n of 30.4 kDa and PD of 1.02), 22.1 kDa (Mn 21.1 kDa and PD of 1.05), 7.75 

kDa (Mn 7.2 kDa and PD of 1.07) and 75.1 kDa (Mn 73.3 kDa and PD of 1.02)). Standards
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of poly(methacrylic acid) sodium salt were accurately weighed (16.0 mg) and dissolved in

2.0 mL distilled water. The final concentration was 8.0 mg/mL. The GPC signal was 

recorded using refractive index detector. The calibration curve was constructed by plotting 

logarithmic molecular weight against retention volume. The calibration curve was used to 

calculate estimated molecular weight to check the accuracy of triple detector system.

Preparation o f AmB-PMAA complex4_the precursor polymer 2
AmB-PMAA complex 4 was prepared by slow hydrolysis of the precursor polymer 2 in the 

presence of AmB at ambient temperature. A representative procedure to prepare the AmB- 

PMAA complex 4 was to dissolve 30.0 mg of the precursor polymer 2 in DMSO (0.6 mL) 

in a vial overnight under argon. AmB (20.7 mg) was dissolved in DMSO (0.6 mL) in vial 

(10.0 mL) for 1 h. The polymer 2 solution was then added to AmB solution dropwise (1 

drop every 3 seconds) by pipette. The mixture was stirred for 5 min, then 328.0 pL of 

sodium hydroxide (1.0 M) was added (1 drop every 5 seconds) by pipette, followed by the 

dropwise addition of water (3.0 mL). The amount of sodium hydroxide was 2 molar 

equivalents to the precursor polymer 2 calculated as described in Appendix lA. The 

reaction mixture was left to stir at ambient temperature for 1 h. The mixture was then 

purified by dialysis. The reaction mixture was diluted with water up to 16.5 mL. The 

mixture was dialysed overnight with a visking tube with molecular weight cutoff 7000 Da 

against double distilled water in a conical flask (4.0 L). The water was changed six times 

over a 24 h period. The solution was removed from the membrane by using a syringe (5.0 

mL) and passed through micro filter (0.2 pm) and freeze dried to give an orange to yellow 

powder. During the complexation reaction and purification by dialysis, the complex 4 

solution was protected from light by covering with foil.

Preparation o f AmB-polymer complex from PMAA-Na Jg and PAA-Na7
The same procedure to prepare the AmB-PMAA complex 4 directly from poly(methacrylic 

acid) sodium salt ^  or poly(acrylic acid) sodium salt 7 was followed as mentioned above. 

The only difference is poly(methacrylic acid) sodium salt ^  and poly(acrylic acid) sodium 

salt 7 are soluble in water and not DMSO, while the precursor polymer 2 is insoluble in 

water. Poly(methacrylic acid) sodium salt ^  or poly(acrylic acid) sodium salt 7 (30.0 mg) 

was dissolved in water (0.6 mL) in vial overnight under argon. AmB (20.7 mg) was
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dissolved in DMSO (0.6 mL) in vial (10.0 mL) for 1 h. The complex 4 was prepared as 

mentioned above. The final reaction mixture was purified by dialysis.

Determination o f AmB loading in AmB-PMAA complex 4
The loading of AmB in the AmB-PMAA complex 4 was determined by UV using an 

Ultrospec 2000 UV-Visible spectrophotometer. Monomeric AmB has a Imax at 409 nm. 

Standard calibration curve of serial concentrations were constructed using serial dilutions 

of AmB in aqueous methanol (50% v/v) to ensure that AmB remained in the monomeric 

form. For comparison the same serial dilutions were analysed by fluorescence 

spectrophotometer using an excitation wavelength of 405 nm and an emission wavelength 

of 658 nm. Loading was also determined by high performance liquid chromatography. High 

performance liquid chromatography analysis was conducted using Ubondapak CIS column 

(3.9x300.0 mm, 10.0 pm particle size, 125 A). The mobile phase was 33.0% acetonitrile in 

2.5 mM disodium edetate. The injection volume was 50.0 pL and the flow rate was 1.0 

mL/min. The concentration of AmB was detected at 407 nm. The loading of AmB, 

complexation efficiency, yield and theoretical AmB loading were calculated according to 

the following equation (1-4). Theoretical AmB loading is AmB loading assuming 100.0% 

complexation efficiency.

AmB loading (%) = Concentration of AmB determined bv UV tue/mLl x lOO 
Concentration of the complex (pg/mL)

Equation. 1

Complexation efficiency (%) = Achieved AmB loading x 100
Theoretical AmB loading

Equation. 2

Theoretical loading (%) = Amount of AmB added to complexation reaction (mgl x  IQO

AmB amount + polymer amount added to reaction (mg)
Equation. 3

Yield (% )= Weight of the complex after freeze drying (mg) x IQQ 
Amount of AmB+ amount of polymer added to the reaction (mg)

Equation. 4
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Determination o f AmB aggregation state in the AmB-PMAA complex 4
The aggregation state of AmB was determined by scanning the UV absorbance of AmB in 

the range 300-450 nm using Hitachi (U-2800A) spectrophotometer. AmB gives four 

absorption peaks at 330-340 nm (broad peak) and other peaks at 364, 385 and 409 nm. 

Aggregation ratio was calculated as ratio between peak I (328 nm) to Peak II (409 nm). 

Fungizone® was scanned as standard at concentration of lO'^M, and AmB-PMAA complex 

4 was scanned at the same concentration (lO'^M) in water.

Analysis o f AmB-PMAA complex 4 by HPLC
Reverse phase HPLC was used to determine if any AmB was covalently bound to the 

polymer. The retention time of free AmB in HPLC column was determined (10.29 min). 

Then the retention time of AmB in AmB-PMAA complex 4 was determined under the 

same experimental conditions. The column used in the experiment was Sunfire C l8 

(150x4.6 mm, with particle size 3.5 pm). The mobile phase was 33.0% acetonitrile in 2.5 

mM disodium acetate. The flow rate was 1.0 mL/min and the injection volume was 10.0 

pL. The concentration of AmB was detected at 407 nm.

Release o f AmB from AmB-PMAA complex 4
The release of AmB from AmB-PMAA complex 4 was tested using dialysis at different 

pH. AmB-PMAA complex 4 was dissolved in water (1.0 mg/mL) and dialysed against 

water in 100.0 mL round flask using visking tube with molecular weight cutoff 7000 Da. 

Free AmB has molecular weight of 924 Da, which is less than molecular weight cutoff of 

the dialysing tube, so was expected to cross the dialysis membrane. The release was tested 

under different pH values of 2, 4, 5.5 and 7.4 using phosphate buffer at 37°C. Aliquots (1.0 

mL) were withdrawn from the dialysate every hour for 6 h and then after 24 h. The 

concentration of AmB was detected using UV at 409 nm in 50.0 % v/v methanol/water.

Infra red spectroscopy and nuclear magnetic resonance analysis
IR and NMR analysis were conducted to detect presence of impurities in AmB-PMAA 

complex 4. NMR analysis was conducted using a Brucker Avance spectrometer at nominal 

frequency of 300 MHz. AmB-PMAA complex 4 and the hydrolysed polymer ^  were 

dissolved in deuterium oxide. AmB was dissolved in deutrated DMSO. Infra red analysis of



the lyophilised powder of AmB-PMAA complex 4 and the precursor polymer 2 was carried 

using Avatar 360 FT-IR in a solid form.

Haemolysis assay
Human blood was obtained from healthy donors (Hammersmith Hospital). Red blood cells 

(RBCs) were isolated from whole blood using density gradient centrifugation. Whole blood 

(7.0 mL) was slowly added on top of 4.0 mL Ficol-Paque Plus® solution (GE Healthcare), 

and then centrifuged at 2000 rpm for 30 min. The supernatant was discarded and the red 

blood cells were collected and washed with phosphate buffer saline (pH 7.4, 15.0 mL) three 

times by centrifugation at 2000 rpm for 30 min. Stock solution of RBCs was prepared at 4 

% v/v in RPMI (Sigma Aldrich) containing glutamine and no serum. A stock solution of 

AmB-PMAA complex 4 (1.0 mg/mL AmB equivalents) was prepared with double distilled 

water and sterilised by filtration (0.22 pm). Fungizone® was included as control and 

prepared as mentioned in the manufacturer protocol in double distilled sterile water (Sigma 

Aldrich). Serial two fold dilutions of the complex 4 and controls over six concentrations 

were prepared in RPMI medium. A serial dilution (100.0 pL) of the complex 4 and controls 

were added to a 96 well plates (U bottom). RBCs solution (4.0% v/v) were then added to 

the corresponding drug dilutions in the 96 well plates (100.0 pL) and incubated at 37°C for 

1 h. Each concentration was tested in triplicate. Triton X (non-ionic surfactant) at 

concentration of 0.1% was used as a positive control for 100.0% cell lysis. Wells 

containing only RPMI media (200.0 pL) were included as blank. Wells containing RBCs 

(100.0 pL) plus media (100.0 pL) were included as negative control. The result was 

expressed graphically as percentage of 100.0% cell lysis calculated according to equation 5.

Haemolysis (%) = Abs - Absn x 100 
Absioo —Abso

Equation. 5

where Abs, Abso, and Absioo are the absorbance for the sample, control blank media and 

control in the presence of haemolytic dose of 0.1% Triton X, respectively (Elhasi et al. 

2007; Falamarzian & Lavasanifar 2010a). The absorbance was measured at 570 nm.
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2.4 Results and discussion
The main aim of the work described in this chapter is to eliminate NHS related impurities 

resulting from hydrolysis of the precursor polymer 2 during preparation of AmB-PMAA 

complex 4. The precursor polymer 2 was synthesised by ATRP from N-methacryloxy- 

succininmide monomer 1, The synthesis of monomer 1 is described below.

Synthesis o f N-methacryloxysuccininmide monomer 1
The purity of the monomer is a very critical requirement for its successful polymerisation. 

Impurities can act as inhibitors which form non-reactive species that cap the growing 

polymer chain to halt chain propagation. Synthesis of the monomer 1 was carried out as 

shown in Scheme 5.

The main difficulty during the synthesis of this monomer \  was the presence of 

impurities in the final product. The main impurity is water which results from the presence 

of moisture in N-hydroxysuccinimide (NHS) which hydrolyses methacrolyl chloride. This 

gives methacrylic acid which then competes during the polymerisation. Freeze drying of 

NHS enables us to remove residual moisture to increase the yield of the monomer 1.

+

OH Triethylamine, 4“C

DCMO

Active ester monomerN-Hydroxysuccinimide (NHS)Methacrolychloride

Scheme 5. Synthesis of N-methacryloxysuccininmide 1 by estérification of methacrolyl 
chloride with N-hydroxysuccinimide in dichloromethane (DCM).

Synthesis o f the precursor polymer 2
Synthesis of the precursor polymer (poly(methacryloxysuccinimide)) 2 was conducted by 

atom transfer radical polymerisation (Godwin et al. 2001). Copper catalysed ATRP is a 

radical process which provides method for synthesis of well defined polymers with narrow 

polydispersity (Matyjaszweski 1998). The polymerisation system consists of the monomer 

(N-methacryloxysuccinimide) 1, initiator with terminal halogen atom (3-hydroxyethy 1-2- 

bromo-2-methylpropionate), catalyst complex which consists of (copper (1) bromide)
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complexed with two bipyridine molecules (ligand), a deactivator (copper (II) bromide) and 

solvent (DMSO) (Scheme 6). The purpose of using a controlled radical polymerisation 

process was to ensure that narrow molecular weight poly(methacrylic acid) 3 could be 

prepared in order to prepare homogenous AmB-polymer complexes. Also, we found with 

the precursor polymer 2 that normal free radical polymerisation techniques could not be 

controlled with very high molecular weight polymers often being made. The active ester 

monomer 1 is very reactive and is difficult to polymerise reproducibly or in a controlled 

manner.

CH3

-CH,

Q

Active ester monomer

CuBr, 2,2'-bipyridine 
DMSO, 80°C O,

CO
Io

o

Precursor polymer

Scheme 6. Synthesis of precursor polymer (poly(methacryloxysuccinimide)) 2 from 
(N-methacryloxysuccinimide) monomer 1 by atom transfer radical polymerisation.

The most important parameters for success of the polymerisation reaction are to use 

pure monomer and to ensure there is an absolute absence of oxygen in the solvents and the 

reaction vessel. Oxygen acts as inhibitor as it reacts with initiator radical and forms non

reactive peroxy radicals (Matyjaszweski 1998). Furthermore, oxygen can interact with the 

catalysing complex to oxidise Cu (I) to Cu (II). In some cases, we noticed that the colour of 

the reaction mixture changed quickly within 1 min from dark brown to green in presence of 

oxygen. The quick change of the colour to green indicates irreversible accumulation of Cu 

(II) signifying copper oxidation. In these cases the polymerisation reaction was not 

successful. To confirm the presence of green colour is due to Cu (II), we dissolved Cu (II) 

in DMSO, the resultant solution displayed a green colour which is consistent with ATRP 

reactions that have been described.

All the reactants were purged under argon for at least 30 min before addition of the 

initiator, followed by further purging for 10 min after addition of the initiator to ensure 

complete elimination of oxygen. Purging was conducted carefully with gentle bubbling to 

prevent evaporation of DMSO. The polymerisation reaction was then carried at 80°C for 1 

h in DMSO in an argon atmosphere in a Schlenck tube. The colour of the reaction mixture

91



was dark brown at the beginning of the polymerisation and then changed into dark green 

after about 10 min. The dark green colour indicates the formation of the oxidised form of 

copper due to fast polymerisation reaction. In addition, the fast change of the reaction 

colour to green might indicate the presence of termination side reactions at an early stage of 

the polymerisation due to coupling between free radicals which leads to irreversible 

formation of Cu (II) and a reduction in the rate of the reaction (Matyjaszweski 1998), The 

reaction was quenched by addition of more DMSO (5.0 mL) which slows down the 

propagation rate (Matyjaszweski 1997). The reaction mixture was left to stir at least for 2 h 

at ambient temperature. Polymerisations were corroborated by an increase in the viscosity 

of the polymerisation media.

Characterisation o f the precursor polymer 2
The molecular weight of the polymer is usually described as the weight average molecular 

weight (Mw) and/or the number average molecular weight (Mn) and the ratio of Mw/Mn is 

a measure of polydispersity of the polymer. The polymer is considered monodispersed if 

Mw/Mn is equal to i. The polydispersity (PD) depends on the method of polymerisation 

which is used to prepare the polymer.

The molecular weight and polydispersity of the precursor polymer 2 were 

determined using aqueous gel permeation chromatography (GPC). This GPC analysis was 

conducted using triple detection system which consists of viscometer, refractive index and 

light scattering detectors. Precursor polymers 2 were hydrolysed by addition of 10 

equivalents of sodium hydroxide and heating at 80°C to give PMAA-Na NMR

spectra of the hydrolysed polymer ^  were compared with commercial poly(methacrylic 

acid) sodium salt spectra to ensure that a complete hydrolysis of active ester had occurred 

(Figures 8 and 9). There was complete hydrolysis of the leaving group (N-hydroxy- 

succinimide (NHS)), The samples were analysed at least three times by GPC to obtain 

reliable and reproducible results. The molecular weight and polydispersity of the 

hydrolysed polymers ^  are listed in Table 7. For comparison a conventional calibration 

curve was constructed using poly (methacrylic acid) sodium salt standards having different 

molecular weights (Figure 10). A linear relation between the change in the log molecular 

weight of polymer and the retention volume was found. An estimate of the molecular 

weight of the hydrolysed polymer ^  was determined from the conventional calibration 

curve by extrapolation using its retention volume.
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Table 7. Synthesis and characterisation o f library o f  the precursor polymer 2: the 
concentration o f CuBr and CuBr2 is same in all reactions (0.09 mmole): ratios are mmoles. 
Initiator efficiency (le): molecular estimated from calibration curve (Meal).

N I:M M: Mw  ̂target MwCal Mn Mw PD le" Y
ratio Bipy (kDa) (kDa) (kDa) (kDa) (%)

1 1:51 14 1 9.3 24.5 16.2 19.3 1.19 0.37 64.0
2 1:85 14 1 15.6 30.6 26.5 29.6 1.12 0.33 57.0
3 1:160 14 1 29.3 39.4 29.9 34.4 1.15 0.60 61.0
4 1:352 14 1 64.4 42.4 35.6 43.7 1.23 0.74 41.0
5 1:48 50 1 8.8 26.3 17.9 23.3 1.30 0.40 82.0
6 1:51 27 1 9.3 29.2 21.0 28.1 1.34 0.43 96.0
8 1:47 50 1 8.6 18.0 11.8 14.8 1.25 0.57 78.0
9 1:58 50 1 10.6 20.6 11.6 14.0 1.21 0.81 100
10 1:52 50 1 9.5 15.6 13.7 14.9 1.10 0.60 88.0
11 1:67 50 1 12.3 14.1 9.2 11.9 1.30 0.36 36.0
12 1:46 50 1 8.4 13.8 10.9 12.3 1.13 0.64 83.5
13 1:51 50 1 9.3 17.0 11.2 14.1 1.26 0.74 88.5
14 1:47 50 1 8.6 18.7 14.3 16.1 1.12 0.49 92.5
15 1:60 50 1 11.0 11.9 10.1 11.2 1.10 0.75 70.0
16 1:51 14 1 9.3 ND' 13.0 14.1 1.09 0.53 74.0
a.

b.

c.

Target molecular weight is monomer molecular weight multiplied by initial concentration 
ratio of monomer to initiator (Godwin et al 2001).
The initiator efficiency is calculated as function of target molecular weight multiplied by 
yield divided by average number molecular weight (Mn) (Godwin et al 2001).
ND: not determined.

2006 01 16 19.17.44 PMNa Std -7-750 01 vdt - Calibration Curve View 2007 1 17-0004 \

5 78.300

I

I

3

15 000 16 000
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Figure 10. Conventional calibration curve using commercial poly(methacrylic acid) 
sodium salt standards having different molecular weights.
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The observed molecular weights were higher than the expected molecular weight 

which indicates that the initiator was not efficient enough to keep up with the propagation 

rates during chain building (Table 7). Also there might be bimolecular combination side 

reactions during propagation which resulted from a high concentration of active radicals. 

This would decrease the number of growing chains, leading to higher molecular weight 

polymer (Godwin et al 2001). The rapid polymerisation rate and low initiator efficiency 

indicates fast reaction and formation of a high concentration of radicals which can lead to 

the presence of bimolecular termination side reactions. Initiator efficiency is fraction of all 

initiator radicals which are captured by the monomers; it is always less than 1. The 

concentration of radicals has to be kept as low as possible to ensure a controlled 

polymerisation (Matyjaszweski 1998; Wang et al. 1997).

Effect o f  initiator/monomer ratio on the molecular weight o f the polymer 2
In this study we wished to synthesise precursor polymers 2 that have a molecular weight in 

the range of 20.0 to 30.0 kDa. The effect on molecular weight was investigated by studying 

the ratio of initiator to monomer ratio. In entries 1 to 4 in Table 8, the molecular weight of 

the polymer was observed to increase with a decrease in the initial initiator/monomer ratio. 

The amount of added CuBr/CuBr: and bipyridine was fixed. Reduction in the amount of the 

initiator used in the reaction leads to generation of fewer radicals in the initiation step. As 

the concentration of radicals decreases, the extent of the termination reaction is reduced, 

and the probability is increased for the growing chains to continue their propagation. The 

resulting polymer can therefore have higher molecular weight and polydispersity. It was 

found that the ratio of monomer to initiator is directly proportional to molecular weight of 

resulting precursor polymers 2.

Table 8. Molecular weight characteristics of the precursor polymer 2 synthesised by 
variation of initiator/monomer ratio molar. Cu is 0.09 mmole and Bipyridine is 0.8 mmole.

N I:M Mw target Mwcal Mn Mw PD
ratio (kDa) (kDa) (kDa) (kDa)

1 1:51 9.0 24.5 16.2 19.3 1.19
2 1:85 15.6 30.6 26.5 29.6 1.12
3 1:160 29.3 39.4 29.9 34.4 1.15
4 1:352 64.4 42.4 35.6 43.7 1.23
5 1:51 9.3 ND 13.0 14.1 1.09
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Variation o f the ligand concentration
The amount of added ligand was varied and the effect of this variation on the molecular 

weight and polydispersity of the precursor polymer 2 was investigated. Variation of the 

ligand concentration affects mainly polydispersity (Table 9). Reducing the concentration of 

the ligand often leads to higher polydispersity. This might be due to the effect of bipyridine 

on the formation of activation/deactivation equilibrium and solubilisation of the metal 

catalyst (Matyjaszweski 1997). DMSO is polar solvent which can compete with ligand for 

Cu (II). DMSO can coordinate Cu (II) and shift the activation/deactivation equilibrium 

toward formation of more active species and increase in polymerisation rate. The narrow 

molecular weight distribution is achieved by having faster deactivation than propagation to 

achieve rapid exchange of radicals (Monge et al. 2004). Shifting the equilibrium toward 

formation of active species will affect control over molecular weight distribution. The 

lowest polydispersity was achieved when higher amount of ligand was used (Table 9, entry 

1).

Table 9. Molecular weight characteristics of the precursor polymer 2 synthesised by 
variation of amount of the ligand.

No M: I 
ratio

M: Bipy Mw cal 
(kDa)

Mn
(kDa)

Mw
(kDa)

PD

1 51:1 14:1 24.5 16.2 19.3 1.19
2 48:1 50:1 17.0 11.2 14.1 1.26
3 51:1 27:1 29.2 21.0 28.1 1.34

Reaction scaling up
All polymerisation reactions were conducted on a 2.0 gram scale. Scaling up to 22.0 g was 

achieved by other colleagues in our laboratory using the same stoichiometry of reagents. 

The precursor polymer 2 obtained from 22.0 g scale has the same characteristics (molecular 

weight and polydispersity) as the precursor polymer 2 from the small scale reaction (2.0 g).

Polymerisation reactions were repeated two times to determine if there was any 

hope of reproducibility. The polymerisation is very fast and relies on a high purity of 

reagents. Two different reaction sets were repeated. The resulting precursor polymers 2 

were found to be reproducible having similar molecular weight and polydispersity (Figure 

11 and 12). Independently, other another colleague in our laboratory reached the same 

conclusion that the polymerisation reaction is reproducible at small and larger scales.
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Figure 11. GPC chromatograms (refractive index) o f two hydrolysed polymers ^  
synthesised following similar conditions (Table 7, entries 8 and 14).
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Figure 12. GPC chromatograms (refractive index) o f two polymers ^  synthesised 
following similar conditions (Table 7, entries land 6).
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Preparation and characterisation o f AmB-PMAA complex 4

Preparation o f AmB-PMAA complex 4
The precursor polymer 2 has an active ester functional group (NHS) which is relatively 

stable to hydrolysis compared with other active esters (Devenish et al. 2006; Godwin et al, 

2001; Gujraty et al. 2006; Hu et al. 2005; Le Droumaguet & Nicolas 2010; Wong et al. 

2009; Wong & Putnam 2007). However, the precursor polymer 2 can be hydrolysed by 

sodium hydroxide to give linear and water soluble PMAA-Na ^  and PMAA 3 (Scheme 1). 

The protonated PMAA 3 is formed at pH value less than 5. The hydrolysed polymer ^  

may have the ability to solubilise AmB.

AmB-PMAA complex 4 can be prepared by slow hydrolysis of the precursor 

polymer 2 in the presence of AmB at ambient temperature (21°C) in DMSO (Scheme 2). 

The solvent system is polar and aprotic at the beginning of the reaction. This is important to 

solubilise AmB and the precursor polymer 2 together. As the precursor polymer 2 is slowly 

hydrolysed the solvent medium becomes more polar. It is hypothesised that AmB 

precomplexes with the precursor polymer 2 as the complex 4 formed during polymer 

hydrolysis.

In AmB, the pKa of the amino group is 10 and for carboxylic group is 5.7 (Gupta et 

al. 2007b). The pKa of the carboxylic group in the polymer 3 is 4.6 (Nagasawa et al. 

1965). At pH below pKa value, the amino group and carboxylic group will be protonated. 

At neutral pH, the PMAA 3 will present as equilibrium between its acid form (RCOOH) 

and ionised form (RCOOTSfa+). AmB will have more ionised carboxylic group at neutral 

pH. Addition of a base will raise the pH and result in ionisation of carboxylic group in both 

AmB and the polymer 3. Therefore, the overall charge of AmB and the hydrolysed polymer 

3a will be negative. Assuming the pH is less than 10, the amino group in AmB will be 

protonated. There is a possibility of electrostatic interaction between AmB (protonated 

amino group) and the hydrolysed polymer ^  (negatively charged carboxylate group) that 

leads to formation of AmB-PMAA complex 4 (Figure 13).

Poly(acrylic acid) (PAA) is a polyacid like PMAA 3 that was found to form a 

complex with doxorubicin via electrostatic interaction between amino group of doxorubicin 

and carboxylate group of PAA (Kitaeva et al. 2004b). Similar findings were reported for 

AmB encapsulated in poly(2-ethyl-2-oxazoline)-block-poly(aspartic acid) copolymer 

micelle. Poly(aspartic acid) is ionised at pH>7 which enables its electrostatic association
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with AmB as a complex that is similar to AmB-sodium deoxycholate complex (Wang et al. 

2009). The change in pH is very important in the preparation of the AmB-PMAA complex 

4. This was consistent with preparation of AmB-deoxycholate complex that had similar 

qualitative and quantitative compositions to Fungizone® (Sanchez-Brunete et al. 2004b). 

AmB-deoxycholate complexes were prepared by dispersion of AmB in aqueous solution 

containing sodium deoxycholate (plus dibasic sodium phosphate and monobasic sodium 

phosphate) adjusted to pH 12 by addition of sodium hydroxide (2.0 M), followed by 

neutralisation of pH to 7.4 by addition of orthophosphoric acid (2.0 M).
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Figure 13. Possible non covalent interaction between AmB and PMAA-Na ^  (electrostatic 
attraction).

AmB is an amphiphilic drug (zwitterionic) containing several hydroxyl groups that 

can form hydrogen bonds as well as a hydrophobic polyene chain in its structure (Figure 

13). There is also possibility of hydrogen bonding between AmB hydroxyl group and 

carboxylic group in the hydrolysed polymer ^  which might play role in stabilisation of 

AmB-PMAA complex 4. Hydrogen bond between PAA (carbonyl group) and doxorubicin 

(hydroxyl group) stabilise the doxorubicin-PAA complex (Tian et al. 2007b). There is also 

a possibility o f hydrophobic interactions between AmB and the methylene groups in the 

polymer ^  especially at the beginning of the complexation process as both AmB and the 

precursor polymer 2 are dissolved in DMSO and might become stronger as water is added. 

These hydrophobic interactions and hydrogen bonding might stabilise AmB-PMAA 

complex 4. Hydrophobic interaction and hydrogen bonding between AmB and polymeric 

carrier stabilise AmB-polymeric micelles e.g. poly(ethylene oxide)-poly(e-caprolactone)
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micelle (Falamarzian & Lavasanifar 2010a). Furthermore, importance of hydrophobic 

interaction between AmB and the polymer in enhancing the solubility of AmB encapsulated 

in PEO-b-poly(L-amino acid) micelles with fatty acid modified core structures has been 

reported (Adams & Kwon 2003). Conjugation of AmB directly to the precursor polymer 2 

was not possible. Early work by others in our laboratory indicated that AmB amino group 

is not reactive enough to form a conjugate with the precursor polymer 2. To confirm that 

AmB is non-covalently associated to the polymer in AmB-PMAA complex 4, reverse phase 

high performance liquid chromatography was used.

The column was a CIS column and the mobile phase was 33.0% acetonitrile/water. 

The elution of compounds through the column depends mainly upon hydrophobic 

interaction between the compound and the column. Hydrophilic compounds will elute 

earlier than hydrophobic compounds. The hydrolysed polymer ^  is hydrophilic while 

AmB is hydrophobic. If the interaction between AmB and the polymer ^  is by strong bond 

(covalent bond), the polymer ^  and AmB will stay bonded and become more hydrophilic 

than AmB alone. Therefore AmB associated with the polymer ^  would be expected to 

elute earlier than free AmB. Certainly covalently conjugated AmB would elute differently 

than free AmB. On the other hand if the interaction between AmB and the polymer 3a is by 

non covalent bond association, the AmB will probably dissociate from the polymer 3a upon 

interaction with C l8 column.

The retention time of free AmB under our experiment conditions was 10.3 min 

(Figure 14). AmB-PMAA complex 4 was analysed under the same experimental 

conditions. The retention time of AmB-PMAA complex 4 was 10.4 min (Figure 15). Both 

free AmB and AmB in AmB-PMAA complex 4 eluted at approximately the same time. 

This indicates weak interaction between AmB and the polymer. Both the precursor 

polymer 2 and the hydrolysed polymer ^  do not absorb UV in the range 300-450 nm 

(Figure 16). This ensures that the elution peak in the case of AmB-PMAA complex 4 is due 

to AmB. AmB does not degrade or undergo any side reaction during complexation in 

presence of sodium hydroxide as the retention time of AmB-PMAA complex 4 was similar 

to free AmB.
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Figure 14. HPLC chromatogram o f free AmB showing 10.3 min retention time.
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Figure 15. HPLC chromatogram o f AmB-PMAA complex 4 showing 10.4 min retention 
time.
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Figure 16. The precursor polymer 2 and the hydrolysed polymer ^  do not absorb UV in 
the range o f  300 -  450 nm.

The HPLC analysis was consistent with thin layer chromatography (TLC) studies 

by Debra Harris, (PhD thesis, 2006), AmB and the hydrolysed polymer ^  were separated 

according to their polarity in Silica plate using polar solvent methanol containing 10.0% 

acetic acid which indicates presence o f weak bond between the polymer ^  and AmB. 

Separation was not observed in the absence o f the acid suggesting that protonation o f the 

polymer occurred to weaken the interaction o f AmB with the polymer
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Optimisation o f quantification method o f AmB
AmB has seven conjugated double bonds which gives a strong UV chromophere. AmB 

absorbs UV at wavelength 300-450 nm. This enables quantification of AmB loading in the 

AmB-PMAA complex 4 using UV spectroscopy. The loading percent of AmB in AmB- 

PMAA complex 4 was determined by dissolving a defined amount of the freeze dried 

complex 4 in aqueous methanol (50.0%) and then measuring the intensity at 409 nm. 

Methanol has ability to dissolve and deaggregate AmB (Tiyaboonchai & Limpeanchob 

2007; Vieira & Carmona-Ribeiro 2008; Adams & Kwon 2004; Espada et al. 2008). AmB 

at concentration below 10"  ̂M in methanol will remain monomeric (Legrand et al 1992). 

The wavelength used for quantification of AmB was 409 nm as monomers of AmB absorb 

UV in the region of 405-409 nm (Ridente et al. 1999; Gaboriau et al. 1997; Egito et al. 

2004; Gaboriau et al. 1997).

The loading of AmB in a polymeric formulation can be determined using an organic 

solvent that solubilise AmB to its monomeric form e.g. DMSO (100.0%) (Bang et al. 2008; 

Falamarzian & Lavasanifar 2010a; Falamarzian & Lavasanifar 2010b; Nicoletti et al. 2009) 

and DMSO/PBS (50.0% v/v) (Wang et al. 2009), DMF (Lavasanifar et al. 2002; Yang et al. 

2008), DMSO/DCM (1:2) (Jain & Kumar 2010a), methanol/chloroform mixture (80.0% 

v/v) (Jung et al. 2009), methanol/DMSO mixture (50.0% v/v) (Vieira & Carmona-Ribeiro 

2008) and, methanol/water (50.0% v/v) (Tiyaboonchai & Limpeanchob 2007). 

Methanol/water (50.0% v/v) was selected for determination of AmB loading in AmB- 

PMAA complex 4 because the complex 4 was soluble in this mixture and insoluble in other 

organic solvents such as DMSO and DMF.

A calibration curve was constructed using a concentration range of 0.625 to 10.0 

pg/mL AmB in aqueous methanol (50.0% v/v). The UV absorbance intensity was measured 

at 409 nm (Figure 17). Furthermore, these concentrations of AmB were scanned in range 

300-450 nm and, the area under the curve was calculated to obtain a calibration curve 

(Figure 18). To corroborate the accuracy for using UV spectroscopy to quantify AmB, the 

same serial concentrations were analysed using high performance liquid chromatography 

(UV detector (409 nm)) (Figure 19).
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Figure 17. Calibration curve of AmB in aqueous methanol (50.0%) at 409 nm using UV 
spectroscopy (r  ̂=0.9994) (values are average ± standard deviation) (n=3).
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Figure 18. Calibration curve of AmB in aqueous methanol (50.0%) from calculate area 
under the curve of UV spectra (300-450 nm) (r  ̂=0.9996) (values are average ± standard 
deviation) (n=3).
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Figure 19. Calibration curve of AmB in aqueous methanol (50.0%) using high performance 
liquid chromatography: 409 nm (r  ̂=0.973) (values are average ± standard deviation) (n=3).
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AmB has intrinsic fluorescent properties (Gruszecki et al. 2003; Haynes et al. 

1996). AmB in aqueous methanol (50.0%) was excited at 405 nm and the emission spectra 

were recorded at a range of 300-700 nm. The highest fluorescence emission was found at 

wavelength of 685 nm, which was considered as the emission wavelength for quantitative 

analysis. For comparison the same AmB methanolic solutions were analysed using 

fluorescence spectroscopy and a calibration curve was constructed using excitation 

wavelength of 405 nm and emission wavelength of 658 nm (Figure 20). There was 

correlation between fluorescence intensity and concentration of AmB.
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Figure 20. Calibration curve of AmB in aqueous methanol (50.0%) using fluorescence 
spectroscopy excitation wavelength of 405 nm and emission wavelength of 658 nm ( r̂  
=0.9928) (values are average ± standard deviation) (n=3).

A known concentration of AmB (3.3 pg/mL) in aqueous methanol (50.0%) was 

evaluated using UV, fluorescence and HPLC to determine the most accurate quantitative 

method. From each calibration curve the concentration of AmB obtained was 3.09 pg/mL 

(UV at 409 nm), 4.23 pg/mL (fluorescence) and 2.92 pg/mL (HPLC at 409 nm). Using UV 

spectroscopy was found to be the most accurate method to determine the AmB 

concentration under our experimental conditions. AmB should be dissolved in aqueous 

methanol (50.0%) and then the intensity of UV absorbance at 409 nm can be measured.

AmB loading and solubility o f AmB-PMAA complex 4
The loading of AmB in the AmB-PMAA complex 4 was the range of -20.0-30.0% 

(theoretical loading was 40.0%) (Table 10). The complexation efficiency was in the range 

of 45.0-70.0%. The theoretical loading is defined as AmB loading in the AmB-PMAA 

complex 4 assuming all the added AmB and the polymer reacted and converted to AmB-
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PMAA complex 4 (degree of conversion is 100.0%). The complexation efficiency is 

defined as the degree of conversion of AmB and the polymer in to AmB-PMAA complex 

4. The AmB loading in the AmB-PMAA complex 4 is lower than the theoretical loading 

this might be due to the presence of steric hindrance between the hydrolysed and non

hydrolysed active ester group in the precursor polymer 2 during the process of slow 

hydrolysis, that restrain complete complexation of AmB with carboxyl ic group in the 

hydrolysed polymer The presence of steric hindrance between reactive ester groups in 

the precursor polymer 2 was reported during preparation of drug conjugates (Devenish et 

al. 2006). In complexation of poly(acrylic acid) (PAA) with doxorubicin, only 70.0% of 

PAA carboxylic group formed a complex with doxorubicin due to steric restriction 

stopping PAA carboxylic group from complexing with doxorubicin (Kitaeva et al. 2004b).

Table 10. Molecular weights and polydispersity of three polymer precursors 2 and the 
AmB loading in their correspondent AmB-PMAA complex 4.

N Molecular 
weight (kDa)

Polydispersity AmB loading 
(%)

Theoretical 
loading (%)

Complexation 
efficiency (%)

1 17.78 1.36 18.0-20.0 40 45.0-50.0

2 23.40 1.37 21.0-28.0 40 52.5-70.0

3 37.12 1.44 21.0-25.0 40 52.5-62.5

The water solubility of AmB is 1.0 pg/mL (Lavasanifar et al. 2001) and for 

Fungizone® it is greater than 1000.0 pg/mL (Vandermeulen et al. 2006). Fungizone® is 

administered as an intravenous infusion at a concentration of 100.0 pg/mL of AmB 

(Clemons & Stevens 2004; Lavasanifar et al. 2001) therefore improving the water solubility 

of AmB is very important for its clinical use. The solubility of AmB-PMAA complex 4 was

4000.0 pg/mL AmB equivalents in water. AmB-PMAA complex 4 improved AmB 

solubility by 4000 fold. AmB loading and molecular weight of the precursor polymer 2 did 

not affect the solubility of AmB-PMAA complex 4 over the range tested (AmB loading 

-18.0-28.0 and molecular weight -17.0-37.0 kDa).

The improvement of AmB water solubility that was observed with the AmB-PMAA 

complex 4 is superior to that previously reported for preclinical AmB-polymeric micelle 

formulations. The encapsulation of AmB in polymeric micelle such as; (1) 

poly(ethyleneglycol)-block-poly(e-caprolactone-co-trimethylenecarbonate)copolymer 

micelle increased AmB solubility to 122.0 pg/mL (Vandermeulen et al. 2006), (2) 

poly(ethylene oxide)-block-poly(benzyl-l-aspartate) micelle improved AmB solubility to
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5000.0 ng/mL (Yu et al. 1998), (3) poly(ethylene oxide)-block-poly(N-hexylstearate-l- 

aspartamide) micelles solubilised 250.0 pg/mL AmB (Lavasanifar et al. 2002) and, (4) 

methoxypoly(ethylene oxide)-b-poly(e-caprolactone) based micelle enhanced AmB 

solubility to 222.0-436.0 pg/mL (Falamarzian & Lavasanifar 2010b).

Size and charge o f AmB-PMAA complex 4
The size of the AmB-PMAA complex 4 was in the range of 80.0 to 164.0 nm in water. 

AmB-PMAA complex 4 displayed very strong negative surface charge (- 46.2±4.8 mV) 

due to the presence of carboxylic groups of the hydrolysed polymer ^  in an ionised form. 

The negative charge is greater than -30.0 mV which favoured formation of a stable 

dispersion due to repulsion between similarly charged molecules. AmBisome® has particle 

size of 60.0-80.0 nm and a negative surface charge (Adler-Moore & Proffitt 2002; Adler- 

Moore & Proffitt 1993; Dupont 2002; Hiemenz & Walsh 1996; Olson et al. 2008; Storm & 

van 1997; Torrado et al. 2008). The size and charge of other marketed lipid based 

formulations e.g. Amphocil® is 120.0 nm (negative charge) (Guo 2001) and Abelcet® is 

1000-10000 nm (negative charge) (Janoff et al. 1993). AmB-deoxycholate micellar 

dispersion (Fungizone®) has size of approximately 1000 nm (Hillery 1997) and, micelle 

size of less than 400 nm (negative surface charge) (Vyas & Gupta 2006; Brajtburg & 

Bolard 1996). The size of an AmB micelle is 12.9±2.4 nm (Yu et al. 1998).

The size of AmB-PMAA complex 4 was comparable to other AmB polymeric 

formulations as determined by dynamic light scattering (DLS). The size of AmB 

complexed with poly(2-ethyl-2-oxazoline)-block-poly(aspartic acid) copolymer is 108.0 nm 

in PBS (drug/polymer ratio is 0.47) (Wang et al. 2009). AmB-polymersomes formulation 

based on three chains of poly(ethylene glycol) attached via citric acid to long chain of 

poly(lactic acid) have size of 266.45 ± 34.47 nm (16.26 ±2.50% AmB loading) in water 

(negatively charged -16.34 ±2.54 mV) (Jain et al. 2011; Jain & Kumar 2010a).

The size of AmB encapsulated in polymeric micelles such as: (1) poly(ethylene 

glycol)-b-polylactide copolymer micelle is 50.0-91.0 nm (Yang et al. 2008),(2) 

poly(ethylene glycol)-b-poly(e-caprolactone) (0.02% AmB) is in the range of 44.0-69.0 nm 

(Vakil & Kwon 2006) (3) poly(ethylene glycol)-phospholipids micelle is the range of 15.0-

42.0 nm (7.96±0.2% AmB) (Vakil & Kwon 2006), (4) poly(DL-lactide-co-glycolide) 

grafted-dextran copolymer micelle is 30.0-70.0 nm (1.7% AmB loading) (Bang et al. 2008), 

(5) poly(ethylene glycol)-b-poly(e-caprolactone-co-trimethylene carbonate) micelle is 41.0

106



nm (Vandermeulen et al. 2006) and,(6) methoxypoly-(ethylene oxide)-b-poly(8-capro- 

lactone) based micelle is 141.0-196.0 nm (10.5-35.6% AmB loading (Falamarzian & 

Lavasanifar 2010a; Falamarzian & Lavasanifar 2010b) in water. The AmB loading in the 

AmB-PMAA complex 4 was higher than these AmB-polymeric micelles mentioned above.

The aggregation state o f  AmB in AmB-PMAA complex 4
Many studies concluded that the aggregation state of AmB has an important effect on its 

toxicity (Barwicz et al. 1992; Bolard et al. 1991; Legrand et al. 1992) and antimicrobial 

activity (Brajtburg et al. 1994; Gaboriau et al. 1997). Therefore, it was very important to 

determine the aggregation state of AmB in AmB-PMAA complex 4.

The UV spectrum of AmB in water is characterised by four peaks, a broad peak at 

330-340 nm and other peaks at 364, 385 and 409 nm. These spectral features can be 

attributed to self-aggregation of AmB (Barwicz et al. 1992). The relative aggregation state 

of AmB can be measured by calculating the ratio of absorbance at peak I (328 nm) to Peak 

IV (409 nm) (Barwicz et al. 1992). The first peak is caused by aggregated form of AmB, 

while the fourth peak represents its monomeric form (Tancrede et al. 1990). An aggregation 

ratio less than 0.25 indicates non-aggregated or monomeric AmB, while a ratio of 2 

indicates highly aggregated AmB (Barwicz et al. 1992). All UV spectra were measured 

using Fungizone® as a standard at an equivalent concentration of 10'  ̂ M AmB in water, 

where the monomeric form of AmB is not usually present. This concentration is greater 

than the critical aggregation concentration of AmB (10'^ M) (Barwicz et al. 1992). The 

aggregation of AmB in AmB-PMAA complex 4 is measured at concentration of 10*̂  M 

AmB equivalents in water.

The aggregation state of AmB was reduced in the AmB-PMAA complex 4. The 

observed aggregation ratio of AmB in AmB-PMAA complex 4 purified by dialysis was in 

the range 0.9-1.4 (Table 11). In comparison, AmB is highly aggregated in Fungizone® 

(aggregation ratio of 4.4). AmB loading and molecular weight of the precursor polymer 2 

did not affect aggregation of AmB in AmB-PMAA complex 4. An example of a UV 

spectrum of AmB-PMAA complex 4 is shown in Figure 21.
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Table 11. AmB loading and aggregation ratio of the AmB-PMAA complex 4

N Molecular weight Polydispersity 
(kDa)

AmB loading 
(%)

Aggregation
ratio

a 17.78 1.36 18.0 0.9
b 23.40 1.37 28.0 1.2
c 37.12 1.44 21.0 1.4
d Fungizone® 45.0 4.4

1 .0-1 ■Fungizone
AmB-PMAA

0 .8 -

0 .6 -M
<  0.4-

0 .2 -

0 .0 -

300 350 400 450
Wavelength (nm)

Figure 21. Aggregation state of AmB-PMAA complex 4.

Toxicity o f  Am B -PM AA com plex 4
All AmB-PMAA complexes 4 prepared by hydrolysis of the precursor polymer 2 (Mw 28.0 

kDa, PD 1.2) in the presence of AmB and purified by dialysis, were water soluble and less 

haemolytic than Fungizone®. The haemolytic toxicity of AmB-PMAA complex 4 was 

assessed against human red blood cells (RBCs). AmB-induced haemolysis has been used as 

a primary method of testing the toxicity of AmB prior to in vivo studies (Brajtburg & 

Bolard 1996). The AmB-PMAA complex 4 with a 18.0% AmB loading caused 3.21±0.32% 

haemolysis after I h incubation at concentration 100.0 pg/mL AmB equivalents, while 

Fungizone® at the same concentration caused I05.28±l.04% haemolysis (Figure 22). 

Formation of AmB-PMAA complex 4 reduces toxicity of AmB. From the UV data the 

AmB-PMAA complex 4 appears to reduce the formation of toxic AmB aggregates 

(aggregation ratio 0.9) (Brajtburg & Bolard 1996; Legrand et al. 1992).
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Figure 22. Toxicity of AmB-PMAA complex 4 against human RBCs after 1 h incubation 
at concentration 100.0 pg/mL AmB equivalents. Data pooled from two human donors in 
the same experiment (duplicates determination per donor). Haemolysis (%) is an average ± 
standard deviation.

The effect of using the precursor polymer 2 having different molecular weights for 

preparation of the AmB-PMAA complex 4 on the toxicity of the complex 4 was examined 

(Table 12). All the AmB-PMAA complex 4 prepared from these precursor polymers 2 were 

non-toxic against human RBCs. Complexes a, b and c displayed 6.45±3.41, 0.0 and 

8.78±0.00% haemolysis at 50.0 pg/mL AmB equivalents after 1 h incubation at 37°C 

respectively (Figure 23). In comparison, Fungizone® caused 92.59±0.00% haemolysis at 

the same concentration (Figure 23). These AmB-PMAA complexes 4 (a, b and c) displayed 

reduction in the aggregation of AmB with aggregation ratio of 0.9, 1.2 and 1.4 respectively 

(Table 12). These complexes 4 were active against Ldonovani promastigotes in vitro with 

an EC5 0  in the range of 0.09-0.20 pg/mL which is similar to Fungizone® ( E C 5 0  is 0.08 

pg/mL) (Table 12). The molecular weight of the precursor polymer 2 did not have any 

effect on the toxicity of the complex 4 against RBCs and their in vitro anti leishmanial 

activity against Ldonovani promastigotes.

Table 12. Characteristics of AmB-PMAA complexes 4 prepared from different precursor 
polymers 2. vitro antileishmanial activity against Ldonovani promastigotes shown as 
E C 5 0  was assessed in collaboration with Debra Harris using MTT assay.

N Molecular weight 
(kDa)

Polydispersit
y

AmB loading 
(%)

Aggregation
ratio

ECso'
(pg/mL)

a 17.78 1.36 18.0-20.0 0.9 0.19
b 23.40 1.37 21.0-28.0 1.2 0.20
c 37.12 1.44 21.0-25.0 1.4 0.09
d Fungizone® 45.0 4.4 0.08
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Figure 23. Toxicity of AmB-PMAA complexes 4 (a, b and c) prepared from precursor 
polymer 2 having different molecular weight (Table 12). Data pooled from two human 
donors in the same experiment (duplicates determination per donor). Haemolysis (%) is an 
average ± standard deviation.

The reduction of AmB toxicity against human RBCs by complexation with the 

precursor polymer 2 might be explained by (1) reduction in the aggregation of AmB and, 

(2) AmB remaining associated with the polymer and there is no free toxic AmB. The 

toxicity of AmB can be reduced by complete separation of AmB into monomers (Barwicz 

et al. 1992; Torrado et al. 2008; Brajtburg & Bolard 1996). Several studies have shown 

that the reduction of AmB aggregation reduces its toxicity against mammalian cells such as 

red blood cells (Adams et al. 2003; Bang et al. 2008; Yoo et al. 2006; Vandermeulen et al. 

2006).

Monomeric AmB is less haemolytic than aggregated AmB (Brajtburg & Bolard 

1996). In studies by Bang et al, AmB was loaded in poly(DL-lactide-co-glycolide) grafted- 

dextran copolymer micelle using two different preparation methods that results in different 

aggregation forms of AmB (Bang et al. 2008). The micelle containing non-aggregated 

AmB displayed reduced haemolysis against human RBCs after 30 min incubation at 37°C 

at 25.0 pg/mL AmB equivalents (less than 30.0% haemolysis). In comparison, micelles 

having aggregated AmB caused 98.0% haemolysis that was similar to Fungizone® under 

the same experimental conditions. The effect of the reduction of aggregation state on the 

toxicity of AmB-polymer complex will be discussed in more detail in Chapter 3.
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AmB remain associated with the polymer and no free AmB dissociated from the AmB- 

PMAA complex 4. This was evidenced by release studies where there was no release of 

AmB from AmB-PMAA complex 4 in PBS (pH 7.4) after 24 h incubation at 37°C. This 

was similar to AmBisome®, which was found to remain intact for 24 h in plasma and 48 h 

in physiological saline in vitro (Boswell & Bekersky 1998). The reduced toxicity of 

AmBisome® is due to its high stability and lower release of free AmB in the blood 

circulation (Bolard et al. 1993; Brajtburg & Bolard 1996; Torrado et al. 2008). At lower pH 

(5.5 and 4.0) (PBS) that simulates the pH inside lysosomes, there was release of AmB from 

AmB-PMAA complex 4 inside dialysis bag as the solution become turbid after 24 h. 

Complete dissociation of AmB from the polymer was observed at very low pH 2 that is not 

attainable under physiological conditions. At high acidic pH, the carboxylic groups of the 

polymer 3 become non-ionised and can form intramolecular hydrogen bond which can 

change conformation of the polymer (Kim & Peppas 2003). This might leads to 

dissociation of AmB from the polymer 3. The dissociation of AmB from AmB-PMAA 

complex 4 appears to occur at acidic pH <5.5. This indicates that AmB is more strongly 

bound to the ionised polymer Similar observation was seen with poly(acrylic acid) 

complexes with doxorubicin (Kitaeva et al. 2004b; Kitaeva et al. 2004a).

Poly(acrylic acid) (PAA) form a complex with doxorubicin by electrostatic 

interaction between amino group of doxorubicin and carboxylic group of PAA at neutral 

pH (Kitaeva et al. 2004b; Kitaeva et al. 2004a). The release of doxorobucin form its 

complexes with PAA-b-pluronic copolymer and PAA occurs at acidic pH (Kitaeva et al. 

2004b; Kitaeva et al. 2004a; Tian et al. 2007a). Protonation of PAA in mild acidic pH 5 

induces release of doxorobucin which was higher than release at pH 7.2 due to strong 

interaction between doxorubicin and PAA.

The AmB-PMAA complex 4 (20.0-30.0% AmB loading) remained stable in the 

physiological pH (7.4). It was hoped there would be high possibility of its uptake by the 

macrophages via endocytosis. The uptake of physiologically soluble macromolecules by 

cells is via endocytosis (Mellman 1996). Polymer-drug conjugates are macromolecules that 

are taken up by cells via endocytosis and then trafficked through the endosomes to 

lysosomes (Duncan 2007; Duncan 2009). There are many similarities between parasito- 

phorous vacuole and late endosomes/lysosomes. During trafficking of macromolecules into 

lysosomes via endosomes they might intersect with parasitophorous vacuole (Nicoletti et 

al. 2009).
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We hypothesised that upon reduction of the pH (4.5-5.0) inside the parasitophorous 

(Zilberstein 1993), AmB would be released from the AmB-PMAA complex 4 and becomes 

active against Leishmania amastigotes. The dissociation of AmB from AmB-PMAA 

complex 4 under acidic conditions was observed at low acidic pH (5.5 and 4.0) and highly 

acidic condition (pH 2). This was consistent with TLC studies by Debra Harris, (2006), in 

which AmB separate from the polymer ^  in silica plate only under acidic pH (acetic acid 

10.0%). Polymers such as polymer (N-(2-Hydroxy-propyl)methacrylamide) (HPMA) 

copolymer have also been used to deliver antileishmanial drugs such 8-aminoquinoline 

(Nan et al. 2004) and AmB in form of conjugates (Nicoletti et al. 2009) based in the 

principle of lysosomtrophic drug delivery.

PEG block precursor copolymer 5
Several studies have demonstrated the use of polymeric micelle to encapsulate AmB in 

order to reduce toxicity and improve its solubility. We have shown the ability of the 

precursor polymer 2 to form a stable complex with AmB. Further stabilisation of AmB- 

PMAA complex 4 and improvement of water solubility might be achieved by combining 

both formation of complex with a possibility of polymeric micelle encapsulation. Precursor 

polymer 2 grafted with a poly(ethylene glycol) (PEG) block (Mw 2000) was prepared by 

Dr Manu Porssa (The School of Pharmacy) for other use in gene delivery (Scheme 7). The 

molecular weight of the copolymer 5 is -20.0 kDa. The PEG block is hydrophilic and it 

might increase the solubilising properties of the polymer. Grafting poly(hydroxyethyl 

aspartamide) with PEG increased its solubilising ability (Cavallaro et al. 2003). PEG block 

copolymers have been used to encapsulate hydrophobic drugs by formation of polymeric 

micelles (Adams et al. 2003). The hydrophobic drug can be solubilised in the core of the 

polymeric micelle which can act as reservoir of the drug (Kwon & Kataoka 1995).
o

HaCoj-CHz-CHz-O-j-U-O
0 ^ 0  HaCOfCH^CH^O
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^ ethylene carbonate

Active ester monomer PEG-b-precursor copolymer

Scheme 7. Polymerisation of active monomer 1 in the presence of PEG initiator gives 
PEG-b-precursor copolymer 5.
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The AmB-PEG-PMAA complex 6 was prepared from the PEG-b-precursor 

copolymer 5 by following the same method as when the precursor polymer 2 was used 

(Scheme 8). These complexes 6 had AmB loading of 18.0-20.0%. The complexation 

efficiency of the copolymer 5 was 45.0-50.0% which is slightly lower than the precursor 

polymer 2 (45.0-70.0%). AmB was in a highly aggregated state in AmB-PEG-PMAA 

complex 6 with aggregation ratio of 4.6 (aggregation peak at 324 nm) (Appendix IB). All 

AmB-PEG-PMAA complexes 6 were water soluble however they displayed some toxicity 

against RBCs. AmB-PEG-PMAA complex 6 caused 33.92±3.14% haemolysis after 1 h 

incubation at 50.0 pg/mL AmB equivalents (Figure 24). In comparison, Fungizone® 

showed 60.0% haemolysis at the same AmB concentration (Figure 24).
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Scheme 8. Preparation of AmB-PEG-PMAA complex 6 from PEG-b-precursor copolymer 
5.
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Figure 24. Toxicity of AmB-PEG-PMAA complex 6 against human RBCs after 1 h 
incubation at 37°C. Data pooled from two human donors (duplicates determination per 
donor). Haemolysis (%) is an average ± standard deviation.
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The observed toxicity caused by AmB-PEG-PMAA complex 6 can be explained by: (1) 

grafting the precursor polymer 2 with PEG to give PEG-b-precursor copolymer 5 might 

result in reducing the stability of AmB-polymer complex that lead to dissociation of AmB, 

(2) the presence of non covalently bound AmB attached to PEG unit which is weakly 

bound and dissociate quickly from the complex 6, and (3) formation of water soluble toxic 

aggregates of AmB which is evidenced by the presence of highly aggregated AmB in UV 

spectrum of AmB-PEG-PMAA complex 6. AmB is toxic to mammalian cells in the form of 

free water soluble aggregates (oligomers) (Brajtburg & Bolard 1996; Legrand et al. 1992).

It was initially thought that the stability of AmB-polymer complex might be 

reduced by grafting the precursor polymer 2 with PEG. The PEG block might increase the 

steric hindrance between the active ester in the PEG-b-precursor copolymer 5 resulting in 

reduction of the interaction between AmB and the polymer during the hydrolysis process. 

Furthermore, there might be presence of non-covalently bound AmB to PEG unit in AmB- 

PEG-PMAA complex 6 that is released quickly and cause lysis of RBCs. During the 

preparation of AmB-methoxypoly(ethylene glycol) conjugates, AmB has been found to 

bind to methoxy-poly(ethylene glycol) 50.0% by covalent bonds and the other 50.0% is by 

non-covalent interactions. The non-covalently bound AmB to methoxypoly(ethylene 

glycol) will be released first, then the covalently bound AmB in of AmB- 

methoxypoly(ethylene glycol) conjugates will released by action of hydrolytic enzymes 

(Sedlak et al. 2001; Sedlak 2009; Zalipsky 1995).

The toxicity profile of AmB-PEG-PMAA complex 6 towards human RBCs was not 

consistent with the studies of AmB encapsulation in poly(ethylene glycol)-block-poly(e_

caprolactone-co-trimethylene carbonate) micelle (Vandermeulen et al. 2006). Reduction of 

the AmB toxicity by its encapsulation in poly(ethylene glycol)-block-poly(e-caprolactone- 

co-trimethylene carbonate) micelle was attributed to the presence of AmB in monomeric 

form in the micelle or low free AmB. In this case, formation of the micelle inhibits self 

aggregation of AmB (Vandermeulen et al. 2006). The difference in the toxicity between 

AmB-PEG-PMAA complex 6 and poly(ethylene glycol)-block-poly(e-caprolactone-co-

trimethylene carbonate) micelle might be explained by either there was no formation of 

micelle or formation of unstable micelle by the copolymer.

There are also other possibilities: (1) haemolysis was tested at concentration below 

the critical micellar concentration of the copolymer which lead to dissociation of AmB
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from the copolymer micelle (Falamarzian & Lavasanifar 2010a) and, (2) there might be 

formation of micelle but AmB is localised at the micellar core/shell interface rather than 

inside the micelle which leads to the fast dissociation of AmB from the micelle as in the 

case of AmB loaded in methoxypoly(ethyleneoxide)-b-poly(a-benzyl-8-caprolactone) 

copolymer micelle (Falamarzian & Lavasanifar 2010a; Falamarzian & Lavasanifar 2010b).

As using the PEG-b-precursor copolymer 5 resulted in formation of haemolytic 

AmB-PEG-PMAA complexes 6, attention was refocused on AmB-PMAA complexes 4.

Purity o f AmB-PMAA complex 4
The AmB-PMAA complex 4 (AmB loading 21.0%) prepared from precursor polymer 2 

(Mw 26.5 and PD 1.12) was analysed by nuclear magnetic resonance (H* NMR) to detect 

the presence of impurities related to N-hydroxysuccinimide ring (NHS). Removal of NHS 

from AmB-PMAA complex 4 was always the challenge. The NHS underwent ring opening 

side reaction during hydrolysis of the precursor polymer 2 in the complexation reaction. 

This made it even more difficult to completely remove these NHS related impurities from 

AmB-PMAA complex 4. The proposed structure of NHS ring opening side product is 

shown in Scheme 9. AmB and the hydrolysed polymer ^  were analysed as controls. AmB 

was dissolved in deuterated DMSO, while the AmB-PMAA complex 4 and the hydrolysed 

polymer ^  were dissolved in deuterium oxide. The solvent can affect the position of peaks 

in NMR spectrum. It is difficult to compare directly the AmB spectrum with AmB-PMAA 

complex 4. In the NMR spectrum of the AmB-PMAA complex 4, signals attributed to 

AmB are indicated with purple arrow, while signals from the hydrolysed polymer ^  are 

indicated by blue arrow in Figure 25. Signals from the hydrolysed polymer ^  are mainly 

methyl groups, there might be interference with AmB protons in this region (Figure 26). 

NMR analysis of AmB-PMAA complex 4 displayed presence of triplets at chemical shifts 

of 2.4 and 3.1 ppm due opened NHS ring side products (shown by red arrow and labelled as 

a and b in Figure 25), which indicate the presence of impurities in the AmB-PMAA 

complex 4. Another unknown singlet peak at 2.6 ppm was also observed which might be 

due to methylene group in the intact NHS ring or DMSO residual that has not being 

removed by dialysis. This singlet is indicated by red arrow and labelled as c in Figure 25.
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Scheme 9. Proposed ring opening side reaction o f NHS group.
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Figure 25. NMR o f AmB-PMAA complex 4 displaying presence o f triplet peak 2.4 and 3. 
ppm.

2.0 0.53.5 3.0 2.5 1.5 1.0 ppm

Figure 26. NM R o f harshly hydrolysed polymer ^  derived from precursor polymer 2 (Mw 
26.5 and PD 1.12) Table (7, entry 2).
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The NMR spectrum o f AmB alone is complicated and difficult to interpret (Figure 

27). This makes interpretation o f NMR spectrum o f AmB-PMAA complex 4 even more 

complicated. However the NHS associated peaks (Figure 25) indicated the presence of 

NHS and hydrolysed NHS species being associated with the AmB-PM AA complex 4. The 

NHS ring opening side product was still present in the complex 4 after purification by 

dialysis. The use o f  size exclusion column to purify the AmB-PMAA complex 4 did not 

remove the NHS related side products from the complex 4. These side products might be 

included in the complex 4 during complexation or polymer conformational change due to 

change o f  solvent hydrophobicity and pH. They might also be attached covalently to the 

polymer.

5.5 5.0 30 2.5 2.0 1.5 0.5 ppm65 6.0 45 4 0 35

Figure 27. NM R spectrum o f AmB in deuterated DMSO. Solvent peak at 2.49 ppm.

These NHS related impurities were previously reported by Debra Harris (2006) in 

AmB-PM AA complex 4 after its purification by dialysis as unknown triplet at 2.4 ppm. 

These impurities were not present after mild hydrolysis by slow addition o f sodium 

hydroxide (2 equivalents) and purification o f the precursor polymer 2 alone (Harris Debra 

2006). This suggested that these ring opened NHS group might not be attached covalently 

to the polymer. Although TLC analysis o f AmB-PMAA complex 4 showed separation o f 

ring opening side products from AmB and the polymer there was still possibility that 

these ring opened products are attached covalently to the polymer ^  and not completely 

hydrolysed when the AmB complexation is conducted.

Similar observations were reported by other researchers, impurities related to NHS 

ring opening was observed during conjugation o f the precursor polymer 2 to amine 

containing drugs (Devenish et al. 2006). These side products might be different from
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impurities seen in AmB-PMAA complex 4, because ethanolamine was used instead o f 

sodium hydroxide. The NHS group undergoes ring opening during reaction with 

ethanolamine to form a copolymer containing both opened ring and non-reacted ester group 

that are attached covalently to the polymer. The presence o f these side reactions products 

appear as unknown signals during NMR analysis o f precursor polymer-drug conjugate 

(Devenish et al. 2006). The presence o f side reactions was attributed to steric hindrance 

between active ester groups (Devenish et al. 2006). This was consistent with a study by 

Wong and Putnam (2007), in which these side reactions were present during conjugation o f 

the precursor polymer 2 with primary amine such as benzylamine. NM R analysis o f the 

resulting conjugates revealed unexpected signals at 2.4 ppm which was attributed to 

hydrogen in methylene group o f the open NHS ring. The ring opened active ester group 

was found to be attached to the polymer by a covalent bond according to diffusion ordered 

NMR spectroscopy analysis. Both the polymer and ring opened active ester group 

displayed the same diffusion rate. The findings o f this study was that the side reactions due 

to ring opening can be minimised by conducting the reaction at high temperature (75°C) 

and increasing number o f amine equivalence (Wong & Putnam 2007).

IR analysis o f the AmB-PMAA complex 4 did not display presence o f impurities 

(Figure 28). The IR band o f the carbonyl in ester bond between leaving group and the 

precursor polymer 2 was at 1734 cm-1 (Figure 29) and completely disappeared in the 

complex spectra 4 (Figure 28). The NHS related species were not visible in the IR spectra 

o f AmB-PMAA complex 4. The IR analysis is not reliable as only part o f solid sample is 

analysed and the sample is not homogenous.

1
I

Figure 28. IR spectrum o f AmB-PMAA complex 4: no carbonyl group stretching band 
at 1734 cm '
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Figure 29. IR spectrum o f the precursor polymer 2. Stretching o f carbonyl group in ester
bond between leaving group and the polymer was at 1734 cm" .

In the light o f Wong and Putnam studies (2007), we tried to minimise the precursor 

polymer 2 side reactions by changing complexation reaction conditions such as: (1) the 

stoichiometry o f sodium hydroxide and (2) reaction temperature. The reaction temperature 

was not increase to 75° C as in Wong and Putnam studies (2007) to avoid effect o f high 

temperature on stability o f AmB and formation o f AmB superaggregates (Van Etten et al. 

2000). In the experiments to minimise NHS side products, the AmB-PM AA complexes 4 

were prepared from precursor polymer 2 (Mw 26.5 and PD 1.12).

Variation o f  com plexation reaction conditions

The amount o f added sodium hydroxide (NaOH) was increased from 2 equivalents to 3 and 

4 equivalents. AmB loading in these complexes 4 and complexation efficiency are shown in 

Table 13. AmB-PMAA complex 4 that was prepared by the addition o f 3 equivalents o f Na 

OH was fivefold more toxic against RBCs (19.75±0.1% haemolysis) than the complex 4 

prepared by adding 2 equivalents o f NaOH (4.08±0.93% haemolysis) (Appendix 2). Both 

o f the AmB-PMAA complexes 4 reduce the toxicity o f AmB in comparison with 92.0% 

haemolysis caused by Fungizone® at the same AmB concentration (50.0 pg/mL) after 1 h 

incubation at 37°C. The NHS related impurities were still present in the AmB-PMAA 

complex 4 regardless o f the increase in the number o f sodium hydroxide equivalences 

(Figure 30). NM R analysis o f these complexes 4 displayed the presence o f the impurities at 

2.4, 2.6 and 3.1 ppm as indicated by red arrows in Figure 30. The amount o f NaOH was not 

increased more than 4 equivalents as AmB is not stable in highly alkaline solutions.
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Table 13. Characteristics o f AmB-PMAA complex 4 prepared by changing amount o f 
sodium hydroxide

N Amount of NaOH 
(equivalent)

AmB loading 
(%)

AmB theoretical 
loading (%)

Complexation 
efficiency (%)

1 2 24.0 40.0 60.0
2 3 18.0 40.0 45.0
3 4 16.0 40.0 45.0

Na OH ( 2 equivalents)

3.5 3.0

Na OH (3 equivalents)

3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Na OH (4 equivalents)

3.5 3.0 2.5 2.0 1.0 0.51.5 ppm

Figure 30. NM R analysis o f AmB-PMAA complexes 4 prepared by using difference 
amount o f sodium hydroxide (2, 3, and 4 equivalents): presence o f impurities at 2.4, 2.6 
and 3.1 ppm indicated by red arrow.

The effect o f  increased temperature during preparation o f the AmB-PMAA complex 

4 was examined to determine if temperature variation would decrease the presence o f the 

NHS related impurities. In all o f  the previous experiments, the preparation o f AmB-PMAA 

complex 4 was conducted at ambient temperature. Two temperatures were tested (30 and 

40°C). The AmB loading and aggregation state o f AmB-PMAA complex 4 prepared at 

these different temperatures is shown in Table 14. NM R traces displayed the presence o f 

the same NHS signals at 2.4, 2.6 and 3.1 ppm for both complexes 4 (30 and 40°C) 

(Appendix 3).

Table 14. Characteristics o f AmB-PMAA complex 4 prepared at 30 and 40°C.
N Reaction AmB loading AmB theoretical Complexation Impurities

T(°C) (%) loading (%) efficiency (%)
1 30 19.6 40.0 49.0 +
2 40 20.0 40.0 50.0 +
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The use of different bases such as potassium (KOH), lithium (LiOH) and caesium 

(CsOH) hydroxide to prepare AmB-PMAA complex 4 were also examined in order to 

determine if the use of other bases would decrease the presence of impurities. The amount 

of bases used was two molar equivalents to the polymer. The complexation reaction was 

conducted at ambient temperature. The characteristics of AmB-PMAA complexes 4 

prepared from these bases are shown in Table 15. NMR analysis of these complexes 4 

again displayed the presence of NHS related impurities (Appendix 4).

Table 15. Characteristics of AmB-PMAA complex 4 prepared using different bases.

ID Base AmB loading 
(%)

AmB loading 
theoretical (%)

Complexation Impurities 
efficiency (%)

A KOH 19.0 40.0 47.5

B LiOH 10.0 40.0 25.0

C CsOH 10.0 40.0 25.0

The AmB-PMAA complexes 4 prepared using potassium hydroxide and caesium 

hydroxide were non-toxic against human RBCs after 1 h incubation at 37°C, which was 

similar to AmB-PMAA complex 4 prepared using sodium hydroxide (2 equivalents) 

(Figure 31). On the other hand, the AmB-PMAA complex 4 prepared using lithium 

hydroxide was very toxic against RBCs and caused 65.0% haemolysis at a concentration

50.0 pg/mL AmB equivalents (Figure 31). In comparison, Fungizone® caused 92.0% 

haemolysis at the same AmB concentration (Figure 31).
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Figure 31. Haemolysis caused by AmB-PMAA complex 4 prepared from different bases 
after 1 h incubation with human RBCs. Complexes A, B and C were prepared using KOH, 
LiOH and CsOH respectively (Table 15). Data was pooled from two donors (duplicates 
determination per donor). Haemolysis (%) is an average ± standard deviation.
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The use of mixture of these bases (potassium, lithium and caesium hydroxide) to 

prepare AmB-PMAA complex 4 was also examined in order to determine if the use of 

mixture of bases would decrease the presence of NHS related impurities (Table 16). The 

total amount of bases used was two molar equivalents to the polymer. Two bases were 

mixed by adding one equivalent from each base. The complexation reaction was conducted 

at ambient temperature. Characteristics of AmB-PMAA complexes 4 prepared from 

mixture of bases are shown in Table 16. NMR analysis of these complexes 4 again 

displayed the presence of NHS related impurities (Appendix 5).

Table 16. Characteristics of AmB-PMAA complex 4 prepared using mixture of bases.

N Bases
mixture

AmB 
loading (%)

AmB loading 
theoretical (%)

Complexation 
efficiency (%) Impurities

1 KOH/NaOH 23.0 40.0 57.5 +

2 CsOH/NaOH 15.0 40.0 37.5 +

3 LiOH/NaOH 23.0 40.0 57.5 +

4 KOH/CsOH 10.7 40.0 26.8 +

5 LiOH/CsOH 18.0 40.0 45.0 +

6 LiOH/KOH 10.7 40.0 26.8 +

Increasing the amount of added sodium hydroxide, use of different bases 

(potassium, caesium and lithium hydroxide), use of mixture of these bases and varying the 

reaction temperature (30 and 40°C) did not stop active ester ring opening side reactions or 

leads to removal of NHS related species from the complex 4. As these side reactions 

persisted under all conditions that have been tested, we decided to investigate the 

possibility of preparation of AmB-PMAA complexes 4 using sodium salt of 

poly(methacrylic acid) (PMAA-Na) ^  and free poly(methacrylic acid) (PMAA) 3 instead 

of using the precursor polymer 2. Using PMAA-Na 3a and PMAA 3 will avoid the NHS 

completely.

Preparation o f AmB-PMAA complex 4 from PMAA-Na 3a 
Poly(methacrylic acid) sodium salt (PMAA-Na) 3a with a molecular weight of 31.1 kDa 

(PD, 1.02) was used to prepare the AmB-PMAA complexes 4 following the same method 

as when the precursor polymer 2 was used. The only difference is the PMAA-Na ^  is 

soluble in water, while the precursor polymer 2 is not soluble in water and is soluble in 

DMSO. PMAA-Na ^  was therefore dissolved in water instead of DMSO. The loading of
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AmB in these complexes 4 was in the range of 14.0-23.0% and the complexes 4 were 

soluble in water (Table 17). The complexation efficiency of PMAA-Na ^  was in the range 

of 35.0-58.0% which is lower than that observed for the precursor polymer 2 (45.0-70.0%). 

The lower complexation efficiency can be explained by the fact that AmB and PMAA-Na 

3a were dissolved in different solvent that reduce the initial hydrophobic interaction 

between AmB and the polymer. AmB was in a highly aggregated form with aggregation 

ratio of 2.4 in this AmB-PMAA complex 4.

Table 17. Characteristics of AmB-PMAA complex 4 prepared from PMAA-Na

N AmB loading AmB theoretical Complexation Aggregation
(%) loading (%) efficiency (%) ratio

1 13.0 40.0 35.0 2.4

2 23.0 40.0 58.0 2.4

AmB-PMAA complexes 4 prepared from PMAA-Na ^  displayed toxicity against 

human RBCs after 1 h incubation at 37°C. These AmB-PMAA complexes 4 having AmB 

loading 13.0 and 23.0% caused 33.91 ±6.82 and 21.88±7.07% haemolysis at 50.0 pg/mL 

AmB equivalents (Figure 32). AmB-PMAA complexes 4 prepared directly from PMAA-Na 

3a were more toxic towards RBCs than complexes 4 prepared from the precursor polymer 

2 .
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Figure 32. Haemolysis caused by AmB-PMAA complexes 4 prepared directly from the 
PMAA-Na salt ^  that are having different AmB loading 13.0 and 23.0% after 1 h 
incubation with human RBCs. Data was pooled from two donors (duplicates determination 
per donor).
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The observed toxicity of AmB-PMAA complex 4 prepared form PMAA-Na ^  might be 

explained by: (1) formation of weak association between AmB and PMAA-Na ^  that leads 

to dissociation of free toxic AmB, (2) the presence of toxicity in case of these complexes 4 

might be explained by formation of water soluble toxic aggregates which is evidence in UV 

spectra of the complexes 4 (Appendix 6).

The presence of weak interactions between AmB and PMAA-Na ^  resulted in a 

fast dissociation of AmB from the polymer and an increase in the free AmB concentration. 

The weak interaction might be due the fact that AmB and PMAA-Na 3a were dissolved in 

different solvents which reduce their ability to interact with each other directly during the 

complexation. In order to try to strengthen the interaction between AmB and the PMAA-Na 

3a, we decided to use the free acid of PMAA 3 to prepare AmB-PMAA complexes 4. As 

both AmB and PMAA 3 are soluble in DMSO, this might enhance formation of stable 

complexes.

PMAA-Na 3a (Mw, 31.1 kDa (PD, 1.02)) was converted to the free acid by 

precipitation under acidic conditions. Hydrochloric acid (1.0 M) was added to an aqueous 

solution of PMAA-Na ^  drop wise until PMAA 3 precipitated out of the solution. The 

precipitate (PMAA 3) was left to settle or was centrifuged and then the supernatant was 

discarded. The resultant precipitate was freeze dried, and the freeze dried product was 

soluble in DMSO.

PMAA 3 as its free acid was used to prepare AmB-PMAA complexes 4 following 

the same method as when the precursor polymer 2 was used. The loading of AmB in these 

complexes 4 was in the range of 16.0-24.0% and the complexes 4 were soluble in water 

(Table 18). The complexation efficiency was 40.0-58.0%. The complexation experiment 

was repeated three times. There was poor reproducibility regarding the aggregation state of 

AmB and these complexes 4 displayed very high toxicity against human RBCs (Appendix 

7). There was an issue with the stability of these AmB-PMAA complexes 4 as they become 

insoluble in water after two months storage at 4°C in the form of the lyophilised powder.

Table 18. Characteristics of AmB-PMAA complex 4 prepared from PMAA 3.

N AmB loading 
(%)

AmB theoretical 
loading (%)

Complexation 
efficiency (%)

Aggregation
ratio

1 16.0 40.0 40.0 ND
2 22.0 40.0 55.0 0.47
3 23.0 40.0 58.0 0.73
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The toxicity observed in the AmB-PMAA complexes 4 prepared from the free acid 

of PMAA 3 might be explained by the presence of sodium chloride that destabilise the 

complex 4 resulting in dissociation of free toxic AmB. Sodium chloride is a side product 

formed during protonation of PMAA-Na ^  using aqueous hydrochloric acid. This sodium 

chloride might be entrapped and was not completely removed during protonation of 

PMAA-Na ^  due to conformational change of PMAA 3 to form hypercoil accompanying 

pH change to acidic (Soutar & Swanson 1994). Sodium chloride is known to be 

incompatible with AmB, and can result in precipitation of AmB (Block & Bennett 1973; 

Trissel 2010). Addition of sodium chloride to doxorubicin-PAA complexes that are mainly 

formed by electrostatic interaction between amino group of doxorubicin and carboxylic 

group of PAA leads to dissociation of the complex (Kitaeva et al. 2004b). The presence of 

the salt may have shielded the electrostatic attraction between oppositely charged 

doxorubicin and PAA therefore weaken the binding between doxorubicin and PAA (Tian 

et al. 2007a).

The preparation of non haemolytic AmB-PMAA complex 4 using PMAA-Na ^  

and PMAA 3 was not successful. Poly(acrylic acid) (PAA) is a polyelectrolyte like PMAA 

3 and have ability to form complexes with hydrophobic drugs (Kitaeva et al. 2004b). This 

encourages us to investigate the formation of a complex between AmB and PAA.

Preparation o f AmB-PAA complex 8 from poly(acrylic acid) sodium salt 7 
Poly(acrylic acid) (PAA) is a polyacid with pKa of 4.8 (pendant carboxyl ic groups) 

(Nagasawa et al. 1965). PAA is a pH sensitive and biocompatible polymer. At 

physiological pH, PAA is ionised and can form a complex with positively charged 

compounds (Tian et al. 2007b) for examples procaine HCl (Govender et al. 1999) and 

cisplatin (Ding et al. 2011). Several studies have reported that PAA has been used to form a 

complex with the antitumour agent doxorubicin to improve its therapeutic index (Kitaeva et 

al. 2004a ; Kitaeva et al. 2004b; Tian et al. 2007a; Tian et al. 2007b). The interaction 

between PAA and doxorubicin is thought to occur by electrostatic attraction between the 

amino group of doxorubicin and carboxylic group of PAA at neutral pH (Kitaeva et al. 

2004a; Kitaeva et al. 2004b). PAA has been found to form a complex with other polymers 

such as PVP (hydrogen bond) (Shuping et al. 2005), gelatine (electrostatic interaction) 

(Ding et al. 2011), and chitosan (electrostatic interaction) (Ketjinda et al. 2010).
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Poly(acrylic acid) sodium salt (PAA-Na) 7 with molecular weight of 30.0 kDa was 

used to prepare the AmB-PAA complexes 8 following the same method as when the 

precursor polymer 2 was used (Scheme 10).

CH
CH

A m B  ^

Na+
NaOH Na+ O ''

o
7 8 A m B  =  ^

Poly(acrylic acid) sodium salt AmB-PAA complex

Scheme 10. Preparation of AmB-PAA complex 8 from PAA-Na 7.

The loading of AmB in the AmB-PAA complex 8 was in the range of 25.0-30.0% 

and the complexes 8 were soluble in water (> 1.0 mg/mL AmB) (Table 19). The 

complexation efficiency of PAA-Na 7 was in the range of 62.5-75.0% which is comparable 

to the precursor polymer 2 (45.0-70.0%). The lower complexation efficiency can be 

explained by the fact that AmB and PAA-Na 7 was dissolved in a different solvent that 

reduced the initial hydrophobic interactions between AmB and the polymer 7. AmB was in 

a highly aggregated form with aggregation ratio of 2.4 and an aggregation peak at 325 nm.

Table 19. Characteristics of the AmB-PAA complex 8 prepared from PAA-Na 7.

N AmB loading AmB theoretical Complexation Aggregation
(%) loading (%) efficiency (%) ratio

1 3&0 40.0 75.0 2.4
2 2^0 40.0 6Z5 2.4

AmB-PAA complex 8 prepared from PAA-Na 7 having AmB loading of 30.0% 

displayed toxicity against human RBCs after 1 h incubation at 37°C. These AmB-PAA 

complexes 8 caused 68.15±6.69% haemolysis at 50.0 pg/mL AmB equivalents (Figure 33). 

In comparison, Fungizone® displayed 87.62±7.03% at the same concentration (Figure 33). 

The observed toxicity of AmB-PAA complex 8 might be explained by: (1) formation of 

weak association between AmB and PAA-Na 7 that leads to dissociation of free toxic 

AmB, (2) formation of water soluble toxic aggregates which is evidence in UV spectra of 

the complexes 8 (Appendix 8).
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Figure 33. Haemolysis o f human RBCs caused by AmB-PAA complex 8 after 1 h 
incubation at 37°C. Data was pooled from two donors (duplicates determination per donor). 
Haemolysis (%) is an average ± standard deviation.

The increase in water solubility o f  AmB in the AmB-PAA complex 8 suggests there 

are interactions between AmB and PAA-Na 7. Unfortunately these interactions were not 

able to reduce the toxicity o f AmB. In attempts to prepare a less toxic form o f AmB-PAA 

complex 8, the complexation reaction conditions such as the amount o f the reactants (AmB, 

water and sodium hydroxide), addition sequence o f the reactants and the reaction 

temperature were varied. Characteristics o f the AmB-PAA complexes 8 prepared by a 

variation o f the reaction conditions are shown in Table 20.

All the AmB-PAA complexes 8 prepared by variation o f reaction conditions were 

toxic against RBCs (Table 20 , entries 1-5) except for complexes 8 prepared at 60° C 

(Figure 34). The two AmB-PMAA complexes 8 prepared at 60°C having AmB loading o f

17.0 and 29.0% caused 3.06±0.00% haemolysis at 50.0 pg/mL AmB equivalents after 1 h 

incubation at 37°C (Figure 34).

AmB was present in these AmB-PAA complexes 8 in a highly aggregated state 

(aggregation ratio 2.5-2.6) (Table 20, entry 6). The aggregation peak appeared at 316 nm. 

In comparison. Fungizone® displayed an aggregation peak at 328 nm. There was 

significant spectral shift o f  the aggregation peak from 328 nm to 316 nm. An example o f 

the UV spectrum o f AmB-PAA complexes 8 prepared at 60°C is shown in Figure 35.
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Table 20. Characteristics of AmB-PAA complex 8 prepared from PAA-Na 7 by variation of reaction conditions.

N Reaction condition AmB loading 
(%)

AmB loading 
Theoretical (%)

Complexation 
Efficiency (%)

Aggregation
ratio

RBC
Toxicity

1 Reducing AmB from 20.7 to 10.5 mg 10.0 20.0 50.0 1.7 +

2 Reducing water from 3.0 to 1.0 mL 21.0 40.0 525 2.3 +

3 Reducing NaOH from 324.0 to 100.0 pL 32.0, 35.0 40.0 80.0-87.5 3.2 -1-

4 Addition sequence water was added before NaOH 29.0, 32.0 40.0 72.5-80.0 2.3-2.5 -k

5 Reaction temperature is 30°C 29.0, 36.0 40.0 72.5-90.0 2.3-2.4 +

6 Reaction temperature is 60°C 17.0, 29.0 40.0 42.5-72.5 2.5-2.Ô -
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Figure 34. Toxicity of AmB-PAA complex 8 prepared from PAA-Na 7 at 60°C against human RBCs after 1 h incubation at 37°C. 
Data was pooled from two donors (duplicates determination per donor). Haemolysis (%) is an average ± standard deviation.
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Figure 35. Aggregation state of AmB-PAA complex 8 prepared at 60°C. The aggregation 
peak in AmB-PAA complex 8 displayed chemical shift to 316 nm.

The reduction in the toxicity of AmB-PAA complexes 8 that were prepared at 60°C might 

be attributed to formation of superaggregates. Heating an aqueous solution of AmB at 

70°C for 20 min followed by cooling, leads to the formation of AmB superaggregates (Van 

Etten et al. 2000; Gabroriau et al. 1997). Formation of these superaggregates occurs slowly 

upon heating AmB solution until reaching 50°C, then becomes fast at temperatures between 

50 to 60 °C. All the AmB was converted to superaggregates at 70°C (Gabroriau et al. 

1997). The transition of AmB to superaggregates is evidenced by the spectral shift of the 

aggregation absorption maxima from 329 to 322 nm (Gabroriau et al. 1997). The duration 

of the reaction of AmB with PAA-Na 7 at 60°C continue for 1 h. Therefore, there is high 

possibility of conversion of all AmB to superaggregates. This might be supported by the 

shift of AmB-PAA complex 8 aggregation peaks to lower wavelength (316 nm). AmB 

superaggregates act as reservoir of monomeric AmB, which are less toxic to mammalian 

cells than self aggregated AmB (oligomers) (Gaboriau et al. 1997). There difference 

between the heat-induced AmB superaggregates and AmB aggregates in AmB-PAA 

complex 8 is the water solubility. AmB-PAA complex 8 is soluble in water (> 1.0 mg/mL) 

while the heat induce aggregates are insoluble (Gaboriau et al. 1997).

The heat induced superaggregates did not reach the clinic because the information 

regarding the effect of heat on degradation of AmB and the number of aggregate forms 

obtained was not available (Torrado et al. 2008). Furthermore, data on the in vivo toxicity 

was not reproducible in different animal studies (Kwong et al. 2001). In the case AmB- 

PAA complexes 8 prepared at 60°C, besides the drawbacks of heat induced AmB 

superaggregates, there was poor reproducibility regarding AmB loading.

129



2.5 Conclusion

A library of the precursor polymers 2 was synthesised by controlled radical polymerisation 

(ATRP) having narrow molecular weight distribution (PD 1.09-1.34). AmB-PMAA 

complex 4 was prepared by slow hydrolysis of the precursor polymer 2 in the presence of 

AmB. The loading of AmB in the complex 4 was in the range of 20.0-30.0% and the 

complexation efficiency was 45.0-70.0%. These complexes 4 had a size of 80.0-164.0 nm 

and were negatively charged (- 46.2 ±4.8 mV).

The interaction between AmB and the polymer in AmB-PMAA complex 4 prepared 

from the precursor polymer 2 is by non-covalent association as evidenced by HPLC and 

TLC analysis. It is thought to be mainly by electrostatic interaction between AmB 

(protonated amino group) and the hydrolysed polymer ^  (negatively charged carboxylic 

group). There are also other possibilities: (1) hydrogen bonding between AmB hydroxyl 

group and carboxylic group in the hydrolysed polymer 3a and, (2) hydrophobic interaction 

between AmB and the methylene groups in the polymer 2 which might play role in 

stabilisation of AmB-PMAA complex 4.

The AmB-PMAA complex 4 that was prepared from the precursor polymer 2 

displayed significant reduction in AmB haemolytic toxicity because it was thought that the 

AmB remained associated with the polymer rather than being allowed to interact with the 

red blood cells in the haemolysis test. The AmB-PMAA complex 4 remained intact in PBS 

(pH 7.4) without release of the AmB for 24 h. Furthermore, the AmB was present in less 

aggregated form in AmB-PMAA complex 4 and there was no formation of toxic 

aggregates. The molecular weight of the precursor polymer 2 had no effect on its ability to 

reduce the toxicity of AmB in the range tested (17.0-37.0 kDa).

Grafting the precursor polymer 2 with PEG resulted in formation of water soluble 

complexes 6 which were very toxic due to destabilisation of the complex. The main 

drawback of using the precursor polymer 2 for preparation of AmB-PMAA complex 4 was 

the presence of impurities arising from a ring opening reaction of NHS group and the 

difficulties of removing these impurities from the complex 4. This may be due to NHS ring 

opening up while covalently attached to the polymer 2 (Wong & Putnam 2007). Although 

the presence of these impurities did not affect the biological activity of AmB-PMAA 

complex 4 and its ability to reduce the toxicity of AmB, our main concern is that these by

products might affect long term stability of the complex 4. Furthermore, it is not possible
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to develop AmB-PMAA complex 4 in to medicine without being able to scale up the 

complexation reaction and, identify and quantify these impurities.

Variation of the reaction conditions during the preparation of AmB-PMAA complex 

4 such as: (1) type and amount of bases and (2) reaction temperature did not minimise side 

reactions present during slow hydrolysis of the precursor polymer 2. Poly(methacrylic 

acid) sodium salt (Mw of 31.1 kDa (PD, 1.02)) was examined for its ability to form a 

complex with AmB. Although this polymer had a similar chemical structure to the 

hydrolysed polymer it did not reduce the toxicity of AmB, This might be explained by 

weak interaction of PMAA-Na ^  with AmB. Formation of stronger AmB-polymer 

complexes might require dissolution of both the polymer and AmB in the common solvent 

(DMSO) at the beginning of the complexation reaction. PMAA-Na ^  is soluble in water 

and not DMSO. Conversion of PMAA-Na ^  to its acid form that is soluble in DMSO did 

not improve its ability to form non toxic complexes 4 with AmB. This might be explained 

by the presence of sodium chloride that is thought to destabilise the complex 4 resulting in 

dissociation of free toxic AmB. Sodium chloride is a side product formed during 

protonation of PMAA-Na ^  using aqueous hydrochloric acid.

All AmB-PAA complexes 8 were toxic against human RBCs except complexes 8 

prepared at 60°C. The reduced haemolytic toxicity in the case of the AmB-PAA complexes 

8 prepared at 60°C might be due to formation of heat-induced AmB superaggregates. AmB 

might not be stable at this high temperature (60°C) and number of aggregates forms 

obtained cannot be identified. Furthermore, there was poor reproducibility regarding AmB 

loading in the AmB-PAA complex 8.

The presence of side products in AmB-PMAA complex 4 prepared using the 

precursor polymer 2 might be attributed to steric hindrance between active ester groups 

which reduce their liability of hydrolysis (Devenish et al. 2006). Reducing the density of 

the ester groups in the precursor polymer 2 might overcome these side reaction problems. 

One of the main aims of the work described in chapter (3) is to reduce the density of the 

active ester by copolymerisation of the active ester monomer 1 with N-vinylpyrrolidone. It 

was important to remove NHS impurities.
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Chapter 3

Complexation of AmB with the precursor copolymer 9 

3.1 Introduction
The primary aim of the work described in this chapter is to overcome the impurities 

problem that was encountered with the precursor polymer 2 arising from the NHS group 

which might limit its use in formulation of medicine. The introduction of a neutral co

monomer such as N-vinylpyrrolidone (Mi) might lower the relative amount of NHS in the 

hope to reduce its retention in AmB-polymer complex and side reactions due to 

neighbouring group effects. Copolymer of N-vinylpyrrolidone (Mi) and methacryl- 

oxysuccinimide 1 (M2) were prepared by free radical polymerisation (Scheme 11). 

Poly(vinylpyrrolidone-co-methacryloxysuccinimide) 9 contains reactive ester groups which 

can be utilised to form a complex with AmB.
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N-Vinylpyrrolidone
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Scheme 11. Synthesis of poly(vinylpyrrolidone-co-methacryloxysuccinimide) 9 by copoly
merisation of N-vinylpyrrolidone (Mi) with N-methacryloxysuccinimide 1 (M2) via free 
radical polymerisation at 60°C in DMF using AIBN initiator.

The precursor copolymer 9 can be hydrolysed into a water soluble 

poly(vinylpyrrolidone-co-methacrylic acid) sodium salt 10 by addition of sodium 

hydroxide (Scheme 12). It was thought that the hydrolysed copolymer 10 would have the 

ability to solubilise AmB.
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Scheme 12. Synthesis of poly(vinylpyrrolidone-co-methacrylic acid) sodium salt 10 by 
hydrolysis of the precursor copolymer 9 by addition of sodium hydroxide.
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AmB-poly(vinylpyrroIidone-co-methacrylic acid) complex 11 (AmB-PVM) can be 

prepared by slow hydrolysis of the precursor copolymer 9 in the presence of AmB at 

ambient temperature by addition of sodium hydroxide (Scheme 13). The complex IT is 

assumed to form between AmB and methacrylic acid unit in the hydrolysed copolymer 10. 

This assumption is based on two facts: (1) formation of AmB-PMAA complex 4_ from the 

precursor polymer 2 as described in Chapter 2 and, (2) PVP is not efficient in formation of 

a complex with AmB and AmB loading in AmB-PVP complex is low (0.249% w/w) 

(Charvalos et al. 2006). However, this does not preclude the possibility of the presence of 

interaction between AmB (hydroxyl group) and N-vinylpyrrolidone (Mi) (carbonyl group) 

by formation of a hydrogen bond.
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Scheme 13. Preparation of AmB-poly(vinylpyrrolidone-co-methacrylic acid) complex H  
(AmB-PVM) by slow hydrolysis of the precursor copolymer 9 by addition of sodium 
hydroxide (1.0 M) in the presence of AmB.

Poly(vinylpyrrolidone)
Poly(vinylpyrrolidone) (PVP) is a synthetic, neutral, non-toxic, and non-biodegradable 

water soluble polymer. It has poor absorption from the GIT and poor penetration through 

skin (Wessel et al. 1971). It is biocompatible (Rogero et al. 2003) and can be administered 

parenterally. PVP (Periston®, molecular weight 25 kDa) was used as plasma expander 

during the Second World War to treat cases of severe blood loss (Singleton 1953). The 

dose of PVP given as plasma expander is large (litres).The reasons behind stopping the use 

of PVP as blood expander were its uptake and storage by reticuloendothelial system (RES) 

and, it is not degraded by body enzymes. PVP also interferes with analysis of blood sugar 

level (Wessel et al. 1971). PVP was found to cause impairment of RES function in mice 

after 1 h iv infusion of 20 mL/kg (Schildt et al. 1975).
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Several preclinical studies have demonstrated that several drugs such as tumour 

necrosis factor alpha and enzymes can be conjugated to PVP. Conjugation of a drug to 

activated terminal carboxylic group in PVP can result in prolonging lifetime of a drug and 

localising the conjugated drug in the blood (Kaneda et al. 2004). PVP has been used in 

formation of conjugates with trypsin and chymotrypsin enzyme to increase their stability 

(Specht & Brendel 1977). Conjugate of tumour necrosis factor alpha with PVP increases its 

half life, tumour activity and decreases its side effects (Kamada et al. 2000). 

Copolymérisation of PVP with anionic co-monomer such as acrylic acid or hydrophobic 

co-monomer such as styrene and vinyllaurate can change the pharmacokinetic and 

distribution of PVP. Poly(vinylpyrrolidone-co-acrylic acid) (Mw 10 kDa, PD 1.39) 

containing 20.0% acrylic acid is cleared rapidly from blood with mean plasma residence 

time of 174.3±56.3 min in comparison with 302.4±62.5 min for PVP. It accumulates in the 

kidney in mice after intravenous dose of 1x10^ cpm/200 pL of radiolabelled copolymer 

(Kodarira et al. 2004). Poly(vinyIpyrrolidone-co-viny 1 laurate) accumulates in the spleen 

while poly(vinyl-pyrrolidone-styrene) accumulates in the liver (Yoshioka et al. 2008).

PVP is a neutral polymer that has the ability to interact and complex with other 

polymers (polyacid) such as poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA 

^  via mainly hydrogen bonding (between carboxylic group in PMAA 3 or PAA and 

carbonyl group in PVP) (Liu et al. 2001; Liu et al. 2004; Usaitis et al. 1997) and ion dipole 

interaction (carboxyl ate group in PMAA 3 and polarised N-vinylpyrrolidone ring or 

opened ring that appears in acidic or basic pH) (Figure 36) (Pinteala et al. 2005). These 

complexes are further stabilised by hydrophobic interaction (Jin et al. 2005; Usaitis et al. 

1997). The chemical structures of PMAA 3, PAA and PVP are shown in Figure 37.

Figure 36. Interaction of PVP with polyelectrolytes (Liu et al. 2004).
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Figure 37. Chemical structures of PVP, PMAA 3 and PAA.

PVP is a hydrogen bond acceptor while PMAA 3 and PAA are both hydrogen bond 

acceptors and donors. The complexation between PVP and PMAA 3 occurs at a pH range 

of 1-5 (Liu et al. 2001). At pH >7, PMAA 3 exists as a polyanions and the negative 

charge is unfavourable for hydrogen bond formation with PVP that result in no formation 

of a complex (Liu et al. 2001). Addition of sodium chloride to PVP-PMAA complexes or 

PVP-PAA complexes did not affect the stability of these complexes which indicates that 

there is no electrostatic interaction between the two polymers (Liu et al. 2001; Shuping et 

al. 2005).

It has been found that PVP can form complexes with many compounds such as 

human serum albumin (Matsudo et al. 2003), iodine (Povidone) which is used as antiseptic 

for wound cleaning and preoperative treatment (Burks 1998; Foumel et al. 2010; Noorani et 

al. 2010) and gallium and thallium radionuclides which might be promising for diagnostic 

use in nuclear mediation (Lahiri & Sakar 2007). PVP acts as a chelating ligand that forms a 

complex with gallium and thallium (Burks 1998). Also PVP can for m a complex with 

antifungal agents such as AmB (Charvalos et al. 2006) and nystatin (Charvalos et al. 2001).

Preclinical studies have been conducted to investigate the formation of a complex 

between PVP and antifimgal drugs such as nystatin and AmB with PVP (Charvalos et al. 

2001; Charvalos et al. 2006). AmB-PVP complexes were prepared by dissolving both AmB 

(5.0 mg) and PVP (2.0 g) in methanol (100.0 mL) at 50°C. Solvent was removed by 

evaporation at 45°C. The molecular weights of PVP used in the preparation of AmB-PVP 

complex was 10, 24 and 40 kDa. The loading of AmB in AmB-PVP complex was low 

(0.249% w/w). The complexation of PVP with AmB is difficult and requires the use of 

large amount of PVP (2 g) and methanol (100 mL) (Torrado et al. 2008; Charvalos et al. 

2006). Furthermore, AmB-PVP complexes caused only 2 fold reduction of the haemolytic
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toxicity of AmB compared with Fungizone® after 1 h incubation with sheep red blood cells 

at 37°C. The interaction between PVP and AmB was not clearly explained. It was 

suggested to by absorption of PVP on the aggregates of antibiotics during coprecipitation 

process due to solvent removal (Vainshtein et al. 1975).

In Chapter 2, AmB was found to form a non-covalent AmB-PMAA complex 4 

during hydrolysis of the precursor polymer 2. It is thought this was partially due to 

electrostatic interactions between AmB (protonated amino group) and methacrylic acid 

(ionised carboxylic group). This non-covalently associated AmB-polymer complex might 

also form upon hydrolysis of the precursor copolymer 9 in the presence of AmB. The 

complexation and interaction between AmB and the precursor copolymer 9 is similar to 

AmB-PMAA complex 4 described in Chapter 2. The preparation and characterisation of 

AmB-PVM complex 11 is discussed in this chapter.

3.2 Aims
The aims of the work described in this chapter are: (1) mainly to eliminate NHS related 

impurities by using the precursor copolymer 9 to prepare AmB-polymer complexes and (2) 

also to reduce AmB toxicity by complexation with the precursor copolymer 9. Our 

hypothesis is copolymerisation of N-vinlypyrrolidone with N-methacrlyoxysuccinimide 1 

will reduce the density of the reactive ester group in the polymer and decrease steric 

hindrance between the NHS groups. This might eliminate the NHS related side reactions.
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3.3 Materials and method 

Materials
AIBN (2,2'-azobis(2-methylpropionitrile) or azobisisobutylonitrile) (98.0%) was purchased 

from Acros and purified by re-crystallisation from ethanol. Dimethylformamide (DMF) 

anhydrous was purchased from Sigma Aldrich and kept sealed. The amount of DMF 

needed was withdrawn by syringe. l-Vinyl-2-pyrrolidone (Alfa Aesar) (99,9%) stabilised 

by 0.1% sodium hydroxide. l-Vinyl-2-pyrrolidone (Mi) was distilled in vacuum over 

sodium hydroxide 0.1%, and the fraction with a boiling point 46-50°C (0.1-0.2 mm Hg) 

was isolated. N-methacryloxysuccinimide 1 (M2) was synthesised as described in Chapter 

2 .

Synthesis o f poly(vinylpyrrolidone~co-methacryloxysuccinimide) 9

A schlenk tube was cleaned and completely dried using heat gun. After cooling with argon 

purge, N-methacryloxysuccinimide 1 monomer (M2) was added the dried schlenk tube. A 

solution of N-vinylpyrrolidone monomer (Mi) was then added and the mixture was stirred 

gently in argon for 10 min. The total molar concentration of the two monomers was 0.9 

mole/L in DMF. Anhydrous DMF (9.0 mL) was injected into the reaction mixture. AIBN 

was dissolved in anhydrous DMF (1.0 mL) and injected into reaction mixture, and the final 

concentration of the initiator in the reaction mixture was 0.03 mole/L. The reaction tube 

was placed in oil bath preheated to 60°C with stirring for 1 h. Copolymerisation was 

evidenced by increase in the viscosity of the polymerisation media. The precursor 

copolymer 9 was precipitated in diethyl ether to remove the un-reacted monomer and 

initiator. The ratio between the two monomers was varied to change the composition of 

final precursor copolymer 9. Synthesis of a library of the precursor copolymer 9 was 

conducted by changing the ratio between monomer to initiator. The ratio and amounts of 

each individual monomer are shown in Table 21. Yield was in the range of 34.0-100.0%.

An example for polymerisation reaction is described below (Table 21, entry 2). N- 

methacryloxysuccinimide 1 monomer (M2) (549.0 mg) was added the dried schlenk tube. A 

solution of N-vinylpyrrolidone monomer (Mi) (666.0 mg) was then added and the mixture 

was stirred gently in argon for 10 min. Anhydrous DMF (9.0 mL) was injected into the 

reaction mixture. AIBN (492.6 mg) was dissolved in anhydrous DMF (1.0 mL) and 

injected into reaction mixture. The reaction tube was placed in oil bath preheated to 60°C
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with stirring for 1 h. The polymer was isolated as mentioned above. The yield was 49.0%. 

Molecular weight of the isolated precursor copolymer 9 was 76.3 kDa and polydispersity 

1.46.

Table 21. Stoichemistry of the copolymerisation reaction. Amount of added monomers . 
Volume of DMF is 10.0 mL. The total concentration of M 1+M2 is 0.9 mole/L (0.009 moles 
in 10 mL). Molecular weight of Mi is 111 and for M2 is 183. N-vinylpyrrolidone monomer 
is Ml and N methacryloxy succini-mide is M2 .

N MiiM] Amount of 
Ml (mole)

Amount of 
M2 (mole)

Amount of 
Ml (mg)

Amount of 
M2 (mg)

1 1:1 4.5x10'^ 4.50x10’̂ 499.5 823.5

2 2:1 6.00x10'^ 3.00x10'^ 666.0 549.0

3 3:1 6.75x10'^ 2.25x10'^ 411.8 749.3

4 5:1 7.50x10'^ 1.50x10'^ 274.5 832.5

5 6:1 7.71x10'^ 1.29x10'^ 852.3 235.5

6 8:1 8.00x10'^ 1.00x10’̂ 888.0 183.0

Gel permeation chromatography analysis o f precursor copolymer 9
The precursor copolymer 9 was hydrolysed to poly(vinylpyrrolidone-co-methacrylic acid) 

sodium salt 10 using the same method described in Chapter 2. GPC analysis was conducted 

using the same system described in Chapter 2. A conventional calibration curve was 

constructed using linear poly(methacrylic acid) sodium salt standards having different 

molecular weights (Chapter 2). Standards of poly(methacrylic acid) sodium salt were 

accurately weighed (16.0 mg) and dissolved in distilled water (2.0 mL) with a final 

concentration of 8.0 mg/mL. The GPC signal was recorded using a refractive index detector 

(RI). The calibration curve was constructed by plotting the logarithmic molecular weight 

against retention volume. The calibration curve was used to calculate an estimate of the 

molecular weight of the hydrolysed copolymer 10. To calculate the accurate molecular 

weight and polydispersity of the hydrolysed copolymer 10 using triple detection system, we 

needed to calculate the dn/dc of the copolymer. The dn/dc is the change of solvent 

refractive index with relation to increment in concentration. The dn/dc of 

poly(vinylpyrrolidone) and poly(methacrylic acid) sodium salt was calculated using 

refractive index detector (RI). Different concentrations were prepared by dissolving 20.0
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mg, 10.0 mg, 5.0 mg, 2.5 mg and 1.25 mg in water (1.0 mL) separately. Standard poly 

(methacrylic acid) sodium salt (Mw 21.10 kDa, PD 1.05) was used for the calibration. A 

linear relation was found between the changes in the RI signal area with concentration. A 

straight line was obtained by plotting the area under curve of RI signal versus polymer 

concentration. The dn/dc was calculated as the slope.

Preparation o f AmB-PVM complex 11
AmB-PVM complex 1% was prepared by the slow hydrolysis of the precursor copolymer 9 

in the presence of AmB at ambient temperature. The defined procedure of preparation of 

the complex was to dissolve 30.0 mg of the precursor copolymer 9 in DMSO (0.6 mL). 

AmB (20.0 mg) was dissolved in DMSO (0.6 mL) in a vial (10.0 mL) for 1 h. The 

precursor copolymer 9 solution was then added to AmB solution dropwise by pipette. The 

mixture was stirred for 5 min, and then 328.0 pL sodium hydroxide (1.0 M) was added 

dropwise by pipette, followed by addition of 3.0 mL of water dropwise and the reaction 

mixture was left to stir for 30 min. The mixture was purified by size exclusion column 

(Sephdex Mw 5000 Da). All physicochemical characterisations of the AmB-PVM complex 

11 were carried out using similar methods as described in Chapter 2.

HPLC analysis o f AmB-PVM complex I f
High performance liquid chromatography analysis was conducted using ubondapak CIS 

column (3.9 x300 mm, 10pm particle size, 125 A). The mobile phase was a mixture 

(acetonitirile 40.0%, water 45.0% and acetic acid 6.0%). The injection volume was 100.0 

pL and the flow rate was 1.8 mL/min. The concentration of AmB was detected at 409 nm 

and the run time was 20 min.

Determination of size o f AmB-PVM complex I f
These preliminary studies were conducted to determine size of AmB-PVM complex 1% 

The size was measured using light scattering with a multiangle detector. The size of AmB- 

PVM complex 11 was measured at a concentration of 100.0 pg/mL AmB equivalents in 

water.
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Biological characterisation

Media, cell lines and culture conditions
The cell lines used were KB and THP-1 cells. Human squamous carcinoma (KB) cells 

(ATCC) are an adherent epithelial cells that are a HeLa cell contaminant, cervical 

adenocarcinoma derived cell. The human leukemia THP-1 cells (ATCC) are monocytes 

derived from the peripheral blood of patient with acute monocytic leukemia. The culture 

media for human cell lines was RPMI 1640 (Sigma Aldrich) supplemented with 10.0% heat 

inactivated fetal calf serum (hi-FCS). All cells were maintained at 37°C, 5.0% CO2 in 

humidified atmosphere. KB cells were subcultured in the ratio of 1:10 or 1:4 once every 

week according to confluence state. THP-1 cells were subcultured in the ratio of 1:5 every 

three days.

The Leishmania species used was L.major (MHOM/SA/85/JISHl 18). The culture 

media for Leishmania parasite was Schneider’s media supplemented with 10.0% heat 

inactivated fetal calf serum. The promastigotes were maintained at 26°C. For the 

antileishmanial activity assay the parasites were subcultured in a ratio of 1:10 and left for 5 

days to ensure their development into the infective stage.

Determination o f optimum cell density and incubation time for Alamar Blue® 

THP-1 cell

Alamar Blue® was used to assess cell viability (Fields & Lancaster 1993). Optimisation of 

THP-1 cell density, the incubation time with Alamar Blue® and volume of Alamar Blue® 

that will give the highest signal to background ratio was investigated. THP-1 cells were 

harvested by centrifugation at 2000 rpm for 10 min at 4° C and re-suspended in fresh RPMI 

1640 medium containing 10.0% hi-FCS. Cells were counted using a hemocytometer and 

brought to a final plating density of 4.0x10^ cells/mL. Two fold serial dilutions over eight 

densities were prepared in 96 well plates in triplicate. Plates were incubated for 72 h at 

37°C. Then Alamar Blue® was added (10.0 or 20.0 pL) to each well. Plates were incubated 

at 37°C, 5.0% CO2 and readings were taken every 2 h up to 8 h using a Gemini plate 

reader (EX/EM 530/586nm, cut-off 550nm, 5 readings per well). Signal to background 

ratio was calculated by dividing the average fluorescence output of wells containing cells 

by average fluorescence output obtained from wells containing media only. Z ' value is a 

statistical value which gives an indication about the robustness of the assay and it is
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determined using following equation (6). Where }j.h and are the mean high (full) and low 

(background) signals of the assay, respectively and oh and ol are the standard deviations 

(Julie et al. 2007).

Z = 1 - 3 Oh+3 Or
HH-^L

Equation.6

KB cells
Optimisation of KB cell density, incubation time with Alamar Blue® and volume of 

Alamar Blue® that gave the highest signal to background ratio was investigated. KB cells 

were harvested by centrifugation at 2000 rpm for 10 min at 4° C and resuspended in fresh 

RPMI 1640 medium containing 10.0% hi-FCS. Cells were counted using a hemocytometer 

and brought to a final plating density of 8.0x1 O^cells/mL. Two fold serial dilutions over 

eight densities were prepared in 96 wells plate. Plates were incubated for 72 hours. Then 

Alamar Blue® was added (10.0 or 20.0 pL) to each well. Plates were incubated at 37°C, 

5.0% CO2 and readings were taken every 2 h up to 8 h using a Gemini plate reader 

(EX/EM 530/586 nm, cut-off 550 nm, 5 readings per well).

Cytotoxicity test against THP-1 cell
Cytotoxicity assays were conducted using the Alamar blue® dye. The aim of the study was 

to assess the toxicity of prepared the hydrolysed copolymers 10 and complexes 11 against 

human cells. THP-1 cells were harvested as described above and resuspended in fresh 

RPMI 1640 medium containing 10.0% hi-FCS. Three fold serial dilutions over eight 

concentrations of the formulation were prepared in 96 wells plate with a starting 

concentration of 90.0 pg/mL AmB equivalents and volume of 100.0 pL. For the hydrolysed 

copolymer 10, the starting concentration was adjusted to the amount of the copolymer 10 

present in the complex 11 according to the AmB loading. Cells were counted using a 

hemocytometer and brought to a plating density of 1.0x10^ cells/mL. An equal volume of 

cells (100.0 pL) were added to the formulation serial dilutions in the plate. The final plating 

density of cells was 5.0x10^ cells/mL. Plates were incubated for 72 h at 37°C, 5.0% CO2 . 

For the final 6 h of the incubation period, 20.0 pL of Alamar blue® were added to each 

well before plates were read on a Gemini plate reader (EX/EM 530/586 nm, cut-off 550 

nm, 5 readings per well). 100.0% viability was established from growth control cells wells 

containing untreated cells. Data were graphically expressed as a percentage cell viability of
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controls according to the following Equation 5, where FI is the fluorescence intensity 

emission unit.

Cell viability (%) = FI drug treated cells x 100 
FI untreated control

Equation.?

Cytotoxicity test against KB cell
These studies were carried out to assess the toxicity of prepared copolymers and complexes 

against KB cells. KB cells were harvested as described above and resuspended in fresh 

RPMI 1640 medium containing 10.0% hi-FCS. Cells were counted using a hemocytometer 

and brought to a plating density of 4.0x10^ cells/well (100.0 pL in each well). Cells were 

plated in 96 well plates and allowed to adhere overnight at 37°C, 5.0% CO2 . Three fold 

serial dilutions over eight concentrations of the formulation were prepared in 24 well plate 

with starting concentration of 200.0 pg/mL AmB equivalents. For the hydrolysed 

copolymer 10, the starting concentration was adjusted to amount of copolymer 10 present 

in the complex 1% according to the AmB loading. The cells were drugged by adding 100.0 

pL of formulation into the respective well. Podophyllotoxin was included as control at a 

starting concentration of 0.05 pg/mL. Plates were incubated for 72 h at 37°C, 5.0% CO2 . 

Alamar Blue® (20.0 pL) was added at the last 6 h of the incubation period of before 

plates being read using a Gemini plate reader (EX/EM 530/580 nm, cut-off 550 nm, 5 

readings per well). Data were graphically expressed as a percentage cell viability of 

controls calculated as mentioned above.

Optimisation o f the in vitro antileishmanial assay
This experiment was carried out to determine a promastigote to macrophage ratio which 

gives a suitable infection level and to check the development of infection with time. THP-1 

cells were counted using a hemocytometer and brought to a plating density of 5.0x10"  ̂

cells/well in RPMI 1640 media containing 10.0% hi-FCS. PMA (phorbol-12-myristate-13- 

acetate, Sigma) was added to THP-1 cells at final concentration of 20.0 ng/mL, and then the 

cells were plated in 16 well chamber slides (Nunc) in a volume of 100.0 pL and incubated 

at 37°C, 5.0% CO2 for 48 h to induce differentiation into macrophages like cells. The 

medium was changed and fresh medium without PMA (100.0 pL) was added and the cells 

were incubated overnight at 37°C, 5.0% CO2 for 24 h An equal volume of L.major 

promastigotes at stationary phase (100.0 pL) was added at parasite: cell ratios ranging from
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2:1 to 20:1 incubated at 34°C, 5.0% CO2 overnight. Then media was removed and the 

macrophages were washed with fresh media by pipetting up and down to remove non 

phagocytosed promastigotes. Media was added in a volume of 200 pL to each well, and 

slides were incubated for further 3 and 5 days at 34°C. At 1, 4 and 6 days post infection 

media was removed and slides were fixed with methanol (100.0%) and stained with 10.0% 

Giesma's stain for 10 min. They were evaluated microscopically. The level of infection per 

well was evaluated by counting the number of infected macrophages per 100 

macrophages/well. Each promastigotes to macrophage ratio was tested in quadruplicate. 

Results were described as percentage of infected macrophages ± standard deviation. 

Parasite burden was calculated by counting number of amastigotes per 50 host cells.

In vitro antileishmanial efficacy assay o f AmB-PVM complex 1J_
These studies were carried out to determine the antileishmanial activity of AmB-copolymer 

complex 11 The hydrolysed copolymer 10 was tested to ensure that any effect seen would 

be due to AmB and not the copolymer 10. Fungizone® was included as a positive control. 

THP-1 cells were differentiated on 16 well chamber slides and then infected by Leishmania 

promastigotes at stationary phase at parasite/cell ratio 10:1 as described above. After 24 h 

one slide was assessed microscopically to ensure infection of the macrophages before 

drugging. AmB-PVM Complexes 1_1 were tested at starting concentration of 5.0 pg/mL 

AmB equivalents with fivefold serial dilution over four concentrations. The top 

concentration of the hydrolysed copolymer 10 tested was calculated according to the 

amount of the copolymer 10 present at the highest tested concentration of the complex 11 

(5.0 pg/mL AmB equivalents). Serial fivefold dilution of AmB-PVM Complexes H  were 

prepared in 24 wells plate and then transferred (200.0 pL) into respective wells in the slide 

chamber. Each concentration was tested in quadruplicate. Fresh media (200.0 pL) was 

added to infection control slide. Then slides were incubated for three days at 34° C, 5.0% 

CO2 . At the end of the incubation period, media was removed and cells were washed by 

fresh media to remove non phagocytosed promastigotes. Then fixed with 100% methanol 

and stained with 10.0% Giesma's stain for 10 min. The level of infection per well was 

evaluated by counting number of infected macrophages per 100 macrophages/well. 

Percentage of infection was compared to untreated control wells (100.0% infection). The 

result was expressed as percentage reduction in infected macrophages compared to 

untreated control wells (average counts of controls wells) according to equation 8. Data

143



were analysed by non-linear sigmoidal curve fitting, and 50.0% effective concentration and 

90.0% effective concentration (EC50/EC90) values were estimated using Microsoft XLfit.

% inhibition= 100- % infected macrophages tdrug treated cells) x 100 
% infected macrophages (untreated control cells)

Where, % infected macrophages is an average of quadruplicates.
Equation. 8
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3.4 Results and discussion

Synthesis and characterisation o f the precursor copolymer 9

Free radical polymerisation has been used to prepare many types of copolymers. Examples 

include: random copolymer of N-acryloylmorpholine and N-acryloxysuccinimide (Aagosto 

et al. 2001), alternating copolymers of maleic anhydride and vinylpyrrolidone (Pato et al. 

1994) and block copolymer e.g. copolymer of a-methylstyrene and glycidyl methacrylate ( 

Jiang et al, 2008). N-vinylpyrrolidone has also been copolymerised by free radical 

polymerisation with monomers containing active ester groups such as N- 

hydroxysuccinimide esters of acrylic acid (Erout et al. 1996b; Erout et al. 1996a) and 

methacrlyic acid (Nazarova et al. 2004).

Copolymérisation of N-vinylpyrrolidone (Mi) and N-methacryloxysuccinimide 1 

(M%) was conducted by free radical polymerisation using an azo initiator AIBN 

(Azobisisobutylonitrile) and Dimethylformamide (DMF) as solvent at 60°C 

(Nazarova et al. 1992). All reactants were soluble in DMF and the polymerisation system 

was homogenous (colorless solution) and remained homogenous throughout the 

polymerisation process. Polymerisation was evidenced by increase in the viscosity of the 

polymerisation media. Studies conducted by Nazarova et al showed that rate of 

copolymerisation of N-methacryloxysuccinimide 1 (M%) with N-vinylpyrrolidone (Mi) is 

higher than the rate of homopolymérisation for each individual monomer (Nazarova et al.

1992).

The precursor copolymer 9 could be hydrolysed to the water soluble 

poly(vinylpyrrolidone-co-methacrylic acid) sodium salt 10 by addition of sodium 

hydroxide. Comparison of the NMR spectra of the hydrolysed copolymer 10 derived from 

the precursor copolymer 9 that was synthesised by addition of equimolar mixture of the two 

co-monomers and NMR spectra of the homopolymers (PVP and PMAA-Na ^  displayed 

peaks in the spectra which indicated that copolymerisation of the two monomers occurred 

(Figure 38). NMR signals of methacrylic acid (M2) are indicated by blue arrow (methylene 

group) while signal of N-vinylpyrrolidone (Mi) are indicated by purple arrow (Figure 38).
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Figure 38. NMR spectra of the hydrolysed copolymer 10 (PVM-MA-Na) (MiiMi, 1:1), 
PMAA-Na ^  and PVP in deuterium oxide.

However, the NMR spectra of the hydrolysed copolymer 10 showed the presence of 

a high proportion of methacryic acid which indicates that the precursor copolymer 9 

synthesised by addition of equimolar mixture of the two co-monomers is a random 

copolymer and rich in PMAA-Na ^  (Figure 38). There might be presence of small block 

of similar monomer (N-methacryloxysuccinimide 1 (M2)) in the precursor copolymer 9, 

these results were consistent with Nazarova (Nazarova et al. 1992).

Determination o f the molecular weight o f the precursor copolymer 9
The molecular weight and polydispersity of the precursor copolymer 2 was determined 

using GPC. The precursor copolymer 2 was hydrolysed to its sodium salt (copolymer 10) 

by addition of 10 equivalents of sodium hydroxide (1.0 M) with heating at 80°C prior to 

GPC analysis. An estimate of the molecular weight of the hydrolysed copolymer 10 was 

obtained using a conventional calibration curve. A conventional calibration curve was 

constructed using poly(methacrylic acid) sodium salt standards having different molecular 

weights. A linear relation between change in log molecular weight of the polymer and its
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retention volume was found (Figure 39). An estimate of the molecular weight of the 

hydrolysed copolymer 10 was determined from the conventional calibration curve by 

extrapolation using its retention volume. This secondary method was only used to estimate 

the molecular weight of the hydrolysed copolymer 10.
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Figure 39. Conventional calibration curve using PMAA-Na ^  standard with range of 
molecular weight between 78.30 to 143.0 kDa.

To calculate the accurate molecular weight and polydispersity of the hydrolysed 

copolymer 10 by triple detection system we need to calculate the dn/dc of the hydrolysed 

copolymer 10. The dn/dc of each of the homopolymers PVP and PMAA-Na ^  was 

calculated to get an estimate of the dn/dc of the hydrolysed copolymer 10. The dn/dc would 

be expected to vary with different composition of the co-monomers in the copolymer 10. 

The calculated dn/dc of PVP is 0.145 (Figure 40) and the dn/dc of PMAA-Na 3a (standard) 

is 0.149 (Figure 41). As both of the homopolymers have an approximately similar dn/dc, 

we can use the dn/dc of PMAA-Na ^  in the GPC analysis of the hydrolysed copolymer 10 

due to its availability as GPC standard. The molecular weight and polydispersity of the 

hydrolysed copolymer 10 were determined using GPC with a triple detectors system, and 

the dn/dc was set to 0.149. An example of GPC chromatogram of the hydrolysed 

copolymer 10 using triple detectors system is shown in Figure 42.
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Figure 40. Change of refractive index detector (RI) signal with concentration; calculated 
dn/dc for PVP is 0.145.
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Figure 41. Change of RI signal with concentration; calculated dn/dc for PMAA-Na ^  is 
0.149.

148



D ata  File 20 0 8 -0 6 -0 5  1 1 .51 ,58  A P28 01 vdt M ethod 2 0 0 6 0 3 0 7 -0 0 0 1  '

19362

Retention Volume (mL)

Figure 42. Example of GPC chromatogram of the hydrolysed copolymer 10 (entry 4 in 
Table 22) using multi detectors analysis; red chromatogram is refractive index detector 
signal, blue chromatogram is viscometer detector signal and green chromatogram is right 
angle scattering detector signal.

Effect of initiator/monomer ratio on the molecular weight of copolymer 9
The effect of varying the ratio of initiator to the monomers was investigated. The molecular 

weight and polydispersity of a small library of the precursor copolymer 9 is shown in Table 

22. The initial experiments (Table 22, entries 10-15) were conducted using a total monomer 

concentration of 0.9 mole/L in DMF and initiator concentration of 0.03 mole/L. The 

molecular weight of the precursor copolymer 9 was high (more than 100 kDa). In attempts 

to reduce the molecular weight, the amount of added initiator was increased. The precursor 

copolymer 9 prepared by increasing the concentration of initiator to 0.05 mole/L had still 

high molecular weight (>100 kDa) (Table 22, entries 6-9). A further increase in 

concentration of initiator to 0.15 mole/L results in reduction of the molecular weight to 83.8 

kDa.

The lowest molecular weights that we managed to achieve were 56.3 and 76.3 kDa 

(Table 22, entries 2 and 4). The total co-monomer concentration was 0.9 mole/L and the 

initiator concentration was 0.3 mole/L in DMF. The ratio of initiator to monomer used in 

these reactions was high (1:3). Increasing the amount of the initiator used in the reaction 

leads to the generation of more free radicals in the initiation step. As the concentration of 

free radicals increases the extent of the termination reaction is increased. The probability is 

increased for termination of the propagation of the growing chains (Allcock & Lampe

149



2008). The resulting precursor copolymer 9 can therefore have lower molecular weight. It 

was found that the ratio of initiator to monomer is directly proportional to molecular weight 

of the resulting precursor copolymer 9. The polydispersity of all synthesised precursor 

copolymers 9 was very wide in range of 1.4-2.3.

Table 22. Synthesis and characterisation of library of the precursor copolymer 9. Molar 
concentration of monomers (M 1+M2) is 0.9 moles/L.

N M]: M2* [I] I:M Mw Cal^ Mn Mw PD^ Yield
(mole) (mole/L) (mole) (kDa) (kDa) (kDa) (%)

1 5 1 0.3 1:3 8 6 .0 76.4 130.0 1.70 63
2 2 1 0.3 1:3 75.0 76.3 1 1 1 .2 1.46 49
3 3 1 0.3 1:3 8 8 .0 105.4 178.2 1.69 69
4 1 1 0.3 1:3 63.0 56.3 90.7 1.61 1 0 0
5 1 1 0.15 1:6 81.0 83.8 118.5 1.41 90
6 3 1 0.05 1:18 > 1 0 0 .0 161.2 251.6 1.56 -

8 2 1 0.05 1:18 104.0 160.1 236.8 1.47 -

9 1 1 0.05 1:18 > 1 0 0 .0 123.6 170.0 1.37 83
10 8 1 0.03 1:30 > 1 0 0 .0 258.0 426.5 1.65 34
11 6 1 0.03 1:30 > 1 0 0 .0 179.1 291.0 1.63 41
12 3 1 0.03 1:30 > 1 0 0 .0 159.9 368.9 2.31 70
13 5 1 0.03 1:30 > 1 0 0 .0 273.4 428.5 1.57 62
14 2 1 0.03 1:30 > 1 0 0 .0 193.8 316.4 1.63 78
15 1 1 0.03 1:30 > 1 0 0 .0 212.5 339.0 1.60 83
16 

1 X ,
1 1 0.9 1:1 ND 60.2 93.0 1.54 1 0 0

Mw cal is molecular weight estimated using calibration curve.
 ̂PD is polydispersity.

The main drawbacks of the synthesis of the precursor copolymer 9 using the above 

described method are: (1) difficulties to synthesise low molecular weight copolymer 9, (2) 

determination of exact composition of copolymer 9, (3) wide polydispersity, and (4) 

synthesis of copolymer 9 having similar composition (reproducibility).

Preparation o f AmB-PVM complex H
The precursor copolymer 9 has an active ester functional group which can be hydrolysed 

by sodium hydroxide to give the water soluble copolymer 10. The complexation of AmB 

with the precursor copolymer 9 was conducted in the similar way as when the precursor 

polymer 2 was used in Chapter 2. The precursor copolymer 9 was slowly hydrolysed by 

addition of two equivalents of sodium hydroxide in the presence of AmB. The AmB-PVM 

complex 11 was purified using a size exclusion column. The rationale for the complexation 

is the same as for the AmB-PMAA complex 4 described previously in Chapter 2. Attempts
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to reduce the number of added sodium hydroxide equivalents was carried out by adding 1 

or 0.5 equivalents, the resulting AmB-PVM complex 11 were not soluble in water. The best 

condition for the complexation was addition of two molar equivalents of sodium hydroxide. 

Maintaining similar ratios of AmB to copolymer 9 and water to DMSO was the same as the 

used for the precursor polymer 2 (Chapter 2).

Physicochemical characterisation o f AmB-PVM complex 11

Interaction between AmB and the copolymer 9
Our hypothesis is that the interaction between AmB and the copolymer 9 in AmB-PVM 

complex 11 is by non-covalent interactions. The amino group of AmB is not very reactive 

as seen with the precursor polymer 2, therefore it does not form conjugates. The interaction 

between AmB and the copolymer 9 might be by electrostatic interactions between the 

protonated amino group of AmB and the carboxylic group of methacrlyic acid sodium salt 

in the hydrolysed copolymer 10. Poly(acrylic acid) (PAA) is thought to form a complex 

with doxorubicin by electrostatic interaction between amino group of doxorubicin and 

carboxylic group of PAA at neutral pH (Kitaeva et al. 2004b; Kitaeva et al. 2004a). The 

interaction between doxorubicin and PAA-b-pluronic copolymer is via electrostatic 

interaction between PAA and doxorubicin (Tian et al. 2007a; Tian et al. 2007b).

There is also the possibility of hydrogen bonding between the AmB hydroxyl group 

and (1) the carbonyl group in N-vinyIpyrrolidone ring and (2) the carboxylic group in 

methacrylic acid which might play role in stabilisation of AmB-PVM complex 11 

Hydrogen bonds between PAA (carbonyl group) and doxorubicin (hydroxyl group) 

stabilise the doxorubicin-PAA complex (Tian et al. 2007b). Hydrogen bonding between 

anionic polymers e.g. PAA and poly(aspartic acid) and cationic drugs such as procaine 

HCL and diminazene stabilise drug-polymer complexes (Ehtezazi et al. 2000; Govender et 

al. 1999). There is no possibility of the formation of the intramolecular complex within the 

hydrolysed copolymer 10 between methacrylic acid and N-vinylpyrrolidone units as 

methacrylic acid present in ionised form (RCOO*Na^. The negative charge in methacrylic 

acid unit is unfavourable for hydrogen bond formation with N-vinylpyrrolidone units (Liu 

et al. 2001).

To confirm that AmB is non-covalently bound to the copolymer 9, reverse phase 

high performance liquid chromatography was used. The retention time of free AmB 

(Fungizone®) under our experiment conditions was 8.2 min. AmB-PVM complex 11 was
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run under the same experimental conditions. The retention time of AmB-PVM complex 11 

was 8.1 min (Figure 43). Both free AmB and AmB-PVM complex 11 eluted at 

approximately the same time. This indicated presence of weak interaction between AmB 

and the copolymer.

!

AmB (Fungizone) 
■AmB-PVM

Figure 43. HPLC chromatogram of Fungizone® (Blue line) and AmB-PVM complex 11 
(Green line): display similar retention time around 8.2 min.

The loading and solubility o f AmB in AmB-PVM complex 1J_
The loading of AmB in the AmB-PVM complex IT was determined by UV spectroscopy in 

aqueous methanol 50.0% v/v. The loading percentage was in the range between 20.0 to 

30.0% (theoretical loading was 40.0%). The complexation efficiency of the precursor 

copolymer 9 was 52.0-77.5% which was similar to the precursor polymer 2 (52.5-70.0%). 

The molecular weight and monomer ratio of the precursor copolymer 9 did not affect its 

complexation efficiency (Table 23). Attempts were made to increase the loading of AmB in 

AmB-PVM complex IT by doubling the amount of AmB used in the reaction and changing 

the volume of DMSO. The resulting reaction mixture was heterogeneous and there was 

noticeable turbidity due to the presence of insoluble AmB. The AmB loading in the AmB- 

PVM complex IT was less than the theoretical loading may be due to presence of steric 

hindrance restricting carboxylic group of the hydrolysed copolymer 10 to interact with 

AmB. In complexation of PAA with doxorubicin, only 70.0% of PAA carboxylic group 

was thought to have formed a complex with doxorubicin due to steric restriction stopping 

PAA carboxylic group from complexing with doxorubicin (Kitaeva et al. 2004b).
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Table 23. Complexation efficiency and AmB loading in AmB-PVM complex 11
no Copolymer 

M]:M2 ratio 
(mole)

Copolymer 
molecular weight 

(kDa)

AmB
Loading

(%)

Theoretical 
AmB loading 

(%)

Complexation
efficiency

(%)
1 3 1 105 27.5 40.0 68.8
2 2 1 76 31.0 40.0 77.5
3 1 1 60 26.0 40.0 65.0
4 1 1 83 27.0 40.0 67.5
5 1 1 56 21.0 40.0 52.5
6 1 1 83 25.6 40.0 64.0

A preliminary study was conducted to determine the effect of using different ratios 

of the co-monomers and molecular weight of the precursor copolymer 9 on the aqueous 

solubility of AmB-PVM complex 11. AmB-PVM complexes 11 that were made from the 

precursor copolymers 9 having high molecular weight (Mw >100 kDa) were difficult to 

dissolve in water and formed a jelly like solution which was sometimes insoluble. The 

solubility was improved by reducing the molecular weight of the precursor copolymer 9. 

The precursor copolymer 9 having molecular weight less than 100 kDa was able to 

solubilise AmB up to 2.0 mg/mL in water (AmB loading 20.0-30.0%). In comparison, 

AmB-PMAA complex 4 (AmB loading 20.0-30.0%) prepared from the precursor polymer 

2 were more soluble (4.0 mg/mL AmB equivalents).The best solubility of AmB-PVM 

complex 11 was found to be with 1:1 or 2:1 (M% :Mi) with molecular weight less than 100 

kDa. Increasing the loading of AmB in AmB-PVM complexes 11 from 20.0 to 40.0% 

reduced their solubility.

The aggregation state o f AmB in AmB-PVM complex 11_
AmB was present in non aggregated state in the AmB-PVM complex 11. The aggregation 

ratio of the AmB-PVM complex IT (A321/A408) was 0.9-1.1, which is similar to that 

obtained for the AmB-PMAA complex 4 (aggregation ratio 0.9-1,7). An example UV 

spectrum of the AmB-PVM complex 11 is shown in Figure 44. The reduction of 

aggregation of AmB in AmB-PVM complex 11 was thought to be promising because the 

reduction of the aggregation of AmB reduces its toxicity (Barwicz et al. 1992). The 

toxicity of AmB loaded in polymeric micelle of poly(DL-lactide-co-glycolide) grafted 

dextran copolymer was reduced because AmB was present in a monomeric form (Bang et 

al. 2008).
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Figure 44. UV spectrum of AmB-PVM complex H  (23.5% AmB loading) prepared from 
precursor copolymer 9 (Table 22, entry 4) showed aggregation ratio of 0.88. Fungizone® 
showed aggregation ratio of 3.2.

Size o f AmB-PVM complex 1J_
The size of the AmB-PVM complex H  was in the range 52.0-133.0 nm (Table 24), which 

was slightly smaller than AmB-PMAA complex 4 (80.0-164.0 nm) and higher than 

AmBisome® (60.0-80.0 nm) (Adler-Moore & Proffitt 2002; Adler-Moore & Proffitt 1993; 

Dupont 2002; Hiemenz & Walsh 1996; Olson et al. 2008; Storm & van 1997; Torrado et al.

2008). Neither the molecular weight of the precursor copolymer 9 nor AmB loading 

affected the size of AmB-PVM complex U_. The size of AmB-PVM complex IT is 

important as particles greater than 100.0 nm are thought to be cleared quickly from blood 

via reticuloendothelial system (RES) (Chen et al. 1997; Pratten & Lloyd 1986).

Table 24. Size of AmB-PVM complex IT determined using multiangles dynamic light 
scattering: the number presented is average of 10 readings.

no Copolymer 
M,:M2 ratio 

(mole)

Copolymer 
Mw (KDa)

Copolymer
PD

AmB
loading

(%)

Size
(nm)

Polydispersity
Index

1 3 1 105.4 1.69 27.5 133.0 0.07
2 2 1 76.3 1.46 31.0 52.0 0.50
3 1 1 602 1.45 26.0 92.7 0.21
4 1 1 818 1.41 27.0 57.9 0.63
5 1 1 56T 1.61 21.0 62.6 0.61
6 1 1 818 1.41 25.6 61.3 0.45

Detection o f the NHS related impurities in the AmB-PVM complex 1J_
One of the primary aims of the work described in this chapter was to eliminate NHS related 

impurities that arise from using the precursor polymer 2 to prepare the AmB-PMAA 

complex 4 as described in Chapter 2. The presence of the NHS ring opening related 

impurities in AmB-PVM complex 11 was examined using H' NMR. AmB was dissolved in
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deuterated DMSO, while AmB-PVM complex 11. and the hydrolysed copolymer 10 were 

dissolved in deuterium oxide. The solvent can affect the position of peaks in NMR 

spectrum. It is difficult to compare directly AmB spectrum with AmB-PVM complex 11 

and the hydrolysed copolymer 10 spectra.

In the NMR spectrum of AmB-PVM complex 11 that was prepared from the 

precursor copolymer 9 (MiiM], 1:1 and Mw 56.3 kDa), signals attributed to AmB are 

indicated with purple arrow, while signals from the hydrolysed copolymer 10 are indicated 

by blue arrow in Figure 45. Signal from the hydrolysed copolymer 10 are mainly from the 

methyl groups, there might be interference with AmB protons in this region (Figure 46). 

Downfield signals at approximately 6 ppm are related to AmB (Figure 47). NMR analysis 

of AmB-PVM complex 11. prepared from the precursor copolymer 9 (MiiM], 1:1) 

displayed presence of the triplets at chemical shift 2.4 ppm and 3.1 ppm (indicated by red 

arrow in Figure 45). This indicates the presence of impurities in the AmB-PVM complex 

11 that are similar to impurities seen in AmB-PMAA complex 4. The use of the precursor 

copolymer 9 (M|:M2 , 1:1) in the preparation of the complex H. with AmB did not 

overcome the impurity problem. The NMR spectrum of AmB alone is complicated and 

difficult to interpret (Figure 47). This makes interpretation of NMR spectrum of AmB- 

PVM complex 11 even more complicated. However, signal related to NHS species can still 

be identified in the AmB-PVM complex H  (Figure 45).

HO OH

T T T T T T T T Tr T
05  ppm

Figure 45. NMR spectrum of AmB-PVM complex H  prepared from the precursor 
copolymer 9 (MuMi, 1:1 Mw 56.3 kDa) in deuterium oxide displaying presence of 
impurities at 2.4 and 3.1 ppm. Solvent peak appear at 4.65 ppm.
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Figure 46. NMR spectrum of the hydrolysed copolymer 10 (MiiM], 1:1) in deuterium 
oxide. Solvent peak at 4.65 ppm.

5.5 4.0 3.06.5 6.0 5.0 4.5 3.5 2.5 2.0 1.5 1.0 0.5 ppm

Figure 47. NMR spectrum of AmB in deuterated DMSO. Solvent peak at 2.49 ppm.

The precursor copolymer 9 (MiiM],!:!) is a random copolymer and there might be 

formation of microblocks of methacryloxysuccinimide 1 (Mi) (Nazarova et al. 1992). This 

was evidenced by NMR analysis. There was a slight difference between the NMR spectra 

of the hydrolysed copolymer 10 and PMAA-Na ^  (Figure 38). Within these micro blocks 

of methacryloxysuccinimide 1, there might be steric hindrance between the active ester 

groups which results in ring opening side reactions. The observed impurities during 

conjugation of the precursor polymer 2 with amine containing compounds was explained 

by the steric hindrance between active ester groups which reduce their liability for complete 

hydrolysis and results in ring opening side reactions (Devenish et al. 2006). In studies by
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other researchers, the impurities arise during preparation of drug conjugates using 

precursor polymer 2 due to ring opening of NHS group can be reduced by increasing the 

reaction temperature to 75°C (Wong & Putnam 2007). The complexation reaction cannot be 

carried out at very high temperature as it might affect stability of AmB or might leads to 

formation of superaggregates.

Increasing the ratio of the added N-vinylpyrrolidone, (MiiMi, 2:1, Mw 76.3 kDa), 

the impurities peaks at chemical shift 2.4 ppm and 3.1 ppm disappeared (Figure 48). The 

reduction of the NHS related impurities can be explained by reduction of the NHS density 

the precursor copolymer 9. The singlet peak at 2.6 ppm is due to DMSO entrapped in 

AmB-PVM complex H  that was not removed by size exclusion chromatography. We were 

not able to analyse the AmB-PVM complex H  prepared from the precursor copolymer 9 

with higher N-vinylpyrrolidone ratio >2:1(M|:M2) because of solubility restrictions due to 

high molecular weight of the precursor copolymer 9. The finding that the precursor 

copolymer 9 (MiiM], 2:1, Mw 76.3 kDa) was able to eliminate the NHS ring opening 

related impurities is promising and encouraged further work to optimise the molecular 

weight and control the composition of the precursor copolymer 9. Furthermore, these 

AmB-PVM complexes IT were tested in vitro to assess their toxicity and antileishmanial 

activity.

J
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Figure 48. NMR spectrum of AmB-PVM complex IT prepared from the precursor 
copolymer 9 (M|:M2 , 2:1 Mw of 76.3 kDa) in deuterium oxide displaying no impurities at 
2.4 ppm and 3.1 ppm. Solvent peak appear at 4.65 ppm.
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In vitro biological evaluation o f AmB-PVM complex 11_
The aim of these studies was to investigate the in vitro biological activities of AmB-PVM 

complex 11 which are: ( 1) toxicity against mammalian cells and (2 ) activity against 

intracellular Leishmania parasite. The biological activity is expressed as an EC50. The BC50 

is the concentration of a drug that produces 50.0% of the maximum biological response. 

Only complexes 11 prepared from the precursor copolymer 9 with a molecular weight less 

than 100 kDa were tested because they are water soluble. The molecular weight is a critical 

factor in determining the renal clearance of the polymer. The threshold for renal filtration 

of water soluble polymers is in the range of 30.0 to 50.0 kDa depending on the polymer 

conformation, flexibility and shape (Duncan 2003; Fox et al. 2009).

Cytotoxicity o f AmB-PVM complex 11
The aim of these studies is to determine whether formation of AmB-PVM complex 11 

reduces the toxicity of AmB significantly toward mammalian cells. Two human cell lines 

were used; THP-1 and KB cells. The viability of the cells was tested by addition of Alamar 

Blue® dye (Fields & Lancaster 1993). Alamar Blue® is a water soluble and non-toxic dye 

which provides a one step assay. Alamar Blue ® is present as a dark blue coloured solution 

in the oxidised form which has negligible fluorescence activity. Upon reduction the colour 

turns red (Nakayama et al. 1997). The reduced form of Alamar Blue® has high fluorescent 

activity which can be detected using a fluorometer. Viable cells have the ability to reduce 

Alamar Blue® which depends mainly upon the metabolic activity of the cells (Page et al. 

1993).

There are several advantages for using Alamar Blue® in cell viability assessment: 

(1) it is simple to use, (2) non-toxic to cells and the user, (3) less costly as there is no need 

for special handling and disposal, (4) it is homogenous so it can be used for large scale in 

vitro screening, and (5) similar sensitivity to the thymidine and tétrazolium reduction assay 

for cytotoxicity measurement (Ahmed et al. 1994; Hamid et al. 2004; Uzunoglu et al. 2010; 

Zumpe et al. 2010).

The main drawbacks of Alamar Blue® to determine cell viability are: (1) over 

estimation of viable cell population due to accumulation of the reduced form of Alamar 

Blue® in the media and (2) under estimation of viable cells due to high metabolic activity 

of cells that can extensively reduce Alamar Blue® to colourless non fluorescent product 

(O'Brien et al. 2000). The overestimation can be avoided by addition of Alamar Blue® at
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the end of the incubation period of the tested compound rather than at the same time. The 

reduction rate by cells should be checked in order to optimise the concentration of Alamar 

Blue® and the incubation time in order to avoid over reduction of Alamar Blue® (O'Brien 

et al. 2000).

As the Alamar Blue® assay depends mainly on the metabolic activity of the cells 

which differ from cell line to another. The assay has to be optimised in order to ensure 

complete conversion of the Alamar Blue® into its reduced form (Nakayama et al. 1997; 

O'Brien et al. 2000). The experimental variables which must be optimised are: (1) 

incubation time, (2) cell density, and (3) volume of Alamar Blue®.

Optimisation o f initial plating density and incubation time for THP-1 cell line

There was a linear increase in the fluorescence output of Alamar Blue® with an increase in 

the cell number after 4 h incubation at 37°C (Figure 49). The ratio of the intensity of the 

fluorescence signal to the background signal was calculated across a range of cell numbers 

(3.Ox 10" -̂2.0x 10̂  cells/mL) (Table 25). The addition of 20.0 pL of Alamar Blue® resulted 

in a higher fluorescence signal than when 10.0 pL was added. Only cell numbers with a 

signal to noise ratio greater than 1 were used for further investigation to determine the 

suitable initial plating density which can be used to determine cytotoxicity.

20  pL 

10 pL

7000n

^  6000-
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4000-

3000-

2000-

1000-

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Cell number (xlO cell/mL)

Figure 49. Change in Alamar Blue® fluorescence with increase in cell numbers. Each data 
point represents an average of triplicates ± standard deviation. Different volume of Alamar 
Blue ® was used (10.0 and 20.0 pL).
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Table 25. Relationship between THP-1 cell number and fluorescence output: calculated

Alamar blue® volume 20.0pL 10.0 pL
Cell density lOVmL Signal/noise Z value Signal/noise Z value

2.0 5.35 0.68 2.52 0.51
1.0 4.05 0.75 1.42 0.21
0.5 1.96 0.38 0.86 0.42
0.25 1.04 0.54 0.55 -0.04
0.13 0.68 -0.31 0.28 -0.41
0.06 0.40 -0.46 0.23 -1.49
0.03 0.11 -0.75 0.09 -2.99

There was a linear relationship between initial cell density and fluorescence (Figure 

50 and 51). This was consistent with studies by Nakayama et.al (1997) in assessing the 

growth of normal and cancer cell lines. Similar findings are also reported by other studies 

(Nociari et al. 1998; O'Brien et al. 2000; Slaughter et al. 1999). Initial plating density of 

5.0x10^ cell s/m L displayed very good S/N ratio of 13 and z ' value of 0.9 after 6 h 

incubation which was reproducible in both experiments (similar result was obtained when 

the experiment was repeated). All experiments were repeated two times and tested in 

triplicate. Data shown is a representative from one experiment.
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8h
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4h

Initial plating density (cells xlO /mL)

Figure 50. Relationship between Alamar Blue® fluorescence output and initial plating 
density of THF-1 after addition of 20 pL Alamar Blue®. Each data point represents an 
average of triplicates ± standard deviation.
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Figure 51. Relationship between Alamar Blue® fluorescence output and initial plating 
density; after addition of 10 pL Alamar Blue®. Each data point represents an average of 
triplicates ± standard deviation

The suitable incubation time and the region where fluorescence output increases linearly 

with time were examined. The incubation time which is sufficient for the conversion of 

Alamar Blue® to its reduced form was selected according to the fluorescence output and 

the signal/noise ratio. The intensity of fluorescence increased with an increase in the 

incubation time which might be due to the incorporation of more Alamar Blue ® dye by 

cells or its slow conversion of Alamar Blue® to the reduced form by cell enzymes. This 

linear relationship between Alamar Blue ® fluorescence intensity and incubation time was 

also reported by other researchers (Raz et al. 1997).

In both cases of two different volume of Alamar Blue®, there was a linear 

correlation between the fluorescence signal and the incubation period in the region between 

4 to 8 h when the initial plating densities of 5.0x10^ and 2.5x10^ cells/mL were used 

(Figure 52 and 53). An initial plating density of 5.0x10^ cells/mL displayed very good 

signal to background ratio of 15.65 and z value 0.93 after 6 h incubation with 20 pL of 

Alamar Blue®. While initial plating density of 2.5x10^ cells/mL displayed a signal/noise 

ratio of 10.35 and z' value of 0.60 under the same conditions.

The optimal volume of Alamar Blue® which can be used for the cytotoxicty assay 

is 20 pL as very high fluorescence signal to background ratio could be achieved. We 

decided to choose an initial plating of 5.Ox 10̂  cells/mL for determination of toxicity of 

AmB-PVM complex IT against THP-1 cells. For the calculated signal to background ratio 

and z values of different initial plating densities see Appendix 9.
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Figure 52. Relationship between fluorescence output and incubation time for different 
initial plating densities of THP-1 cells after addition of 20 pL of Alamar Blue®. Each data 
point represents an average of triplicates ± standard deviation
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Figure 53. Relationship between fluorescence output and incubation time for different 
initial plating densities of THP-1 cells after addition of 10 pL Alamar Blue®. Each data 
point represents an average of triplicates ± standard deviation.

Optimisation o f initial plating density and incubation time for KB cell line

The optimal volume of Alamar Blue®, incubation time and initial plating density were 

determined. Alamar Blue® with volume of 20 pL displayed higher fluorescence signal 

than when 10 pL was added (Figure 54 and 55). Initial plating densities of 4.0 x lO'̂  and 2.0 

X lO'^cells/mL displayed signal/noise ratio 13:1 and 8:1 after 6 h with z value of 0.48 and 

0.15 respectively after addition of 20 pL of Alamar Blue® (Figure 54). There was linear 

correlation between fluorescence signal and the initial plating density (Figure 54 and 55).
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Figure 54. Relationship between fluorescence output and initial plating density of different 
KB cells densities after addition of 20 pL Alamar Blue®. Each data point represents an 
average of triplicates ± standard deviation
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Figure 55. Relationship between fluorescence output and initial plating density of different 
KB cells densities after addition of 10 pL Alamar Blue®. Each data point represents an 
average of triplicates ± standard deviation

In both cases for the two different volumes of Alamar Blue®, there was linear 

correlation between fluorescence signal and incubation length in the region between 4 to 8 

h when the initial plating densities of 1.0x10“̂ and 2.0x10“̂ cells/mL were used (Figure 56 

and 57). The initial plating density of 4.0x10"  ̂ cells/mL displayed a very good 

signal/background ratio of 12.6 and z' value 0.86, after 6 h incubation with 20 pL of 

Alamar Blue®. While initial plating density of 2.0x10"  ̂ cells/mL displayed signal/noise 

ratio of 8.4 and z value of 0.87. Initial plating of 4.Ox 10"̂  cells/mL was chosen for testing 

the toxicity of AmB-PVM complex IT against KB cells. For the calculated signal to 

background ratio and z values of different initial plating densities see Appendix 10.
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Figure 56. Relationship between fluorescence output and the incubation time of different 
initial plating densities of KB cells with Alamar Blue® (20 pL). Each data point represents 
an average of triplicates ± standard deviation
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Figure 57. Relationship between fluorescence output and the incubation time of different 
initial plating densities of KB cells with Alamar Blue® (10 pL). Each data point represents 
an average of triplicates ± standard deviation

A summary of the optimal conditions for the Alamar Blue® assay for both KB cells 

and THP-1 cells is given below in Table 26.

Table 26. Optimal conditions for Alamar Blue® assay for the two cell lines.

Cell line Optimal plating Optimal incubation Optimal Alamar blue
density (cell/mL) period (h) volume (mL)

THP-1 5x10^ 6 20
KB 4x10̂ * 6 20
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Cytotoxicity o f AmB’PVM complex 11 asainst mammalian cells

The AmB-PVM complex 11 was evaluated for cytotoxicity against human monocytic 

(THP-1) and KB cell line. THP-1 cells have been used to study the immunodulatory effect 

of AmB (Rogers et al. 2003). AmB causes 50.0% reduction of THP-1 cell viability at a 

concentration of 10 pM (Cleary et al. 2007; Ridoux 2001). KB cells were used in the 

investigation of the pharmacological selectivity of chemotherapeutic agent against protozoa 

parasites (Kayser et al. 2001). Furthermore, KB and THP-1 cells were used in testing the 

toxicity of AmB-polymer conjugates such as AmB-HPMA conjugate (Nicoletti et al.

2009). Podophyllotoxin was included as standard toxicity marker against KB cells with an 

ECso of 0.002 pg/mL (Nan et al. 2004). Cytotoxicity experiments were repeated two times.

AmB-PVM complex 11 was tested for toxicity against KB and THP-1 cells after 72 

h incubation using Alamar Blue® assay. The hydrolysed copolymer 10 was included as a 

control. The hydrolysed copolymer 10 was prepared by slow hydrolysis of the precursor 

copolymer 9 by addition of two equivalents of sodium hydroxide. The hydrolysis reaction 

was conducted following the same method used for preparation of AmB-PVM complex 11 

but without including AmB in the reaction. The concentration of the hydrolysed copolymer 

10 control was adjusted according to AmB loading percent in the AmB-PVM complex 11 

for testing against THP-1 cells. The hydrolysed copolymer 10 was tested at high 

concentration of 1000.0 pg/mL against KB cells. The hydrolysed copolymer 10 did not 

affect viability of THP-1 cells which was in range of 96.0 to 145.0% (Table 27, entries 1 to 

3). A slight reduction in the viability of THP-1 cells was observed for the hydrolysed 

copolymer 10 (MjiMi is 1:1) with low molecular weight of 56.3 kDa (70.7±11.5% 

viability) and 60.2 kDa (80.6± 1.4% viability) (Table 27, entries 4 and 5).

Table 27. Effect of the hydrolysed copolymer 10 on the viability of THP-1 cells at the 
highest concentration tested. Viability (%) is as an average of triplicates± standard deviation.

No Mi:M2*’̂
(Mole)

Mw
(kDa)

PD'̂ AmB Loading 
(%)

Copolymer cone 
(pg/mL)

Cell viability  ̂
(%)

1 3:1 105.4 1.69 27.5 234.0 145.6±6.7
2 2:1 76.3 1.46 31.0 198.0 97.6±9.1
3 1:1 83.8 1.41 27.0 243.0 96.9±4.1
4 1:1 56.3 1.61 21.0 333.0 70.7±11.5
5 1:1 60.2 1.54 26.0 261.0 80.6±1.4

 ̂N-vinylpyrrolidone monomer is Mi and N-methacryloxysuccinimide is M2.
polydispersity of the copolymer 10.
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The effect of different copolymers 10 on the viability of KB cells is summarised in 

Table 28. The copolymer 10 (Mi iMz, 1:1) (molecular weight of 56.3 kDa) did not affect 

the viability of KB cells (101.1± 5.1% viability) at a concentration of 1000.0 pg/mL (Table 

28, entry 4). The hydrolysed copolymer 10 (MpM 2 is 1:1) (molecular weight of 83.8 kDa) 

displayed reduction of KB cells viability to 70.0±9.2% (Table 28, entry 3). The copolymer 

10 (Mi:Mi is 2:1) (molecular weight of 76.3 kDa) displayed slight effect on the growth of 

KB cells (87.2± 6.3% viability) (Table 28, entry 2). The hydrolysed copolymer 10 (M] :Mi 

is 3:1) (molecular weight of 105.4 kDa) displayed reduction in the growth of KB cells 

(70.5± 6.6% viability) at concentration of 1000,0 pg/mL (Table 28, entry 1).

Table 28. Characterisations of the hydrolysed copolymer 10 and its effects on the viability 
of KB cells. Percentage viability is represented as an average of triplicates± standard 
deviation.

no Mi:M2
(mole)

Molecular weight 
(KDa)

PD Cell viability 
(%)

1 3:1 105.4 1.69 70.5± 6.6
2 2:1 76.3 1.46 87.2± 6.3
3 1:1 83.8 1.41 70.0± 9.2
4 1:1 56.3 1.61 101.1±5.1

AmB-PVM complexes 11 were tested at the highest AmB concentrations of 90.0 

and 200.0 pg/mL AmB equivalents against THP-1 and KB cells respectively. All of AmB- 

PVM complexes 11 and the hydrolysed copolymers 10 were dissolved in sterile double 

distilled water. As the control AmB and podophyllotoxin were dissolved in DMSO, the 

effect of DMSO and water on the viability of KB and THP-1 cell was tested. DMSO did not 

affect KB and THP-1 cells viability at concentration as high as 1.0% v/v (Appendix 11). 

Water did not affect growth of KB and THP-1 cells at concentrations as high as 5.0% (v/v) 

(Appendix 12). The concentration of DMSO was kept at 1.0% v/v in the top concentration 

of the control AmB and water at 5.0% (v/v) in the top concentration of the tested samples 

which was consistent with cytotoxicity studies of conjugates of AmB with N-{2- 

hydroxypropyl)methacrylamide (AmB-HPMA) (Nicoletti et al. 2009).

The loading of AmB in AmB-PVM complex 11 was fixed ~ 20.0% and the effect of 

varying the co-monomer composition and the molecular weight of the precursor copolymer 

9 on the toxicity of AmB-PVM complex 11 was investigated. The characteristics of AmB- 

PVM complexes 11 prepared from the precursor copolymer 9 (M%:M2 , 1:1) are shown in 

Table 29 (entries a, b, and c). AmB-PVM complexes 11 (a, b and c) displayed 95.8± 5.2,

166



109.0 ±10.4, 74.2±4.6% cell viability respectively at 200.0 pg/mL AmB equivalents against 

KB cells (Figure 58). The same AmB-PVM complexes 11 displayed no toxicity against 

THP-1 cells at 90.0 pg/mL AmB equivalents (Figure 59). In comparison, AmB induced 

100.0% killing of KB and THP-1 cells at AmB concentrations of 200.0 and 90.0 pg/mL 

respectively (Figure 58 and 59). AmB started to show toxicity against KB cells at 

concentration of 22.2-66.7 pg/mL and against THP-1 cells at 1.1-3.3 pg/mL (Nicoletti et 

al. 2009).

Table 29. Characteristics of AmB-PVM complexes IT used in cytotoxicity testing
ID MpMz'"

(Mole)
Copolymer Mw 

(kDa)
PD^ AmB Loading 

(%)

a 1 1 56.3 1.61 2 1 . 0

b 1 1 60.2 1.54 26.0
c 1 1 83.8 1.41 27.0
d 2 1 76.3 1.46 31.0
e 3 1 105.4 1.69 27.5
f 1 1 60.2 1.54 39.5
MpMz is initial ratio of different co-monomers in the copolymer.

 ̂N-vinylpyrrolidone monomer is Mi and N-methacryloxysuccinimide is M] 
 ̂PD is polydispersity of the copolymer.
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Figure 58. Toxicity of AmB-PVM complexes IT against KB cells. Characteristics of 
complexes (a, b, c) are shown in Table 29. Each data point represents an average of 
triplicates ± standard deviation.
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Figure 59. Toxicity o f AmB-PVM complexes IT against THP-1 cells. Characteristics o f 
complexes (a, b, c) are shown in Table 29. Each data point represents an average o f 
triplicates ± standard deviation.

Formation o f a complex between AmB and the precursor copolymer 9 reduces the 

toxicity o f  AmB against THP-1 and KB cells significantly. The EC50 o f AmB-PVM 

complexes IT were higher than 90.0 pg/mL AmB equivalents for THP-1 cells and higher 

than 200.0 pg/mL AmB equivalents for KB cells. The calculated EC50 o f  the control AmB 

was 14.5±0.27 pg/mL against THP-1 cells and was 9.1±0.7 pg/mL against KB cells. The 

calculated EC50 for podophyllotoxin was 0.006±0.007 pg/mL. The molecular weight o f the 

precursor copolymer 9 did not appear to affect its ability to form a non-toxic AmB-PVM 

complex ITwith AmB.

The effect o f increasing the loading o f AmB on the toxicity o f AmB-PVM complex 

11 against KB cells was tested. AmB-PVM complexes H  (b and f) have an AmB loading 

o f 26.0 and 39.5% respectively (Table 29, entries b and f)- These complexes IT (b and f) 

displayed 109.3±10.4 and 71.7±4.2% cell viability respectively at concentration o f 200.0 

pg/mL AmB equivalents against KB cells (Figure 60). Increasing the loading o f AmB in 

the complex 11 to 39.5% resulted in the reduction o f the viability o f KB cells. This might 

be due to formation o f a less stable AmB-PVM complex IT which leads to dissociation o f 

free AmB. The loading o f AmB in the AmB-PVM complex IT should be -20.0-30.0%  to 

ensure the formation o f non-toxic complexes.
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Figure 60. Effect of increasing the loading of AmB in AmB-PVM complex on its 
toxicity against KB cells. Characteristics for complexes 1% b and f are shown in Table 29. 
Each data point represents an average of triplicates ± standard deviation.

The effects of increasing the initial ratio of N-vinylpyrrolidone in the precursor 

copolymer 9 on the ability of the AmB-PVM complex H  to reduce the toxicity of AmB 

were also investigated. AmB-PVM complexes 1J_ that were studied are listed in Table 29 

(entries d and e). AmB-PVM complexes IT (d and e) displayed 65.4±6.2 and 62.5±8.0% 

cell viability at 200.0 pg/mL AmB equivalents respectively against KB cells (Figure 61). 

These complexes IT (d and e) did not affect viability of THP-1 cells at concentrations as 

high as 90.0 pg/mL AmB equivalents (Figure 62).
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Figure 61. Toxicity of AmB-PVM complexes 11 against KB cells. Characteristics of 
complexes (d and e) are shown in Table 29. Each data point represents an average of 
triplicates ± standard deviation.
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Figure 62. Toxicity of AmB-PVM complexes 11 against THP-1 cells. Characteristics of 
complexes (d and e) are shown in Table 29. Each data point represents an average of 
triplicates ± standard deviation.

Complexation of AmB with the precursor copolymer 9 reduced toxicity of AmB toward 

mammalian cells (THP-1 and KB cells). This can be explained by (1) presence of AmB in 

monomeric form in AmB-PVM complex H  and (2) AmB might remain associated with the 

copolymer in the AmB-PVM complex H_. Un-associated AmB might be present at 

concentration lower than its critical aggregation concentration in which the toxic aggregates 

form (Barwicz et al. 1992; Legrand et al. 1997). Furthermore, the interaction of AmB with 

the copolymer 9 in the AmB-PVM complex H  is thought to be by electrostatic interactions. 

This is similar to electrostatic complexes formed between partially benzylated poly-L- 

aspartic acid (anionic group) and AmB (hydroxyl group) that have been found to reduce 

AmB renal toxicity in rats (Yoo et al. 2006). The renal toxicity of aminoglycoside 

antibiotics was reduced by formation of electrostatic complex with anionic compounds 

such as polyaspartic acid (Kaloyanides 1994), pyridoxal-5-phosphate or inositol hexasulfate 

(Kacew 1989; Kojimaetal. 1990).

The toxicity of AmB can be reduced by complete separation of AmB into 

monomers (Torrado et al. 2008; Brajtburg & Bolard 1996; Barwicz et al. 1992). This is 

consistent with studies of AmB encapsulated in poly(DL-lactide-co-glycolide) grafted 

dextran copolymer micelle (reduced AmB toxicity against human RBCs) (Bang et al. 

2008), partially benzylated poly-L-aspartic acid micelle (reduced renal toxicity in rats) 

(Yoo et al. 2006), poly(ethylene glycol)-block-poly(caprolactone-co-trimethylenecarbo- 

nate) micelle (reduced toxicity against rats RBCs) (Vandermeulen et al. 2006) and
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methoxypoly(ethylene oxide)-b-poly(L-aspartate) micelle containing 91.0% stearate 

(reduced toxicity against bovine RBCs) (Adams et al. 2003) where reduction in toxicity of 

AmB was due to presence of AmB in non aggregated form (monomeric form). Serum 

albumin (4,0% w/v) also reduced the toxicity of AmB by reducing its aggregation 

(Aramwit et al. 2000).

AmB is present in a non aggregated form in AmB-polymer conjugates such as 

AmB-gum Arabic conjugates and AmB-arabinogalactan conjugates (Nishi et al. 2007). 

AmB-gum Arabic conjugates showed significant reduction of AmB toxicity in BALB/c 

mice (maximum tolerated dose of 20 mg/kg AmB equivalents) and non-toxic against 

human RBCs (at concentration as high as 1000.0 pg/mL AmB equivalents after 30 min 

incubation at 37°C) (Nishi et al. 2007). AmB-arabinogalactan conjugates displayed 60 

times less haemolysis against sheep RBCs than free AmB at concentration 500.0 pg/mL 

AmB equivalents after 1 h incubation at 37°C and about 40 times less toxic in BALB/c 

mice (maximum tolerated dose 40 mg/kg) (Ehrenfreund-Kleinman et al. 2002). The 

maximum tolerated dose of Fungizone® is 1.0 mg/kg in BALB/c mice (Ehrenfreund- 

Kleinman et al. 2004) which is much lower than these conjugates.

In vitro antileishmanial activity o f AmB-PVM complex 11 
Several in vitro screening studies have used the Leishmania promastigote as model to 

investigate the antileishmanial activity of tested drugs candidate. However promastigotes 

are not suitable as in vitro model because they are not susceptible to pentavalent antimonial 

drugs which are used clinically (Croft & Yardley 2002). Furthermore, promastigotes do not 

represent the clinical stage of parasite present in humans (Sereno et al. 2007). Intracellular 

amastigotes in infected macrophages represent a more clinically relevant model. These 

macrophages are non-dividing and the activity of the drug against dividing intracellular 

amastigotes can thus be determined (Neal & Croft 1984).

The intracellular amastigotes models which have been used in screening of the in 

vitro activity of drugs are dog sarcoma cell line (Mattock & Fetters 1975), mouse 

macrophage like cell line (Berman & Wyler 1980), mouse peritoneal macrophages (Neal & 

Croft 1984) and human peripheral blood monocyte derived macrophages (Berman & 

Wyler 1980; Berman et al. 1979). The use of the intracellular amastigotes model provides 

similar conditions with the parasite inside a host mammalian cell. The presence of the host 

cell might affect toxicity induced by the drug (Sereno et al. 2007). However supply of fresh
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macrophages and maintenance of laboratory animals is expensive (Gebre-Hiwot et al.

1992). The use of cell lines such as human monocytic cell lines (THP-1) can solve this 

problem by availing unlimited source of uniform host cells (Gebre-Hiwot et al. 1992). If 

these cell lines can maintain the growth of the amastigotes of target Leishmania species.

The human monocytic cell lines (THP-1) can be differentiated by retinoic acid 

(Chen & Catherine 2004) or phorbol 12 myristate 13-acetate (PMA) (Fields & Lancaster

1993) into macrophages similar to the human mature macrophages (Tsuchiya et al. 1980). 

These macrophages are non dividing and form an adherent monolayer which can interact 

with various Leishmania species and support their intracellular growth (Ogunkolade et al. 

1990). Macrophages derived from THP-1 cell have been used to assess antileishmanial 

activity of : (1) antimonial compounds against various Leishmania species (Gebre-Hiwot et 

al. 1992), (2) lipid based formulations of AmB (AmBisome®, Abelcet® and Amphocil®) 

(Yardley & Croft 2000), (3) AmB-polymer conjugates (Nicoletti et al. 2009) against 

L.donovani, and (4) some saponins extract against L.mexicana (Ridoux 2001). The use of 

THP-1 cell line offers advantages of promastigotes induced infection, constant supply of 

homogenous host cells that are suitable for drug testing in vitro and ensure reproducible 

results (Gebre-Hiwot et al. 1992).

THP-1 cells were used to investigate the antileishmanial activity of AmB-PVM 

complex 11. THP-1 cells in the logarithmic phase were differentiated into macrophage-like 

cells. Promastigotes of L.major in stationary phase (non-dividing infective stage) were used 

to infect the differentiated THP-1 cells. The suitable ratio of promastigotes per macrophage 

which can be used for the infection experiment was investigated. The development of the 

intracellular infection was also studied to ensure the reliability of the model. The model is 

considered reliable when there is no reduction of the infection level with time and the 

infection is only reduced due to the activity of the tested compound.

Course o f infection and ratio o fpromastÎ2Qtes to macroDha2e

THP-1 cells were differentiated in the presence of PMA for 48 h, and then co-cultured with 

L.major promastigotes using different infection ratios (20:1, 10:1, 5:1, 2:1) for 24 h to 

ensure internalisation of the promastigotes inside the macrophage and their subsequent 

transformation into amastigotes. Media was removed and the differentiated THP-1 cells 

were washed to remove the non-intemalised promastigotes. Fresh media was added to 

maintain the growth of the internalised amastigotes.
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At the end of the incubation period (1, 4, 6 days post infection), slides were stained 

and evaluated microscopically. The percentage infected macrophages increased with 

increase in promastigotes to macrophage ratio and with the incubation period (Figure 63). 

The experiment was repeated two times. The infection levels on day 4 post infection are 

shown in Table 30. The promastigotes to macrophage ratio of 20:1 displayed high infection 

level which was evidenced by the presence of macrophages highly packed with 

amastigotes. The promastigote: macrophage ratio of 10:1 displayed very high infection 

(86.00±0.82% infected macrophages) (7.0±0.2 amastigotes/cell) which is consistent with 

studies by other researchers (Ogunkolade et al. 1990). The infection level achieved when a 

5:1 ratio was used was 77.5± 1.27% (4.6±1.0 amastigotes/cell). Very low level of 

intracellular amastigotes and the percentage of infected macrophages were achieved when 

2:1 promastigotes to macrophage ratio was used. The best infection level was achieved 

when 10:1 or 5:1 ratio was used.
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Figure 63. Infection development of L.major in the differentiated THP-1 cells. Parasite to 
host cells ratio (2:1-20:1). Each data point represents an average of quadruplicate ± 
standard deviation.

Table 30. Percentages of infected macrophages after 4 days post infection. Values are 
averages of quadruplicate ± standard deviation (two experiments a and b).

Promastigotes to 
macrophage ratio

Infected macrophages 
(%)(a)

Infected macrophages (%) 
(b)

20:1 90.00 ±2.45 91.75±1.71
10:1 86.00 ±0.82 86.50±1.92
5:1 76.25±2.87 77.50±1.29
2:1 49.25±6.70 43.50± 5.45
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In vitro antileishmanial actmtv o f AmB-PVM complex 11

In view of the previous investigation, the suitable ratio of promastigotes to macrophage 

which can be used to determine AmB-PVM complex 11 efficacy against L.major 

intracellular amastigotes are 5:1 or 10:1. An infection ratio of 10:1 was used to ensure 

achievement of high infection level. Infection level was checked before addition of the 

complex 11 to ensure establishment of the infection (27.0±6.5% 1 day post infection). 

Infection level in the untreated control was 75.0± 7.7% at the end of the experiment (4 days 

post infection).

Fungizone® has EC50 of 0.6 pg/mL against intracellular amastigotes of L.major in 

the mouse peritoneal macrophages (Yardley & Croft 2000). AmB displayed an EC50 of 

0.24 pg/mL against L.donovani in differentiated THP-1 cells (Nicoletti et al. 2009). The 

concentration range of AmB which was used in this study was adjusted according to the 

efficacy of AmB toward L.major in mouse peritoneal model and activity of AmB against 

L.donovani in differentiated THP-1 cells. Fungizone® and the hydrolysed copolymer 10 

were included in the assay as controls. The hydrolysed copolymer 10 was tested at 

concentration corresponding to the amount of the copolymer 10 present in the highest 

concentration tested for AmB-PVM complex 11 (5.0 pg/mL AmB equivalents).

The in vitro antileishmanial model using differentiated THP-1 cells displayed a 

dose-response curve that showed a good correlation between the drug concentration and the 

reduction in the infection level. Examples of this dose-response curve are shown in Figure 

64 and 65 while the other dose-response curves are shown in Appendix 13. Both of 

Fungizone® and AmB-PVM complexes 11 displayed similar activity against intracellular 

amastigotes of L.major at 5.0 pg/mL AmB equivalents (100.0% inhibition). Fungizone® 

displayed complete clearance of amastigotes from differentiated THP-1 cells at 1.0 pg/mL, 

while AmB-PVM complexes 11 displayed percentage of growth inhibition in the range 

from 80.0 to 90.0% at the same concentration (Appendix 14).
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Figure 64. In vitro sensitivity of L.major to AmB-PVM complexes H. in the differentiated 
THP-1 cells. Complexes (a) and (b) had AmB loading of 26 and 39.5% and were prepared 
from the precursor copolymer 9 (MiiM], 1:1 and Mw 60.2 kDa). Each data point is an 
average of quadruplicate ± standard deviation.
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Figure 65. In vitro sensitivity of L.major to AmB-PVM complexes H  in the differentiated 
THP-1 cells. Complex with 31.0% AmB loading prepared from the precursor copolymer 9 
(MiiM2 , 2:1, Mw 76.3 kDa). Each data point is an average of quadruplicate ± standard 
deviation.

The antileishmanial efficacy of AmB-PVM complexes 11 was estimated as EC50 

(the concentration of drug necessary to inhibit the growth rate of amastigotes to 50.0% of 

the control value) (Table 31). The calculated E C 5 0  for Fungizone® was 0.06±0.01 pg/mL. 

The E C 5 0  of AmB-PVM complexes 11 (AmB loading 20.0-30.0%) were in the range of 

O.OSiO.Ol to 0.15±0.07 pg/mL. These complexes 11 displayed activity against intracellular 

L.major amastigotes similar to Fungizone® (Table 31). Complexation of AmB with the
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precursor copolymer 9 did not reduce AmB antileishmanial activity which ensures that 

AmB is accessible to intracellular amastigotes.

Increasing the loading of AmB did affect antileishmanial activity of AmB-PVM 

complex 11 against intracellular L.major amastigotes. AmB-PVM complex 11 with AmB 

loading of -39.0% displayed E C 5 0  of 0.18±0.01 to 0.25± 0.00 pg/mL which was lower than 

Fungizone® (Table 31, entries 5 and 7). This might be due to low water solubility of AmB- 

PVM complex 11 with high AmB loading >30.0% that resulted in less soluble AmB which 

is active against L.major amastigotes.

Table 31. Antileishmanial activity of AmB-PVM complex 11 against intracellular L.major 
amastigotes in the differentiated THP-cells.

N MpMz''"
(Mole)

Copolymer Mw 
(kDa)

PD* AmB loading 
(%)

ECso^
(pg/mL)

ECw
(pg/mL)

1 3:1 105.4 1.69 27.5 0.15±0.07 5.37±1.305
2 2:1 76.3 1.46 31.0 O.lliO.Ol 3.74±0.06
3 1:1 83.8 1.41 27.0 0.08±0.01 1.27±0.58
4 1:1 56.3 1.61 2 1 . 0 0 . 1 2  ±0.06 2.83±0.98
5 1:1 56.3 1.61 39.0 0.25± 0.00 ND^
6 1:1 60.2 1.54 26.0 0.14±0.02 3.22±1.14
7 1:1 60.2 1.54 39.5 0.18±0.01 1.61±0.26

1 , r
Fungizone® - - 45.0 0.06±0.01 0.86±0.06

 ̂N-vinylpyrrolidone monomer is Mi and N-methacryloxysuccinimide is M2.
 ̂Values of EC50 are averages of quadruplicates ± standard deviation.
^ECçois concentration required to reduce infection level 90.0% compared to untreated control 
®ND mean not determined.
 ̂PD is polydispersity of the copolymer.

The relative potency of AmB-PVM complex 11 can be determined as a ratio of the 

EC50 of the complex 11 to the EC50 of the controls (EC50 for drug/ECso for standard drug). 

The EC50 of AmB-PVM complexes having an AmB loading of -20.0-30.0% was in the 

range of 0.08±0.01 to 0.15±0.07 pg/mL. The calculated relative potency of these AmB- 

PVM complexes 11 was 1.3-2.5 compared to Fungizone®.

The hydrolysed copolymer 10 displayed activity ranging from 12.00±6.44% to 

34.00±6.6% inhibition. In comparison, AmB-PVM complex 11 containing the same 

concentration of the copolymer 10 displayed 100.0% inhibition (Table 32). The observed in 

vitro antileishmanial activity of AmB free polymeric nanoparticles carrier could be 

explained by activation of macrophages to produce reactive oxygen after phagocytosis of
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the nanoparticles (Venier-Julienne et al. 1995; Caspar et al. 1992). The starting 

concentration should be reduced to eliminate the effect of the hydrolysed copolymer 10, in 

order to determine the antileishmanial activity induced by AmB only.

Table 32. Antileishmanial activity of the hydrolysed copolymer 10 against intracellular 
L.major amastigotes in the differentiated THP-1 cells at the highest concentration of the 
complex 11 tested (5.0 pg/mL AmB equivalents)

no
(Mole)

Mw
(kDa)

PD Concentration
(pg/mL)

% inhibition^

1 3:1 105.4 1.69 13.0 32.0±20.0
2 2:1 76.3 1.46 11.0 28.0±36.3
3 1:1 83.8 1.41 13.5 12.0±6.4
4 1:1 56.3 1.61 18.5 18.6±5.1
5

I » , ; .
1:1 60.2 1.54 14.5 34.0±6.6

 ̂N-vinylpyrrolidone monomer is M, and N-methacryloxysuccinimide is M2 

 ̂Value of % inhibition are averages of quadruplicates ± standard deviation.

3.5 Conclusion
The precursor copolymer 9 was synthesised by free radical polymerisation. This was a 

difficult polymer to prepare because of the difference in the reactivity of the two 

monomers. The N-methacryloxysuccinimide 1 is very reactive. Homopolymer (precursor 

polymer) 2 cannot be easily polymerised by free radical polymerisation to give polymers 

with targeted molecular weights (Chapter 2). The same was true in trying to make the 

precursor copolymer 9 and it was difficult to control the molecular weight characteristics of 

this copolymer 9. The polydispersity was moderate (1.4-2.3) probably because of the 

reactivity of the N-methacryloxysuccinimide 1. However it was difficult to synthesise 

copolymers 9 with molecular weights less than ~ 56.3 kDa by a free radical polymerisation 

method.

The key issue however was to examine if the precursor copolymer 9 could be 

utilised to prepare a complex with AmB that did not possess remnants of the NHS moiety. 

Unfortunately the use of the precursor copolymer 9 (MiiMi, 1:1) to prepare AmB-PVM 

complexes 11 did not eliminate the impurities resulting from side reaction of NHS group. It 

was possible to increase the ratio of the added N-vinylpyrrolidone monomer (MiiM], 2:1, 

Mw 76.3 kDa) to give the precursor copolymer 9 underwent the complexation with AmB 

where no NHS related impurities were observed in the resulting AmB-PVM complexes 11 

(31.0% AmB loading) (n=2). AmB-PVM complex 11 prepared from the precursor
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copolymer 9 with a higher N-vinylpyrrolidone ratio >2:1(M]:M2) were not analysed by 

NMR because of solubility restriction due to high molecular weight of the copolymer 9. 

Hence it appeared that while the precursor copolymer 9 could be used to fabricate an AmB- 

PVM complex 11 without evidence of the NHS moiety, there were limitations in 

synthesising the precursor copolymer 9. There were also limitations in the copolymer 9 

composition. It appeared that only one copolymer 9 of the many made was able to be used 

in the complexation of AmB to yield a complex without evidence of NHS remnants.

The finding that the precursor copolymer 9 (M] iMi, 2:1, Mw 76.3 kDa) was able to 

eliminate the NHS related impurities however did encourage further work to optimise the 

molecular weight and control the composition of the precursor copolymer 9. However, the 

reproducibility of the synthesis of the precursor copolymer 9 having homogenous 

compositions is difficult to achieve by free radical polymerisation. In a larger scale 

synthesis of the precursor copolymer 9, control of molecular weight would be expected to 

be difficult because it would be difficult to ensure homogenous polymerisation. 

Furthermore, scaling up of the preparation of the AmB-PVM complexes 11 by the method 

described in this chapter might not be possible.

AmB-PVM complexes 11 were prepared with AmB loading in the range of 20.0 to 

30.0% (theoretical loading was 40.0%). The complexation efficiency of the precursor 

copolymer 9 was 52.0-77.5% which is similar to the precursor polymer 2 (52.5-70.0%). 

The molecular weight and monomer ratios of the precursor copolymer 9 did not affect its 

complexation efficiency. The AmB loading was less than the theoretical loading may be 

due to presence of steric hindrance restricting the carboxylic group of the hydrolysed 

copolymer 10 to interact with AmB.

The interaction between AmB and the copolymer 9 might be by electrostatic 

interaction between the protonated amino group of AmB and the carboxylic groups of 

methacrylic acid sodium salt in the hydrolysed copolymer 10. AmB-PVM complex 11 

might be further stabilised by the formation of hydrogen bonds between AmB hydroxyl 

group and; (I) carbonyl group in N-vinylpyrrolidone ring and (2) carboxylic group in 

methacrylic acid. This was corroborated by HPLC analysis. AmB-PVM complex 1% and 

free AmB appeared at the same retention time (8.0 min). This was similar to AmB-PMAA 

complex 4. Both of free AmB and AmB-PMAA complex 4 elute at the same retention time 

which indicates presence of weak association between AmB and the PMAA-Na ^  derived 

from the precursor polymer 2 in the complex 4.
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The solubility of the AmB-PVM complex 11 did not depend on the initial co

monomer composition and the molecular weight of the precursor copolymer 9. Varying the 

ratio of the co-monomers (M,:M2) to 1:1, 2:1 and 3:1 in the precursor copolymer 9, the best 

solubility of AmB-PVM complex 11 was found with the 1:1 and 2:1 (Mi :M%) copolymers 9 

with a molecular weight less than 100.0 kDa. AmB-PVM complexes 11 (20.0-30.0% AmB 

loading) that were prepared from the precursor copolymer 9 having molecular weight <100 

kDa increased the water solubility of AmB to 2.0 mg/mL. The solubility of free AmB is 

0.001 mg/mL. The solubility of AmB was improved 2000 fold by complexation with the 

precursor copolymer 9. AmB-PVM complexes 11 were less soluble than AmB-PMAA 

complexes 4 (4.0 mg/mL AmB equivalents). Increasing the loading of AmB from 20.0 to 

40.0% reduce the solubilising ability of the precursor copolymer 9, as the resulting AmB- 

PVM complexes 11 were not completely soluble in water (less than 0.5 mg/mL AmB 

equivalents).

The size range of AmB-PVM complex 11 was between 52.0-133.0 nm, which is 

slightly smaller than AmB-PMAA complex 4 (80.0-164.0 nm) and higher than 

AmBisome® (60.0-80.0 nm).The aggregation state of AmB in the AmB-PVM complex 11 

was reduced to 70.0% in comparison to Fungizone®. The aggregation ratio (A323/A409) of 

AmB was 0.9-1.1 in AmB-PVM complex 11 which was similar to AmB-PMAA complex 4 

(0.9-1.7) and less than Fungizone® (3.2). The reduction of AmB aggregation correlates 

with reduction in the toxicity of AmB-PVM complex 11 in vitro.

The AmB-PVM complex 11 (20.0-30.0% AmB loading) that was prepared from the 

precursor copolymer 9 (molecular weight less than 100 kDa) did not display toxicity 

towards mammalian cells (KB cell line EC5o>100 pg/mL and THP-1 cell lines ECso>90 

pg/mL). The reduction of the AmB toxicity by non-covalent complexation with the 

precursor copolymer 9 might be explained by (1) association of AmB to the copolymer that 

minimises the presence of free AmB at a concentration that can be toxic to mammalian 

cells and (2) the presence of AmB in monomeric form in AmB-PVM complex 11.

Preliminary studies of the antileishmanial activity of AmB-PVM complex 11 

showed that this AmB complex 11 displayed activity against intracellular amastigotes of 

L.major in the differentiated THP-1 cells. The E C 5 0  of AmB-PVM complex 11 (20.0- 

30.0% AmB loading) was in the range of 0.08±0.01 to 0.15±0.07 pg/mL which was similar 

to Fungizone® ( E C 5 0  was 0.06±0.01 pg/mL). Complexation of AmB with the precursor 

copolymer 9 did not reduce AmB antileishmanial activity which ensures that AmB is
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accessible to intracellular amastigotes. The AmB-PVM complex 11 with an AmB loading 

of -39.0% showed an EC50 of 0.18±0.01 to 0.25±0.00 pg/mL which was lower than 

Fungizone®. This might be due to the lower water solubility of AmB-PVM complex 11 

with very high AmB loading >30.0% that results in less soluble AmB that is active against 

L.major amastigotes. The calculated relative potency of the AmB-PVM complexes 11 

having an AmB loading o f -20.0-30.0% was 1.3-2.5 compared to Fungizone®.

The primary aim of the work described in this thesis is to develop safe liposomal 

replacement formulation AmB to be used for treatment of VL. AmBisome® is the first 

lipid based formulation used for the treatment of visceral leishmaniasis at a recommended 

dose of 3.0 mg/kg given daily for five days, on day 14 and day 21 (total dose 21 mg/kg) 

(Bern et al. 2006). Assuming AmB-PVM complex 11 has similar antileishmanial activity 

as AmBisome® in vivo that makes it possible for AmB-PVM complex n  to be 

administered at the same dose regimen in human. Administration of AmB-PVM complex 

11 with AmB loading -20.0-30.0% at total dose of 21.0 mg/kg AmB equivalent means that 

the total amount of the copolymer 10 administered is -40.0-84.0 mg/kg. A patient with 

body weight of 50 kg will receive a total doe of -2.0-4.2 g of the copolymer 10 by the end 

of the therapy. This is very large amount of the copolymer 10 which should be completely 

cleared from the body. As the copolymer 10 is not biodegradable and will be cleared 

mainly via kidneys there is very high risk of its accumulation in the body. It is wise to 

consider using a biodegradable polymer such as poly(a-glutamic acid) to prepare a complex 

with AmB.
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Chapter 4
Complexation of AmB with poIy(a-gIutamic acid)

4.1 Introduction

Polymers evaluated to date in drug delivery are broadly non degradable. It is well known 

that some non-biodegradable polymers are biocompatible (e.g. PEG) (Haag & Kratz 2006; 

Li & Wallace 2008; Ulbrich & Subr 2004). PEG has been used for the delivery of 

therapeutic proteins and peptides to improve their stability in the blood and prolong their 

circulation time (Pisal et al. 2010; Jevsevar et al. 2010). The dose of pegylated proteins is 

small, therefore no accumulation of PEG in the body. In case of diseases which require 

administration of multiple doses, there is a higher risk of accumulation of polymeric carrier 

in the body (Bendele et al. 1998). Therefore, it might be better to consider a polymer that 

can undergo degradation in the body (e.g. by hydrolysis and lysosomal degradation). The 

safest route for elimination of the polymer that has been administered parenterally is via 

lysosomal degradation into metabolisable products. This eliminates the problem of carrier 

accumulation, toxicity and immunological action of degradation products (Drobnik 1989). 

Examples of biodegradable polymers that are used in drug delivery have been shown in 

Table 33.

Table 33. Examples of biodegradable polymers used in drug delivery (Pillai & 
Panchagnula 2001).

Classification Polymer
Natural polymer

Protein based Collagen, albumin, gelatine

Polysaccharides Alginates, hyaluronic acid, dextran.
chitosan, cyclodextrins

Synthetic polymer
Polyesters Poly(lactic acid), poly(glycolic acid),

poly(e-caprolactone), poly(P-malic
acid), Poly(lactide-co-glycolide)

Polyanhydrides Poly(sebacic acid), poly(adipic acid).
poly(terphthalic acid)

Polyamides Polyamino acids such as poly(glutamic
acid), poly(aspartic acid), polylysine
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Poly(lactide-co-glycolide) (PLGA) has been used as microparticulate carrier for the 

delivery of peptides such as (luteinizing hormone releasing hormone agonist peptides; 

Zoladex® [AstraZeneca]) (Sharma et al. 2008), and proteins (human growth hormone 

recombinant protein, Nutropin Depot® (Genentech)) (Jostel & Shalet 2006). Water soluble 

biodegradable polymers such poly(a-glutamic acid) (PGA) have been used for delivery of 

anticancer drugs. a-PGA has been clinically evaluated when covalently bound to paclitaxel 

(OPAXIO; Cell therapeutics) (Paz-Ares et al. 2008).

Poly(glutamic acid)

Poly(y-glutamic acid) is a naturally occurring water soluble polymer which can be isolated 

from bacteria {Bacillus spp., B. suhtilis and B. licheniformis) and from eukaryotes (Candela 

& Fouet 2006; Weber 1990). It is produced by microbial fermentation as an extracellular 

polymer (Candela & Fouet 2006; Richard & Margaritis 2001). Poly(y-glutamic acid) can 

have a very high molecular weight ranging from 100,000 Da to over millions of daltons 

(Richard & Margaritis 2003). The molecular weight can be decreased by increasing the 

fermentation time leading to the catalytical breakdown of the polymer by polyglutamyl 

hydrolase (King et al. 2000). It can be classified as pseudo-poly(amino acid) which is 

derived from repeating glutamate units (Richard & Margaritis 2001). It differs from 

proteins in both functional and structural aspects. In this polymer L-glutamic acid 

monomers are linked by amide bond between y-carboxyl group and alpha amino group in 

adjacent monomer (Figure 66). In proteins the peptide bond is formed between a- amino 

group and the a-carboxylic acid group (Richard & Margaritis 2001). This polymer is not 

degraded by various endogenous proteases but cleaved into glutamic acid monomer under 

mild acidic environment (Li Chun 2002).

Poly(a-glutamic acid) is a synthetic, biodegradable and non-toxic polymer 

composed of L-glutamic acid linked by a biodegradable amide bond (Figure 66) (Li Chun 

2002). The free y-carboxyl group in L-glutamic acid is negatively charged at neutral pH. 

This carboxylic group provides functionality for attaching a drug (Li Chun 2002). Poly(y- 

benzyl-L-glutamate) is prepared by ring opening polymerisation of N-carboxyanhydride of 

y-benzyl-L-glutamate (Markland et al. 1999; Segura-Sanchez et al. 2010). Poly(a-glutamic 

acid) can be prepared by removing the benzyl protecting group of poly(y-benzyl-L- 

glutamate) using hydrogen bromide. Although poly(y-glutamic acid) is a natural 

biodegradable polymer, poly(a-glutamic acid) has been used in parenteral drug application.
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The main drawbacks of poly(y-glutamic acid) that is produced naturally are: (1) it has very 

wide polydispersity and large molecular weight and (2) it is not enzymatically degraded. 

Furthermore, it suffers from batch to batch variability due to difficulties in purification 

(Richard & Margaritis 2001).

o

O

HO "O

Poly(alpha-glutamic acid) Poly(gamma-glutainic acid)

Figure 66. Chemical structure of poly(y-glutamic acid) and poly(a-glutamic acid).

Biocompatibility
Poly(a-glutamic acid) (a-PGA) is non-toxic when administered as a drug carrier. It has 

been found that a-PGA is non-toxic in vivo at a concentration as high as 800 mg/kg (single 

dose) and 1.8 g/kg (multiple accumulated doses) in mice (Li et al. 1999). a-PGA has been 

administered in humans for delivery of paclitaxel in a Phase III clinical trial (Bonomi

2007). The polymer does not cause any adverse effects and it reduces the toxicity of 

paclitaxel (absence of alopecia) (Boddy et al. 2005). a-PGA is non-immunogenic in human, 

guinea pig and rabbit (Kenny 1959). Furthermore, it has no effect in fibrinolytic system 

(Sumi et al. 1992).

Biodégradation
a-PGA undergoes a conformational change from a rod-like form in alpha helix form to 

random coil form at pH 5.5 (Tsutsumi et al. 1978). At neutral pH, a-PGA exists as a 

random coil (Dolnik et al. 1993). The enzymatic degradation of a-PGA is dependent on its 

conformation and therefore it is strongly affected by pH. The enzymatic attack at the 

peptide bond occurs in random coil area which contains an uncharged adjacent side chain 

(Miller 1961). High content of the helix conformation (pH<5) and the increasing density of 

anionic charge (pH>5) reduces enzymatic degradation of a-PGA by papain (Pytela et al. 

1990). Furthermore, the biodégradation of a-PGA is affected by degree of chemical 

modification of the carboxylic group (Chiu et al. 1997).
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a-PGA is mainly degraded by lysosomal enzymes. The main lysosomal enzymes 

involved in the degradation of a-PGA are cysteine proteases especially cathepsins B (Chiu 

et al. 1997). The degradation product during lysosomal degradation of a-PGA is L-glutamic 

acid (Chiu et al. 1997). The breakdown product L-glutamic acid can enter normal cellular 

metabolism and is not excreted by the kidney (Singer 2005). a-PGA is more susceptible to 

lysosomal degradation than poly(L-aspartic acid) and poly(D-glutamic acid) (Chiu et al. 

1997; Kishore et al. 1990). In vivo study of the degradation of a-PGA conjugated to a near 

infra red dye reveals that these conjugates were not degraded in the blood by the major 

blood protease plasmin (Melancon et al. 2007).

Biodistribution
The molecular weight of a-PGA has a great effect on its clearance and tissue distribution. 

Paramagnetically labelled a-PGA with a molecular weight of 28.0 kDa was found to clear 

quickly from the blood and tissues after 1 h following intravenous administration via renal 

filtration (Furong et al. 2006). In comparison, a-PGA with molecular weight of 50 and 87 

kDa have longer blood circulation times up to 6 h and are excreted slowly from the body 

after degradation of a-PGA. These findings was consistent with a study using the DTPA 

labelled a-PGA with a molecular weight of 11.0 kDa was widely distributed in the kidney 

and did not accumulate in other tissues following its intravenous administration in mice 

(Akamatsu et al. 1999). In the case of the DTPA labelled a-PGA (11.0 kDa), only 20.0% 

remained in the blood circulation for 1 h after intravenously administrated to mice 

(Akamatsu et al. 1999).

The biodistribution of a-PGA copolymer is widely affected by the composition of 

the copolymer. Hydrophilic copolymers of a-PGA are eliminated mainly by the kidney and 

does not deposit in the reticuloendothelial system. The biodistribution of drug-PGA 

conjugates depends mainly on the nature of the drug (hydrophilic or hydrophobic) and the 

degree of modification of the carboxylic group of a-PGA (Mccormick-Thomson 1989).

PGA in drug delivery 

PGA-drug conjugates
a-PGA is completely biodegradable and non-toxic to human (Li Chun 2002). These facts 

encourage its use as a carrier in drug delivery. a-PGA has been used in the delivery of 

anticancer drugs in the form of conjugates. The advantages of using a-PGA to deliver an
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anticancer agent are: (1) increase in drug water solubility (Singer 2005), (2) improve 

transport of the drug to the tumour site and improve pharmacokinetics (Li & Wallace

2008) and, (3) slow release of the drug from PGA-drug conjugate upon degradation of a- 

PGA (Yurkovetskiy & Pram 2009). This enables delivery of anticancer drug to the tumour 

with less toxic effects for the patient. Examples of a-PGA conjugates with anticancer drugs 

are shown in Table 34. The findings of these a-PGA drug conjugates studies is the bond 

between a-PGA and the drug should be biodegradable via hydrolysis or enzymes in order 

for the drug to be active in vivo.

The most successful drug-a-PGA conjugate is PGA-TXL which is paclitaxel 

conjugated to a-PGA (paclitaxel poliglumex PPX) by an ester bond between the taxol 

hydroxyl group and carboxylic acid group in the polymer (Chipman et al. 2006). The 

loading of taxol in the conjugate is 36.0 wt % and molecular weight of the conjugate is 38.5 

kDa. This conjugate is currently undergoing phase III clinical trial against ovarian cancer 

and non-small lung cancer (Paz-Ares et al. 2008). There is no need for special 

biodegradable linker in PGA-TXL conjugate. The release of taxol from the conjugates 

occurs as a result of degradation of a-PGA by cathepsin B (Shaffer et al. 2006).

Drug Conjugation Reference
Doxorubicin Ester bond via PEG 

spacer
(Vega et al. 2003)

Camptothecin Ester bond (Bhatt et al. 2003)

Paclitaxel Ester bond (Mita et al. 2009;Paz- 
Ares et al. 2008)

Uracil Ester bond (Mochizuki et al. 1985)

Adriamycin Amide bond directly 
or via peptide linker

(Hoes et al. 1993)

Camptothecin Amide bond via 
glycine linker

(Homsi et al. 2007)

Mitomycin C Amide bond (Roos et al. 1984)

New approaches for use of a-PGA in protein delivery have shown promising 

results. a-PGA is grafted with a-tocopherol (vitamin E) (hydrophobic molecule) via 

hydrolysable ester bond. The polymer forms a colloidal suspension of nanoparticles upon 

dissolution in water due to self assembly of a-tocopherol side chain to form hydrophobic 

nanodomains leading to aggregation of hydrophilic glutamate chain (Chan et al. 2007).
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Protein and peptides can be mixed with an aqueous solution of the polymer to form a slow 

release formulation (4-7 days). This technology called Medusa have been used for delivery 

of IL-2 and INF-a2b and reached phase II clinical trials with successful extended slow 

release of protein in the blood circulation (Chan et al. 2007).

PGA-drug complexes
a-PGA contains carboxyl groups that can form complexes with drugs via ionic interactions 

because it has excellent hydrogen bond donor and accepting sites. a-PGA can form 

complexes with diphenhydramine via specific hydrophobic interaction (a-helix form of a- 

PGA) and by electrostatic interaction (Agresti et al. 2008). The diphenhydramine-PGA 

complexes are prepared by mixing diphenhydramine and a-PGA at an acidic pH (sodium 

phosphate buffer, pH 3.0) for 48 h at 25 or 4°C. These diphenhydramine-PGA complexes 

were useful in formulating a controlled release GIT formulation and taste masking of the 

bitterness of diphenhydramine (Agresti et al. 2008).

a-PGA has the ability to form complexes with ions. Metal complexes of cisplatin 

and PEG-co-a-PGA copolymer have been found to reduce toxicity of cisplatin and retain its 

antitumor activity (Uchino et al. 2005). These metal complexes were prepared by 

dissolving sodium salt of PEG-co-a-PGA copolymer and cisplatin in distilled water for 72 

h followed by ultrafiltration to remove un-reacted drug (Uchino et al. 2005).

a-PGA can form complexes with positively charged polymers and surfactants. In 

gene delivery, a-PGA was used to reduce the positive charge of pDNA-polyethylenimine 

complex via formation of ternary complexes (Wang et al. 2010). a-PGA is an anionic 

polymer that can bind electrostatically to the cationic complex to modify the complex 

surface. The ternary complex was prepared by simple mixing of the a-PGA solution with 

pDNA-polyethylenimine complex solution in phosphate buffer saline (PBS) (Wang et al. 

2010). Complexes between a-PGA and cationic surfactants were formed by electrostatic 

interaction and the polymer was found in the complex in the form of a-helix such as 

dodecyltrimethylammonium (Zanuy & Aleman 2007) and octyltrimethylammonium 

(Zanuy et al. 2002). The ionic complexes were prepared by simple mixing of a surfactant 

with an equal volume of a-PGA solution in phosphate buffer (pH=7.0) with stirring at 

ambient temperature. The complexes were precipitated and isolated by centrifugation 

(Zanuy et al. 2002; Zanuy & Aleman 2007).
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The fact that a-PGA contains carboxylic groups that can form a complex with 

charged compounds encouraged us to investigate the formation o f a complex between 

a-PGA and AmB. This AmB-PGA complex 13 is prepared by a change o f the pH o f a 

mixture o f AmB and PGA 12 (Scheme 14). Poly(a-glutamic acid) (PGA) 12 is used for the 

preparation o f AmB-PGA complex 13. Preparation and characterisation o f AmB-PGA 

complexes 13 will be discussed in detail in this chapter.
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N a O H

o
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A m B - P G A  c o m p le x

A m B  = 0

P o ly (a lp h a -g lu ta m ic  acid)

Scheme 14. Preparation o f AmB-PGA complex 13 from PGA 12 by the addition o f diluted 
aqueous sodium hydroxide (NaOH) in the presence o f AmB.

4.2 Aims

The aims o f the work described in this chapter are to prepare AmB-polymer complex using 

poly(a-glutamic acid) 12 to improve the water solubility o f AmB, reduce the toxicity o f 

AmB to mammalian cells and to improve its antileishmanial activity. We have chosen to 

investigate the delivery o f AmB using PGA 12 for several reasons: (1) it is a biodegradable 

and biocompatible polymer, (2) PGA 12 contains carboxylic groups that can form ionic 

complexes with a charged compound such as AmB, (3) degradation o f  PGA 12 occurs 

inside lysosomes which ensures that PGA 12 is taken up by cells, and (4) PGA 12 has been 

used in clinical trials. Our hypothesis is PGA 12 can form a non-covalent complex with 

AmB that can be taken up by the macrophages with subsequent killing o f intracellular 

Leishmania parasite.
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4.3 Material and methods 

Materials
Poly-L-glutamic acid sodium salt 12a (20-40 and 50-70 kDa) was purchased from Sigma 

Aldrich (catalogue no: G0546 and G0421). This is a synthetic polymer made by N- 

carboxyanhydride polymerisation. It is 100.0% from a non-animal source product. The 

product is available as the sodium salt because of the synthesis procedure that was followed 

by Sigma Aldrich.

Amphotericin B with 98.0% purity (injectable grade, batch no: HAN0604301) was 

purchased from China supplied by DNDi. Dimethylsulfoxide (DMSO) 99.9% (anhydrous 

grade) was purchased from Sigma Aldrich. Sodium hydroxide (1.0 M) was purchased from 

Fischer Scientific. All reactions were carried out at ambient temperature. AmBisome® was 

a gift from Gilead Sciences. Fungizone® was purchased from AAH pharmaceuticals. 

Mouse serum (CD-I) mixed gender pooled was purchased from Sera laboratories 

international.

Optimised method for preparation o f AmB-PGA complex 13
Poly(a-glutamic acid) sodium salt 12a was converted into acidic form PGA 12 by dialysis 

(12-14 kDa visking membrane) of aqueous solution of salt form (10 or 20 mg/mL) against 

aqueous hydrochloric acid (0.01 M, 1.0 L) for 24 h and then against double distilled water 

(1.0 L) for 24 h to remove sodium chloride. The polymer solution was then freeze dried. 

The protonation of PGA 12 was checked by IR spectroscopy using freeze dried form of 

PGA 12.

The procedure to prepare the AmB-PGA complex 13 was to dissolve a defined 

amount of PGA (50-70 kDa) (30.0 mg) in dry DMSO (0.6 mL) overnight in a glass vial 

(7.0 mL). Depending on the desired AmB loading, a specified amount of AmB was 

dissolved in a separate solution of dry DMSO (0.6 mL) for 1 h. For example to prepare 

AmB-PGA complex 13 having 30.0 or 50.0% AmB loading, 20.0 or 45.0 mg of AmB was 

dissolved in DMSO (0.6 mL) in a glass vial (14.0 mL). The PGA 12 solution was added 

dropwise to the AmB solution. The mixture was stirred for 1 h, and then sodium hydroxide 

(2 equivalents to polymer, 1.0 M, 464.0 pL) was divided into two portions. First portion of

232.0 pL sodium hydroxide was added dropwise (1 drop every 5 seconds) and then the 

second portion (232.0 pL) was diluted in water (1.0 mL). The diluted sodium hydroxide
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solution was then added dropwise followed by the addition of water (12.0 mL). The 

reaction mixture was left to stir at room temperature for 1 h and then purified by dialysis 

(Mw cut off 12-14 kDa). The dialysis water was changed 6 times every 2 h for the first 8 h 

then left 0/N. Then the dialysed solution was filtered using microsyringe filter (0.22 pm). 

The solution was freeze dried to yield a yellow fluffy product. The reaction mixture was 

protected from light during the process of preparation and purification. The pH of the 

complex 13 upon reconstitution of the freeze dried powder in double distilled water is 

7.39±0.23 (average mean ±STDV (n=6)). Determination of AmB content and aggregation 

state in the complex 13 was conducted as described in Chapter 2. The calculation of the 

number of added equivalent of sodium hydroxide to the polymer is shown in Appendix 15.

Determination o f size and charge o f AmB-PGA complex 13_
The size of AmB-PGA complex 13 was measured using dynamic light scattering 

(Zetaziser, nanoseries Nano-ZS (Malvern)). The charge of the complex 13 was determined 

using Zetasizer Nano-Zeta potential measurements. Particles with a charge greater than -30 

mV are considered stable. The concentration of AmB-PGA complex 13 used was 10"̂  M. 

Samples were filtered using 0.22 pm syringe filter to remove contamination with dust 

particles. AmBisome® was included for comparison. Size data is expressed as Z average 

and polydispersity index (PDI). Z average is the intensity weighted mean hydrodynamic 

size of the collection of particles measured by dynamic light scattering (DLS). The 

polydispersity index (PDI) describes the width of the particle size distribution.

Determination of shape o f AmB-PGA complex 13_
The shape of the complex 13 was determined by transmission electron microscopy (TEM). 

The concentration of the complex used was 1.0 mg/mL AmB equivalents dissolved in 

double distilled water and diluted to 10.0 pg/mL AmB equivalents.

Stability o f AmB-PGA complex in phosphate buffered saline (PBS) and
serum
In vitro release of AmB from AmB-PGA complex 13 in PBS and serum was evaluated by 

dialysis (Nahar et al. 2008). The quantification was carried out using HPLC as described 

below. A Stock solution of AmB-PGA complex 13 was prepared in water at concentration 

of 1.0 mg/mL AmB equivalents. The aqueous solution of the complex 13 (1.0 mL) was 

added to either PBS (1.0 mL, containing DMSO (5.0%), pH 7.4) or serum (1.0 mL,
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containing DMSO (5.0%)). The final concentration of AmB-PGA complex 13 was 500.0 

pg/mL AmB equivalents (2.0 mL) (total amount of AmB was 1.0 mg). The complex 13 

solution (2.0 mL) was placed in dialysis bag MW cut off 12-14 kDa and dialysed against

50.0 mL PBS/DMSG (95.0% containing DMSO (5.0%), pH 7.4) at 37°C. The whole 

dialysis medium was removed after 0, 1, 4, 8 and 24 h for drug concentration analysis and 

replaced by fresh medium to prevent drug saturation (maintaining strict sink conditions 

throughout the experiment). AmB was quantified by HPLC at 407 nm in aqueous methanol 

(50.0% v/v). AmB concentration was extrapolated from calibration curve of AmB in 

aqueous methanol (50.0% v/v). The results were expressed graphically as a cumulative 

percentage release of the total amount of AmB (% w/w) versus time (Equation 9).

Cumulative release (%) = Amount of AmB released at time (mg) X 100
Total amount of AmB (1.0 mg)

Equation. 9

Where amount of AmB released at time (t) is a cumulative amount. For example amount 

released after 1 h is calculated by multiplying AmB concentration obtained from HPLC by 

total volume of the dialysate (50.0 mL). Cumulative amount of AmB after 4 h is S amount 

released at time points 0, 1, and 4 h.

HPLC analysis for quantification o f AmB
High performance liquid chromatography analysis was conducted using CIS column 

(particle size 5 pm, length 250 mm) following an analytical method described by the 

literature (Espada et al. 2008a). The mobile phase used was acetonitirile 52.0%, water 43.7 

% and acetic acid 4.3%. The injection volume was 100 pL and flow rate was 1.0 mL/min. 

The concentration of AmB was detected at 407 nm with a run time of 20 min. Under these 

conditions the retention time of AmB was 8.0 min. The sensitivity of the system was 0.016 

pg/mL and the detection limit was 0.054 pg/mL AmB.

Biological studies

Cells and parasite maintenance
The maintenance conditions of cell lines (KB cells and THP-1 cells) and L.major 

(MHOM/SA/85/JISHl 18) were described in Chapter 3. L.donovani (MHOM/ET/67/HU3) 

was maintained in RAG-1 mice (deficient in T cells) and amastigotes were harvested from 

the spleen of infected mice.
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In vitro toxicity testing
Cytotoxicity of AmB-PGA complex 13 against KB cells and THP-1 cells was tested 

following the protocol described previously in Chapter 3 (Page 141 and 142). The only 

difference is the dilution of samples was carried out in twofold. The haemolysis assay was 

conducted following the same method as described in Chapter 2. The only difference is the 

incubation period was changed to 24 h. Blood was collected from healthy human volunteers 

(London School of Hygiene & Tropical Medicine) in falcon tube (50.0 mL) containing

500.0 pL heparin. The final concentration of heparin in the blood was 1.0%.

In vitro antileishmanial activity against intracellular amastigotes 
In vitro antileishmanial activity against Leishmania major was tested as described 

previously in Chapter 3. The only difference is the complex 13 and controls were tested at 

the highest AmB concentration of 1.0 pg/mL AmB equivalents with threefold serial 

dilution over six concentrations.

The in vitro antileishmanial activity against L.donovani was carried out using a 

similar protocol for L.major as described in Chapter 3 (Page 143) with a modification 

regarding incubation temperature (37°C), infection procedure and drug dilutions. THP-1 

cells were differentiated as described in Chapter 3. The differentiated THP-1 cells were 

infected with L.donovani amastigotes at ratio 7:1 and incubated at 37°C. A stock solution 

of the complex 13 (1.0 mg/mL AmB equivalents) was prepared in sterile double distilled 

water (Sigma Aldrich). Fungizone® and AmBisome® were reconstituted according to the 

manufacturer’s protocol. The complexes 13 were tested at starting concentration of 5.0 

pg/mL AmB equivalents with threefold serial dilution over six concentrations. The highest 

concentration of the polymer tested was calculated according to the highest amount present 

in the complex 13 at the highest concentration tested. The incubation period was 72 h.

In vivo antileishmanial activity
The animal experiments were conducted by Dr V Yardley (London School of Hygiene & 

Tropical Medicine). Female BALB/c mice were infected by injection of 

2x lO^amastigotes/mL (0.2 mL medium) {L.donovani) into the tail vein. Each group of mice 

contains five. One group of mice was untreated and used as control. AmB-PGA complex 13 

solutions were prepared in double distilled sterile water (Sigma Aldrich) at concentration of 

1.25 mg/mL AmB equivalents and filtered using 0.22 pm. The AmB-PGA complex 13
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solutions were diluted using water for injection to the required dose. In the first experiment, 

two AmB-PGA complexes 13 having different AmB loading (31.0% and 51.0%) were 

tested at two dose 1.25 and 2.5 mg/kg AmB equivalents. AmBisome® (Gilead) was used as 

control (at dose of 1 mg/kg AmB equivalents) reconstituted according to the manufacturer’s 

protocol. In second experiment, AmB-PGA complex 13 having 29.0% AmB loading was 

tested at three doses 2.5 mg/kg, 0.5 mg/kg and 0.1 mg/kg in order to determine the dose 

response curve of the complex 13 AmBisome® was used as control at the same doses. The 

blank poly(glutamic acid) sodium salts 12a was included as a control at doses 

corresponding to the amount of polymer given at each tested dose of the AmB-PGA 

complex 13. The control polymer 12a was prepared from free acid of PGA 12 (same batch 

from the AmB-PGA complex 13 was prepared) following the same procedure for AmB- 

PGA complex 13 preparation without including AmB. The mice were dosed intravenously 

(0.2 mL into the tail vein) on days 7, 9 and 11 post infection. Mice were scarified on day 14 

post infection and livers were removed and weighed. Liver impression smears were taken 

and fixed with methanol 100.0%, then stained with 10.0% aqueous Giemsa stain for 45 

min. The number of amastigotes per 500 host cell nuclei was counted. Leishman-Donovan 

units (LDU) were calculated using the following equation 10 (Bradley & Kirkley 1977):

LDU = number of parasites per host cell nucleus x organ weight in mg

Equation. 10

The reduction in parasite burden attained in each mouse was calculated relative to the mean 

LDU (« = 5) of the control group and expressed as percentage inhibition. In dose-response 

experiment 50.0% and 90.0% effective dose (EC5 0  and E C 9 0 )  were calculated using Xlfit 

(ID Business Solution, Guildford, UK).

Macrophage uptake 

Optimisation o f HPLC quantification method
THP-1 cells were differentiated with 20 ng/mL PMA (phorbol 12-myristate 13-acetate. 

Sigma Aldrich) for 48 h at 37°C. Cells were plated in 6 wells plate at cell density 5x10"* 

cells/well in a volume of 2,000 pL/well in RPMl 1640 medium + 10.0% hi-FCS in 

triplicates. Medium was changed and fresh medium without PMA added and cells are 

incubated 0/N  at 37°C, 5.0% CO2 . Triton x (0.1%) (1.0 mL) was added to differentiated 

cells followed by shaking at room temperature for 10 min then incubated for further 20 min
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at 37°C. Cell lysate was collected and spiked with 10.0 pg/mL, 2.0 pg/mL and 0.02 pg/mL 

AmB equivalents (Fungizone®), then incubated at 37°C for 30 min. Methanol was added 

to AmB cell lysate at final concentration of 75.0% v/v (1 volume of cell lysate plus three 

volume of methanol). The mixture is vortexed for 1 min and then filtered through 0.45pm 

syringe filter and analysed by HPLC. AmB recovery, selectivity and sensitivity of HPLC 

were determined.

Optimisation o f macrophage studies

THP-1 cells were differentiated with 20 ng/mL PMA for 48 h at 37°C. Cells were plated in 

96 wells plate at cell density 5x10"  ̂ cells/well in a volume of 100.0 pL/well or 24 well 

plates at cell density 5x10"  ̂ cells/well in a volume of 500 pL/well RPMl 1640 medium + 

10.0% hi-FCS in triplicates. Medium was changed and fresh medium without PMA added 

(100 pL for 96 wells plate and 500.0 pL for 24 well plates) and cells are incubated 0/N  at 

37°C. Stock solution of Fungizone® was prepared 5.0 mg/mL AmB equivalents. Four 

concentration of AmB was tested at the highest AmB concentration of 5.0 pg/mL over four 

concentrations with fivefold dilution. Medium was removed and then drug solutions were 

added to cells at 200.0 pL or 100.0 pL volumes for 96 wells plate and 400.0 pL for 24 

wells plate. Cells were incubated for 24 h at 37°C, and then medium was removed and 

washed by fresh cold medium w/o serum (200,0 pL for 96 wells plate and 500.0 pL for 24 

wells plate) three times by pippeting up and down. Media was removed and cells were 

lysed by addition of triton x (0.1%) and shaking for 10 min at ambient temperature 

followed by 20 min incubation at 37°C. Methanol was added to cell lysate at final 

concentration of 75.0 or 50.0% v/v, and then analysed by HPLC to determine AmB content 

at 407 nm. Calibration curves of Fungizone® in methanol 75.0 and 50.0% v/v were 

constructed starting at AmB concentration 5.0 pg/mL over 8 concentrations (twofold 

dilution). The amount of AmB in the cell lysate was extrapolated from AmB calibration 

curve. Another aliquot of cells lysate was taken for protein analysis using microBCA assay. 

Calibration curve of bovine serum albumin (BSA) was constructed at the highest 

concentration of 200.0 pg/mL over six concentrations with two folds dilution. Cells lysate 

from 24 wells plate were diluted tenfold with double distilled water before being analyzed. 

Both BSA solution and cell lysate were aliquoted (50.0 pL) in 96 well plate (flat bottom) 

then micro BCA reagent (50.0 pL) was transferred to each well and the plate was incubated
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for 2 h at 37°C.The absorbance was read at 570 nm and protein concentration was 

determined from the calibration curve.

Kinetics o f macrophage uptake

THP-1 cells were differentiated with 20 ng/mL PMA for 48 h at 37°C. Cells were plated in 

24 wells plate at cell density 5x10"  ̂ cells/well in a volume of 500.0 pL/well in RPMl 1640 

medium + 10.0% hi-FCS in triplicates. Medium was changed and fresh medium without 

PMA added and cells are incubated 0/N  at 37°C, 5.0% C02. Fungizone® and 

AmBisome® were included as controls. Stock solutions of AmB-PGA complex 13 were 

prepared at 1.0 mg/mL drug equivalent in sterile water (Sigma Aldrich). The formulations 

were tested at the highest AmB concentration 25.0 pg/mL over four concentrations using 

five folds dilution. The incubation period was 1, 4, 6 and 24 h at 37°C. At the end of the 

incubation period, cells were washed rapidly with cold medium (500 pL) three times to 

remove free AmB while minimising release of the internalised AmB and then cells were 

lysed for 20 min at room temperature by adding 300.0 pL triton x (0.1%) with shaking. 

An aliquot of cell lysate (100.0 pL) was taken and mixed with methanol (100.0 pL) to 

solubilise AmB as monomer. The methanolic mixture of cell lysate was centrifuged at 4500 

rpm for 10 min and then the supernatant was withdrawn for quantification of AmB. 

Absorbance of AmB is determined at 407 nm using HPLC. The concentration was 

determined using calibration curve of AmB in methanol (50.0% v/v) was obtained in the 

absence of cells under the same experimental conditions.

Another aliquot of cell lysate was withdrawn for analysis of protein content using 

microBCA assay. Cell lysate (50.0 pL) was diluted two folds with double distilled water. 

Calibration curve of bovine serum albumin (BSA) was constructed at the highest 

concentrations of 200.0 pg/mL over six concentrations with two folds dilution. Both BSA 

solution and cell lysate were aliquoted (100.0 pL) in 96 well plate (flat bottom) then micro 

BCA reagent (100.0 pL) was transferred to each well and the plate was incubated for 2 h at 

37°C. The absorbance was read at 570 nm and protein concentration was determined from 

the calibration curve. The results were presented graphically as AmB uptake (AmB 

nmole/mg protein) versus AmB concentration (pg/mL) or time (h).
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Comparison o f kinetics o f macrophage uptake in infected and uninfected 
differentiated THP-1
The kinetics of macrophage uptake of AmB was compared using infected and uninfected 

differentiated THP-1 in parallel. THP-1 cells were differentiated as mentioned above. 

Amastigotes of L.donovani were harvested from spleen of RAG-1 mice and counted using 

Thoma counting chamber. Amastigotes were brought to plating density of 35x10^ 

amastigotes/mL. Medium was removed from differentiated THP-1 cells and 500.0 pL of 

L.donovani amastigotes at ratio 7:1 was added to each well containing macrophages, and 

incubated at 37°C, 5.0% CO2 overnight. Then media was removed and infection was 

assessed after 24 h in control wells. Fungizone® and AmBisome® were included as 

controls. The time points tested are 1 h, 4 h and 24 h. AmB-PGA complex 13 having AmB 

loading 51.0% was tested. The experiment was conducted following the same method 

mentioned above for determination of uptake kinetic in uninfected differentiated THP-1 

cells.

Statistical analysis
In vitro studies, reduction AmB toxicity in AmB-PGA complex 13 against human RBCs 

and mammalian cells (KB and THP-1 cells) in comparison with Fungizone® were studied 

statistically using an unpaired, two tailed t-test assuming equal variance using graphpad 

Instat. Comparison of toxicity (RBCs , KB and THP-1 cells) of AmB-PGA complexes 13 

having different AmB loadings was conducted using one way analysis of variance 

(ANOVA) using graphpad Instat. For in vitro macrophages uptake studies statistic analysis 

was conducted using an unpaired, two tailed t-test assuming equal variance using graphpad 

Instat. In vivo studies, parasite burdens inhibition of AmB-PGA complex 13 having 

different AmB loadings and given at different doses in comparison to control (untreated 

mice group) were analysed using an unpaired, two tailed t-test assuming equal variance 

using graphpad Instat. Significance was set at a P value <0.05.
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4.4 Results and discussion

Method development for the preparation of the AmB-PGA complex 13

Preparation o f AmB-PGA complex 13_from PGA sodium salt 12a 
AmB-poly(glutamic acid) complex (AmB-PGA) 13 was prepared from poly(glutamic acid) 

sodium salt (PGA-Na 12a) (50-70 kDa). The AmB loading in the final freeze dried 

complex 13 was in the range o f 30.0 to 39.0% (theoretical loading was 50.0%). These 

complexes 13 were soluble in water up to 1.5 mg/mL AmB equivalents that was less that 

AmB-PMAA complex 4 derived from the precursor polymer 2 (4.0 mg/mL AmB 

equivalents). The degree o f conversion o f AmB into the AmB-PGA complex 13 is 

described as the complexation efficiency. The complexation efficiency was 60.0-78.0% 

which was higher than AmB-PMAA complex 4 prepared from PMAA-Na ^  (35.0-58.0 

%). Although the water solubility of free AmB was improved, the AmB-PGA complex 13 

prepared from PGA-Na 12a was toxic towards human red blood cells (RBCs). The AmB- 

PGA complex 13 (39.0% AmB loading) caused 7I.07±6.59%  haemolysis after 24 h 

incubation at 37°C at concentration o f 100.0 pg/mL AmB equivalents (Figure 67). In 

comparison AmBisome® caused negligible lysis o f RBCs (3.97±0.27%), while 

Fungizone® caused 96.88±5.42% at the same AmB concentration (Figure 67).

Fungizone 

AmBisome 

AmB-PGA (39.0%)

-|----------1----- 1-------1-------1-------1-------1-------- 1------ r
0 10 20 30 40 50 60 70 80 90 100

AmB concentration (pg/mL)

Figure 67. Haemolysis caused by AmB-PGA complex 13 prepared from PGA-Na 12a after 
24 h incubation with human RBCs. Fungizone® and AmBisome® were included as 
control. Data pooled from two donors in the same experiment (duplicates determination per 
donor). Each data point is an average ± standard deviation.
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AmB was present in a highly aggregated state in this AmB-PGA complex 13 with 

an aggregation ratio of 2.7 and aggregation peak at 321 nm. The size of the AmB-PGA 

complex 13 was 100.54± 3.10 nm (PDI 0.27±0.13). Complexation of AmB to the PGA-Na 

12a improved the water solubility of AmB but did not reduce its toxicity. These results 

might be explained by formation of weakly associated AmB-PGA complexes 13. The weak 

interaction between AmB and PGA-Na 12a might result from dissolving the polymer 12a 

and AmB in different solvent (water and DMSO respectively) at the beginning of the 

complexation process. These results were similar to AmB-PMAA complex 4 prepared from 

PMAA-Na ^  in Chapter 2.

Protonation o f PGA-Na 12a 

Phosphate buffer

PGA-Na 12a (50-70 kDa) was converted into free acid form that is soluble in DMSO to 

ensure the dissolution of both AmB and the polymer 12 in the same solvent at the 

beginning of the complexation process (Scheme 15). Various methods for the polymer 12a 

protonation were investigated. Dialysis of an aqueous solution of PGA-Na 12a against 

phosphate buffer saline at pH 4.0 was tested. The polymer 12 prepared at pH 4.0 was 

completely soluble in DMSO but contains amount of salts for PBS. AmB-PGA complexes 

13 prepared by using this polymer 12 were water-soluble > 1 .0  mg/mL AmB equivalents 

with 35.0-40.0% AmB loading (theoretical loading ~ 45.0%). The complexation efficiency 

was 78.8-87.0%.

PBS

pH 4

Na
*

12a 12

Poly(aIpha-glutamic acid) sodium sait PoIy(aipha-giutamic acid)

Scheme 15. Conversion of PGA-Na 12a into PGA 12 by dialysis against PBS at pH 4.
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The size of the AmB-PGA complexes 13 was in the range of 99.08±0.42 to 

115.13±1.70 nm (PDI 0.33±0.00 to 0.25±0.17). These complexes 13 displayed a negative 

surface charge (-40.60±1.4 to -54.63±1.91 mV). AmB was present in a highly aggregated 

state in these complexes 13 with aggregation ratio of 3.1 and an aggregation peak at 321- 

322 nm. Unfortunately these AmB-PGA complexes 13 were highly toxic towards human 

RBCs after 24 h incubation at 37°C. AmB-PGA complex 13 having AmB loading of 35.0 

and 40.0% caused 68.48±11.45 and 71.37±4.55% lysis of RBCs at 100.0 pg/mL AmB 

equivalents respectively (Figure 68). In comparison AmBisome® caused negligible lysis of 

RBCs (3.97±0.27%), while Fungizone® caused 96.88±5.42% haemolysis at the same AmB 

concentration (Figure 68).
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Fungizone 

AmBisome 

AmB-PGA (35.0%) 

AmB-PGA (40.0%)

AmB concentration (pg/mL)

Figure 68. Haemolysis caused by AmB-PGA complex 13 prepared from PGA 12 
(protonated in PBS at pH 4) after 24 h incubation with human RBCs. Fungizone® and 
AmBisome® were included as control. Data pooled from two donors in the same 
experiment (duplicates determination per donor). Each data point is an average ± standard 
deviation.

All the AmB-PGA complexes 13 that were prepared from PGA-Na 12a (50-70 kDa) 

which was protonated in phosphate buffer at pH 4 were toxic. The inability of the polymer 

12 to eliminate the haemolytic toxicity of AmB may be due to presence of sodium chloride, 

which might reduce stability of the complex 13.
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Hydrochloric acid

PGA-Na 12a (50-70 kDa) was converted into free acid form by dialysis of aqueous solution 

of the polymer 12a against hydrochloric acid (0.01 M) overnight (Scheme 16). The aqueous 

solution of the polymer 12a inside the dialysis bag became cloudy due to precipitation of 

free acid of PGA 12. The precipitated polymer 12 was isolated by centrifugation and 

washing by water at 8000 rpm for 30 min three times. The supernatant was discarded to 

remove sodium chloride. The polymer 12 was then freeze dried. A library of AmB-PGA 

complexes 13 was prepared with AmB loading of 14.0-42.5% (Table 35). The 

complexation efficiency was 70.0-84.0%.

NH NH

n
HCl

O HONa

1212a

+ NaCI

Sodium chloride

Poly(aIpha-gIutamic acid) sodium salt Poly(alpba-glutamic acid)

Scheme 16. Conversion of PGA-Na 12a into PGA 12 by dialysis against HCl (0.01 M).

Table 35. AmB loading and complexation efficiency of AmB-PGA complexes 13 prepared 
from PGA 12 that has been protonated by dialysis against HCl (0.01 M).

no AmB loading (%) Theoretical loading (%) Complexation efficiency (%)

1 14.0 20.0 70.0
2 32.0 40.0 80.0

3 32.0 40.0 80.0

4 42.5 50.0 84.0

The physicochemical characteristics of the AmB-PGA complex 13 prepared from 

this polymer 12 are listed in Table 36. The size of the AmB-PGA complexes 13 was in the 

range of 94.18±4.75 to 233.4±5.08 nm (PDI 0.19±0.06 to 0.13±0.02). They displayed 

negative surface charge of -33.00±1.47 to 52.93±0.21 mV. These AmB-PGA complexes 13 

were highly aggregated with aggregation ratio of 1.7-3.9 and aggregation peak appearing at 

wavelength 321-323 nm.
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Table 36. Physicochemical characteristics of AmB-PGA complexes 13 prepared from PGA
12 that has been protonated by dialysis against HCl (0.01 M).

no AmB Loading 
(%)

Size*
(nm)

PDI* Charge*
(mV)

Aggregation
ratio

Aggregation 
peak (nm)

1 14.0 233.4±5.08 0.13T0.02 -52.93T0.21 1.68 323

2 3 2 0 94.18±4.75 0.19T0.06 -48.47T2.33 2.28 321

3 3 2 0 116.00Tl.13 0.35T0.03 -33.00T1.47 3.20 321

4 4 2 5 106.30T1.05 0.28T0.02 -33.97T4.56 3.89 321

* S i z e  a n d  C h a r g e  a r e  a v e r a g e  ±  S T D  o f  t h r e e  m e a s u r e m e n t s  ( e a c h  m e a s u r e m e n t  i s  a n  a v e r a g e  o f  1 0 0  r e a d i n g s )

* P D I  i s  p o i y d i s p e r s i t y  i n d e x .

AmB-PGA complex 13 prepared from PGA 12 (protonated using HCl) was water 

soluble (1.5 mg/mL AmB equivalents). The AmB-PGA complex 13 having AmB loading 

of 14.0 and 32.0% (Table 36, entries 1 and 2) were toxic towards human RBCs after 24 h 

incubation at 37°C with 34.78± 15.05 and 49.90±8.57% haemolysis respectively at 100.0 

pg/mL AmB equivalents (Figure 69). In comparison AmBisome® caused negligible lysis 

of RBCs (3.97±0.27%), while Fungizone® caused 96.88^5.42% at the same AmB 

concentration (Figure 69).

1-------- 1---- 1------ 1------ 1------ 1------1------r
10 20 30 40 50 60 70 80 90 100

AmB concentration (pg/mL)

Fungizone 
AmBisome 

AmB-PGA (14.0%) 

AmB-PGA (32.0%)

Figure 69. Haemolysis caused by AmB-PGA complexes 13 prepared from PGA 12 
protonated by dialysis against HCl (0.01 M) after 24 h incubation with human RBCs. Data 
pooled from two donors in the same experiment (duplicates determination per donor). Each 
data point is an average ± standard deviation.
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Another batch of AmB-PGA complexes 13 were prepared from PGA 12 (Table 36, 

entries 3 and 4) having AmB loading of 32.0 and 42.5%. These complexes 13 were also 

toxic towards RBCs after 24 h incubation at 37°C. They caused 45.51±12.42 and 

56.02±9.44% haemolysis respectively at 50.0 pg/mL AmB equivalents (Figure 70). In 

comparison, AmBisome® caused negligible lysis of RBCs (5.32±0.33%) while 

Fungizone® caused 81.06±10.48% at the same AmB concentration (Figure 70). All 

complexes 13 prepared from PGA 12 that was derived from PGA-Na 12a using dialysis 

against HCl (0.01 M) were toxic against human RBCs.

Fungizone

AmBisome

lOOn
90-
80-

60-
GO

^  50-
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0 5 10 15 20 25 30 35 40 45 50

AmB-PGA (32.0%) 

AmB-PGA (42.5%)

A m B  co n cen tra tio n  (p g /m L )

Figure 70. Haemolysis caused by AmB-PGA complex 13 prepared from PGA 12 after 24 h 
incubation with human RBCs. Data pooled from two donors in the same experiment 
(duplicates determination per donor). Each data point is an average ± standard deviation.

PGA 12 protonated using dialysis against either phosphate buffered saline (PBS) or 

hydrochloric acid did not form successful complexes with AmB. It was thought this was 

due to presence of contaminants e.g. sodium chloride. Phosphate buffered saline contains 

sodium chloride (8.0 g/L). During the process of the protonation of PGA-Na 12a by 

dialysis against hydrochloric acid, sodium chloride forms as a co-product. The presence of 

sodium chloride was expected to interfere in the process of complex formation between 

AmB and PGA 12. Sodium chloride is known to be incompatible with AmB, and can result 

in precipitation of AmB (Block & Bennett 1973; Trissel 2010). Furthermore, sodium 

chloride can induce a conformational change of PGA 12 (Fedorov et al. 2009b; Fedorov et 

al. 2009a), which might affect the interaction between AmB and PGA 12. Therefore, the 

presence of sodium chloride might result in formation of weak interaction between AmB 

and PGA 12 that solubilise AmB but unfortunately did not reduce its toxicity towards
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human RBCs. Addition of sodium chloride to doxorubicin-poly(acrylic acid) complex that 

are thought to be formed mainly by electrostatic interaction between amino group of 

doxorubicin and carboxylate group of poly(acrylic acid) leaded to dissociation of the 

doxorubicin from the polymer (Kitaeva et al. 2004b). The presence of salt shielded the 

electrostatic attraction between oppositely charged doxorubicin and poly(acrylic acid) 

therefore weakened the binding between doxorubicin and poly(acrylic acid) (Tian et al. 

2007a).

The presence of monovalent and divalent ions e.g. Na^, Li Mg^^ and Cu^^ 

increases the helical content of ionisable PGA 12 (Satoh et al. 1981; Satoh et al. 1982). 

These ions stabilise the a-helix conformation of PGA 12 by screening the electrostatic 

interaction between the side chains (Satoh et al. 1982). Water molecules might stabilise 

neighbouring negative charges. Sodium ions are more effective in stabilising neighbouring 

negative charges leading to formation of helical form of PGA 12 (Fedorov et al. 2009a). 

Sodium ions coordinate with charged carboxylates and reduce repulsion between them, 

therefore preventing unfolding to an extended conformation. Sodium ions compete with 

water for interaction with carboxylates of PGA 12 (Fedorov et al. 2009a). The chloride ions 

do not interact with PGA 12. The presence of sodium chloride (0.1-1.0 M) significantly 

increases the helical content of ionised PGA 12 (Satoh et al. 1981; Satoh et al. 1982). 

Addition of small amount of sodium chloride to an aqueous solution of PGA 12 induces 

conformational change from an extended conformation to a-helix. Sodium chloride (0.3 M) 

is sufficient to favour formation of a-helix more than extended structure (Fedorov et al. 

2009a).

The problem of the presence of sodium chloride as a contaminant was solved by 

subsequent dialysis of PGA 12 solution against double distilled water after the protonation 

process (Iwata et al. 1998). Aqueous solution of PGA-Na 12a was first dialysed against 

aqueous hydrochloric acid solution (0.01 M) for 24 h to convert it into PGA 12 (inside the 

dialysis bag). The same polymer 12 solution in the same dialysis bag was further dialysed 

against double distilled water to remove the sodium chloride. The conversion of the PGA- 

Na 12a into free acid form (PGA 12) was check by IR spectroscopy. The PGA-Na 12a was 

used as control (Figure 71). The IR spectrum of the converted free acid (PGA 12) showed a 

strong stretch band centred in 3284.88 cm"’ which corresponds to the hydroxyl group of 

carboxylic acid of PGA 12 (Figure 72). This band is absent in IR spectrum of the PGA-Na 

12a (Figure 71). The reproducibility of the conversion of PGA-Na 12a to PGA 12 was also
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checked by IR. PGA-Na 12a was converted to PGA 12 in different days following the same 

the method described above. All the resultant batches of PGA 12 were successfully 

protonated as it was evidenced by the presence of a strong stretch IR band centred in 

3284.88 cm'* (Appendix 16A). The yield of PGA 12 was 76.65±2.33% (n=3).
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Figure 71. IR spectrum of PGA-Na 12a
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Figure 72. IR spectrum of protonated PGA 12.

We also noticed that the PGA 12 precipitated during the complexation process 

upon addition of sodium hydroxide (2 equivalents, 1 M). PGA 12 is not compatible with 

very strong bases as mentioned in manufacturer's data sheet. To avoid this incompatibility, 

sodium hydroxide was added in two steps. The first step was addition of one equivalent of 

aqueous solution of sodium hydroxide (1.0 M) dropwise, followed by second step where 

one equivalent of sodium hydroxide was diluted with water (0.2 M) and then added 

dropwise.
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AmB-PGA complexes 13 prepared from the purified PGA 12 solutions (Mw 50-70 

kDa) were not toxic against human RBCs and mammalian cells. The water solubility of 

these AmB-PGA complexes 13 was in the range of 1.5-3.0 mg/mL AmB equivalents. The 

solubility of AmB improved 1500-3000 times by complexation of AmB with PGA 12. The 

water solubility of AmB is 1.0 pg/mL (Lavasanifar et al. 2001) and for Fungizone® it is 

greater than 1000.0 pg/mL (Vandermeulen et al. 2006). A library of AmB-PGA complexes 

13 was prepared having AmB loading 17.4-35.4% (theoretical loading was 25.0-40.0%) 

(Table 37). The complexation efficiency was 60.1-88.5%.

Table 37. AmB loading and complexation efficiency of AmB-PGA complex 13 prepared 
from PGA 12 protonated by dialysis against HCl (0.01 M) and dialysis against water.

no AmB loading (%) Theoretical loading (%) Complexation efficiency (%)

1 23.0 33.3 69.1
2 20.0 33.3 60.1

3 25.5 33.3 77.3

4 17.4 25.0 69.6

5 35.4 40.0 88.5

The physicochemical characteristics of the AmB-PGA complexes 13 prepared from 

this polymer 12 are shown in Table 38. The size of these complexes 13 was in the range of 

174.00±1.37 to 260.55±14.78 nm (PDI 0.22±0.06 to 0.23±0.05), and displayed negative 

surface charge of -54.67±0.2 to -62.30±2.17 mV. These AmB-PGA complexes 13 were 

highly aggregated with an aggregation ratio of 2.2-3.1 and the aggregation peak appearing 

at wavelength 315-318 nm.

Table 38. Physicochemical characteristics of AmB-PGA complexes 13 prepared from PGA 
12 that has been protonated by dialysis against HCl (0.01 M) and dialysis against water.

no AmB loading 
(%)

Size
(nm)

PDI Charge
(mV)

Aggregation
ratio

Aggregation 
peak (nm)

1 23.0 200.17±7.40 0.29±0.02 -54.97±6.00 2.67 315
2 20.0 260.55^14.78 0.23±0.05 -56.13±0.55 3.06 315
3 25.5 174.00±1.37 0.22±0.06 -54.67±0.21 2.23 315
4 17.4 233.33±0.81 0.25±0.01 -59.67±0.70 2.66 316
5 35.4 216.30±2.36 0.15±0.05 -62.3012.17 2.82 318

"Size and Charge are average ± STD of three measurements (each measurement is an average of 100 readings).
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AmB-PGA complex 13 prepared from PGA 12 that has been protonated by dialysis 

against HCl (0.01 M) and purified by exhaustive dialysis against water were not toxic 

against RBCs. These complexes 13 having an AmB loading o f 17.4, 25.5 and 35.4% 

displayed negligible lysis o f human RBCs after 24 h incubation at 37°C (15.01±0.38, 

5.23±0.49 and 21.89±2.05% haemolysis respectively) at 100.0 pg/mL AmB equivalents 

(Figure 73). In comparison with Fungizone® caused 95.45±2.02% haemolysis, while 

AmBisome® caused negligible lysis o f RBCs (3.97±0.27% haemolysis) at the same AmB 

concentration (Figure 73). There was significant reduction in the haemolytic toxicity o f 

AmB in the case o f all these AmB-PGA complexes 13 compared to Fungizone® 

(p<0.0001). The PGA-Na 12a was also included to check whether the polymer 12a has any 

toxic effect. The polymer 12a had no toxic effect against RBCs at concentration as high as

100.0 pg/mL (1.05±0.59% haemolysis) (Figure 73). As the AmB-PGA complex 13, PGA- 

Na 12a and Fungizone® were dissolved in water; the effect o f water on the RBCs was also 

tested. Water did not cause lysis o f the RBCs at concentration as high as 10.0% v/v in 

RPMl media (1.27±0.36% haemolysis) (Appendix 16B). The percentage o f water at the 

highest tested AmB concentration was kept 10.0% when AmB-PGA complex 13 was tested 

for their haemolytic effect. As both PGA-Na 12a and water (10.0%) did not cause lysis o f 

the RBCs, the observed effect o f AmB-PGA complex 13 on RBCs is related to AmB.

Fungizone

AmB-PGA (17.4%) 
AmB-PGA (25.5%) 

AmB-PGA (35.4%) 

PGA Na salt 
AmBisome

1 1 0 -1  
100-  

90- 
80- 

b  70- 
% W- 

50- 
c  40-

10 -

- 1 0
0 10 20 30 40 50 60 70 80 90 100

Am B concentration  (pg/m L )

Figure 73. Haemolysis caused by AmB-PGA complex 13 prepared from PGA 12 after 24 h 
incubation with human RBCs. Data pooled from two different experiments (four donors 
and duplicates determination per donor). Each data point is an average ± standard 
deviation.
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The reproducibility for preparing the AmB-PGA complex 13 was checked by 

preparing three batches o f the complex 13 having an AmB loading in the range o f  20.0- 

25.0%. All the three complexes 13 displayed reduction in the haemolytic toxicity o f AmB. 

AmB-PGA complex 13 with an AmB loading o f 20.0, 23.0 and 25.5% caused 9.15±6.89, 

8.44±2.32 and 4.88±3.80% haemolysis respectively after incubation with RBCs for 24 h at 

37°C at 100.0 pg/mL AmB equivalents (Figure 74). In comparison Fungizone® caused 

96.88±5.42%, while AmBisome® caused negligible lysis o f RBCs (3.97±0.27% 

haemolysis) at the same AmB concentration (Figure 74). These experiments suggested that 

the AmB-PGA complex 13 could be prepared reproducibly with successful control o f AmB 

loading.

Fungizone 
AmBisome

804
^  -  T —  AmB-PGA (20.0%)

AmB-PGA (23.0%)

0  AmB-PGA (25.5%)

1

1------------ 1------ 1---------1---------1--------- 1--------- 1---------1---------1---------1

0 10 20 30 40 50 60 70 80 90 100

A m B  con cen tra tion  (p g /m L )

Figure 74. Haemolysis caused by AmB-PGA complex 13 prepared from PGA 12 after 24 h 
incubation with human RBCs. Data is pooled from two donors in the same experiment 
(duplicates determination per donor). Each data point is an average ± standard deviation.

The reduction o f AmB toxicity by complexation with PGA 12 was further 

confirmed by preliminary testing o f the effect o f AmB-PGA complex 13 on the viability o f 

mammalian cells (KB cells). AmB-PGA complex 13 having an AmB loading o f 17.4, 25.5 

and 35.4% displayed no toxicity against KB cell with 103.56±1.77, 92.19 ±4.10 and 101.14 

±5.32% cell viability respectively at an AmB concentration o f  200.0 pg/mL (Figure 75). 

The control AmB at the same concentration completely suppressed the growth o f KB cells 

(Figure 75). AmB used as control in this experiment is the same AmB batch from which 

AmB-PGA complexes 13 were prepared.
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Figure 75. Effect o f AmB-PGA complexes 13 prepared from PGA 12 protonated by 
dialysis against HCl (0.01 M) and purified by dialysis against water on KB cells after 72 h 
incubation period. Data is an average o f triplicates ± standard deviation.

Stability o f PGA 12 during complexation process
The AmB-PGA complex 13 was successfully prepared from PGA 12. The stability o f PGA

12 during the process o f preparation o f PGA 12 from PGA-Na 12a and the complexation

process was checked to ensure that PGA 12 is not degrading. The degradation o f PGA 12 

was studied using aqueous gel permeation chromatography (GPC). PGA-Na 12a (Mw 50- 

70 kDa) was converted into its acid (PGA 12) by dialysis against hydrochloric acid (0.01 

M) and purified by dialysis against water. The aqueous polymer 12 suspension was freeze 

dried. The freeze dried polymer 12 was dissolved in DMSO and the complexation reaction 

was conducted without addition o f AmB. This resulted in conversion o f PGA 12 into PGA- 

Na 12a by addition o f sodium hydroxide. The reaction mixture (solution o f PGA-Na 12a) 

was purified by dialysis and then freeze dried. The freeze dried product was analysed by 

GPC. The unprocessed PGA-Na 12a (50-70 kDa) was used as a control in the GPC 

analysis. The GPC chromatogram (refractive index trace) showed elution o f both the 

control PGA-Na 12a and the processed PGA-Na 12a at the same retention volume (Figure 

76). PGA 12 did not degrade through the processes o f (1) conversion to free acid at low pH 

or (2) preparation o f the AmB-PGA complex 13 by addition o f two equivalents o f sodium 

hydroxide (Figure 76).
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Figure 76. GPC chromatogram o f PGA-Na 12a prepared following similar method for 
complexation reaction without addition o f AmB is shown as green trace. The black trace is 
the control PGA-Na 12a

Degradation o f PGA-Na 12a in solution was also checked. The degradation of 

PGA-Na 12a in phosphate buffer saline (pH 7.4) at 37°C was monitored by GPC. The GPC 

chromatograms o f  the control PGA-Na 12a and the PGA-Na 12a that was incubated for 24 

and 72 h were similar and appeared at the same retention volume (Figure 77). After 120 h 

incubation at 37°C the PGA-Na 12a started to degrade as shown by the appearance o f two 

overlapping peaks in the GPC chromatogram (Figure 77). Degradation o f the PGA-Na 12a 

after 120 h might be caused by microbial degradation as the solutions were not kept sterile. 

PGA-Na 12a appeared to be stable for up to 72 h in phosphate buffer saline (pH 7.4) at 

37°C. Poly(amino acids) can degrade by bacterial hydrolase enzymes (Obst & Steinbuchel 

2004). Several studies have proved that the degradation o f PGA 12 is mainly by lysosomal 

enzymes following its parenteral administration (Chiu et al. 1997; Li Chun 2002). This 

ensures that PGA 12 can be used to form stable AmB-PGA complex 13.
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Figure 77. Stability of PGA-Na 12a (50-70 kDa) in phosphate saline pH 7.4.

Interaction of AmB and PGA 72
The interaction between AmB and PGA 12 in AmB-PGA complex 13 is thought to be by 

non-covalent associations. It might be by electrostatic interactions between the protonated 

amino group of AmB and carboxylic group of PGA 12. In AmB, the pKa of the amino 

group is 10 and for carboxylic group is 5.7 (Gupta et al. 2007b). The pka of the carboxylic 

group in PGA 12 is 4.2 (Paoletti et al. 1989). At pH below pKa value, the amino group and 

carboxylic group will be protonated. At neutral pH, the PGA 12 will present as equilibrium 

between its acid form (RCOOH) and ionised form (RCOO’Na^). AmB will have more 

ionised carboxylic group at neutral pH. Addition of a base will raise the pH and result in 

ionisation of carboxylic group in both AmB and the PGA 12. Therefore, the overall charge 

of AmB and the PGA 12 will be negative. Assuming the pH is less than 10, the amino 

group in AmB will be protonated. There is a possibility of electrostatic interaction between 

AmB (protonated amino group) and the PGA 12 (negatively charged carboxylate group in 

its ionised form) that leads to formation of AmB-PGA complex 13. The non covalent 

association between AmB and PGA 12 was corroborated by reverse phase HPLC. AmB- 

PGA complex 13 and control AmB (Fungizone®) appeared at the same retention time of 

7.4 and 7.6 min (Appendix 17). This indicates presence of weak association between PGA
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12 and AmB in the AmB-PGA complex 13. This was similar findings to AmB-PMAA 

complex 4 and AmB-PVM complex 11.

AmB was found to form a complex with poly(amino acids) e.g. poly(aspartic acid) 

by electrostatic interactions (Wang et al. 2009). AmB encapsulated in poly(2-ethyl-2- 

oxazoline)-block-poly(aspartic acid) copolymer micelle was found to form a complex with 

poly(aspartic acid). Poly(aspartic acid) is ionised at pH>7 which enables its electrostatic 

association with AmB as a complex that is similar to AmB-sodium deoxycholate complex 

(Wang et al. 2009). The change in pH is very important in the preparation of the AmB-PGA 

complex 13. This was consistent with preparation of AmB-deoxycholate complex that had 

similar qualitative and quantitative compositions to Fungizone® reported by Sanchez- 

Brunete et al. (2004b). These AmB-deoxycholate complexes were prepared by drastic 

change of pH to 12 followed by neutralisation of pH to 7.4.

There is also the possibility of hydrogen bonding between the AmB hydroxyl group 

and the carbonyl group in PGA 12. Furthermore, there is a possibility of hydrogen bonding 

between amino group in PGA 12 and hydroxyl group in AmB. This hydrogen bonding 

might play a role in stabilisation of AmB-PGA complex 13. Hydrogen bonding between 

anionic polymers such as poly(acrylic acid) and poly(aspartic acid) and cationic drugs such 

as procaine HCl and diminazene stabilise drug-polymer complexes (Ehtezazi et al. 2000; 

Govender et al. 1999).

There is also a possibility of hydrophobic interaction between AmB and PGA 12 

especially at the beginning of the complexation reaction that might stabilise the complex 

13. This is evidenced by our findings that AmB formed a weak complex 13 when prepared 

directly from PGA-Na 12a. This was thought to be due to reduction of the interaction 

between AmB and the polymer 12a at the beginning of the complexation process. 

Hydrophobic interactions and hydrogen bonding between AmB and polymeric carrier 

stabilise AmB-polymeric micelles e.g. poly(ethylene oxide)-poly(e-caprolactone) micelle 

(Falamarzian & Lavasanifar 2010a) and PEO-b-poly(L-amino acid) micelles (Adams 

&Kwons 2003).

The change in pH during the complexation reaction to alkaline followed by slow pH 

change to neutral during the purification step may affect the conformation of PGA 12. 

During dialysis, the pH of the complexation solution inside the dialysis bag changes to 

become completely neutral after 24 h dialysis period (pH 7.39±0.23). At the beginning of 

the complexation reaction PGA 12 is found in an acid form (a-helix conformation) and
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upon addition of aqueous solution of sodium hydroxide, the pH changes to basic which 

induces conformational change of PGA 12 to the random coil form (Tsutsumi et al. 1978). 

At neutral pH, PGA 12 exists as a random coil (Dolnik et al. 1993). This conformational 

change might play a role in the formation of the final AmB-PGA complex 13 that is 

achieved during dialysis.

Optimisation o f the AmB-PGA complex 13_

Increasing the AmB loading
The loading of AmB in the AmB-PGA complex 13 was increased to 50.0%. A library of 

AmB-PGA complex 13 having a range of AmB loading from 20.0-51.0% was prepared 

from PGA 12 that has been protonated by dialysis against HCl (0.01 M) and purified by 

exhaustive dialysis against water. Sodium hydroxide was added by addition of one 

equivalent of aqueous solution of sodium hydroxide (1.0 M) dropwise, followed by 

addition of another one equivalent of sodium hydroxide diluted with water (0.2 M). The 

preparation of the AmB-PGA complex 13 following this method was reproducible (n=30). 

The observed yield of the AmB-PGA complexes 13 was in the range of 72.0±5.7 to 

78.8±1.7% (Table 39). The complexation efficiency was in the range of 76.0±3.5 to 

90.8±8.4%. It was observed that the complexation efficiency is higher with complexes 13 

having high AmB loading (53.3±4.1%) than with complexes 13 having low AmB loading 

(25.2±1.1%) (Table 39). The reason that some AmB did not complex with PGA 12 might 

be due to the presence of steric hindrance restricting carboxylic group of PGA 12 to interact 

with AmB. In complexation of poly(acrylic acid) (PAA) with doxorubicin, only 70.0% of 

PAA carboxylic group was thought to form a complex with doxorubicin due to steric 

restriction stopping PAA carboxylic group from complexing with doxorubicin (Kitaeva et 

al. 2004b). However, very high AmB loading -50.0% can be achieved in AmB-PGA 

complex 13. This might be explained by increased hydrophobic interaction between AmB 

molecules with increased amount of the added AmB leading to efficient complexation 

(90.8±8.4%).

Table 39. AmB loading and complexation efficiency of AmB-PGA complex 13 (n=3).

N AmB
(mg)

Polymer
(mg)

Theoretical 
Loading (%)

AmB loading 
(%)

Complexation 
efficiency (%)

Yield
(%)

1 15.0 30.0 33.3 25.2±1.1 76.0±3.5 75.U2.4
2 20.0 30.0 40.0 32.9±2.4 82.3±6.0 78.8±1.7
3 45.0 30.0 60.0 53.3±4.1 90.8±8.4 72.0±5.7
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The size and charge of the AmB-PGA complex 13 were measured and compared 

with AmBisome® (Table 40). The observed size of AmBisome® was 93.22±0.68 nm (PDI 

of 0.29±0.31) in aqueous solution. The observed surface charge of AmBisome® was 

-59.27±3.42 mV. This was consistent with the literature where AmBisome® has a particle 

size of 60.0-80.0 nm and a negative surface charge (Adler-Moore & Proffitt 2002; Adler- 

Moore & Proffitt 1993; Dupont 2002; Hiemenz & Walsh 1996; Olson et al. 2008; Storm & 

van 1997; Torrado et al. 2008). The size of the AmB-PGA complex 13 was in the range of 

108.13±0.67 to 160.6±0.87 nm (PDI of 0.20±0.0I to 0.30±0.0I) which is larger than 

AmBisome®. The size of Fungizone® is 218.36± 111.3 nm which is larger than AmB- 

PGA complex 13 (Mullen et al. 1997). The measured surface charge of these complexes 13 

was in the range of -48.67±0.75 to -62.30±2.17 mV, which indicates formation of stable 

AmB-PGA complex 13. The strong negative charge displayed by AmB-PGA complex 13 

was due to the presence of PGA 12 carboxylic groups in an ionised form the complex 13. 

AmB was present as an aggregates in the AmB-PGA complex 13 with an aggregation ratio 

of 2.2-3.0 (aggregation peak at 315 -318 nm) (Table 40, entries 1-3) and as broad peak at 

315-324 nm (Table 40, entries 4-6)). The aggregation state of AmB in AmB-PGA complex 

13 will be discussed in detail later in this chapter. AmB-PGA complex 13 shown in Table 

40, are prepared from two different batches of protonated PGA 12 (Entries 1-3 and 4-6).

Table 40. Physicochemical characteristics of new batches of AmB-PGA complex 13 
prepared from PGA 12 that has been protonated by dialysis against HCl (0.01 M) and 
purified by dialysis against water.

N AmB 
Loading (%)

Size*
(nm)

PDI* Charge*
(mV)

Aggregation
ratio

Aggregation 
peak (nm)

1 25.5 160.60±0.87 0.30±0.01 -54.67±0.21 2.2 315
2 31.0 131.10±2.55 0.24±0.02 -62.30±2.17 2.7 316
3 51.0 108.13±0.67 0.20±0.01 -53.45±2.90 2.8 318
4 26.2 157.23±1.04 0.20±0.01 -48.67±0.75 1.9 315-326
5 33.0 126.90±0.28 0.20±0.02 -58.50±0.56 2.6 315-326
6 51.0 116.13±2.74 0.20±0.03 -54.23±1.74 3.0 315-326

*Size and Charge are average ± STD of three measurements (each measurement is an average of 100 readings)

The effect of increasing AmB loading on the toxicity of the AmB-PGA complex 13 

against human RBCs was tested. The AmB-PGA complex 13 with AmB loadings of 25.5,

31.0 and 51.0% (Table 40, entries 1-3) displayed 3.37±0.66, 11.58±1.09 and 10.20±3.00% 

haemolysis after 24 h incubation with RBCs at 37°C at 50.0 pg/mL AmB equivalents 

(Figure 78). In comparison Fungizone® caused 98.35±4.33% haemolysis, while
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AmBisome® caused negligible lysis of RBCs (2.39±0.38% haemolysis) at the same AmB 

concentration (Figure 78). AmB-PGA complex 13 with AmB loading of less than 30.0% 

was the least toxic complex 13. There was no significant difference (p=0.881) in the 

haemolysis caused by AmB-PGA complexes 13 having AmB loading of 31.0 and 51.0%. 

on contrast, there was significant difference in the haemolysis caused by AmB-PGA 

complex 13 having AmB loading of 25.5% compared to complexes 13 with AmB loading 

of 31.1% and 51.0% (p<0.0001). There was significant reduction in the haemolytic toxicity 

of AmB in the case of all these AmB-PGA complexes 13 compared to Fungizone® 

(p<0.0001). The PGA-Na 12a had no toxic effect on human RBCs at concentrations as high 

as 200.0 pg/mL and caused only 1.78±0.23% haemolysis (Figure 79).

Fungizone 
AmBisome 
AmB-PGA (25.5%) 

AmB-PGA (31.0%) 
AmB-PGA (51.0%)
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Figure 78. Effect of increasing AmB loading in AmB-PGA complexes 13 on human RBCs 
after 24 h incubation period. Data pooled from three different experiments, three donors 
and triplicate determination per donor. Each data point is an average ± standard deviation.
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Figure 79. Haemolysis caused by PGA-Na 12a (50-70 kDa). Data pooled from two donors 
in the same experiment. Each data point is an average ± standard deviation.
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A second batch of AmB-PGA complex 13 was prepared to evaluate the potential for 

reproducibility and control of AmB loading in the complex 13 (Table 40, entries 4-6). 

AmB-PGA complex 13 with AmB loading of 26.2, 33.0 and 51.0% (Table 40, entries 4-6) 

displayed 3.21±1.58, 4.81±1.45 and 7.39±2.83% haemolysis after 24 h incubation with 

human RBCs at 37°C at concentration of 50.0 pg/mL AmB equivalents (Figure 80). In 

comparison Fungizone® caused 96.73± 8.48% haemolysis at the same AmB concentration 

(Figure 80). There was significant reduction in the haemolytic toxicity of AmB on the case 

all these AmB-PGA complexes 13 compared to Fungizone® (p<0.0001).

F u n g i z o n e
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Figure 80. Effect of increasing AmB loading in AmB-PGA complex 13 on human RBCs 
after 24 h incubation period. Data pooled from two different experiments, three donors and 
triplicate determination per donor. Each data point is an average ± standard deviation.

Am B -PG A com plex 13_ purifica tion

Two purification methods for the removal of the un-complexed AmB and the complexing 

solvents were used to optimise the complexation process. Furthermore, these studies were 

conducted to determine whether there is free AmB un-complexed still present in AmB- 

PGA complex 13 after the purification. AmB-PGA complex 13 with different AmB 

loadings were prepared and purified by either; (1) dialysis, (2) size exclusion 

chromatography, or (3) dialysis followed by size exclusion chromatography. The 

complexation reaction mixture was divided into three portions after completion of the 

reaction and purified using the different purification methods. The loading of AmB in the 

AmB-PGA complex 13 was less in the complex 13 purified by size exclusion 

chromatography compared with dialysis (Table 41). The complexation efficiency was 

reduced when size exclusion was used to prepare AmB-PGA complex 13. The AmB-PGA 

complex 13 prepared by dialysis (AmB loading of 23.6%) had a complexation efficiency of
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70.9% which was twofold higher than the observed complexation efficiency of their 

counterpart complex 13 prepared by size exclusion (Table 41, entry 1 and 2). Similar 

results were obtained with the complex 13 that was prepared by dialysis and having less 

AmB loading (16.5%) (Table 41, entry 4 and 5).

Table 41. Optimisation of complexation reaction using different purification methods

no Method of purification AmB Loading 
(%)

Theortical 
loading (%)

Complexation 
efficiency (%)

1 Dialysis 23.6 33.3 70.9
2 Size exclusion 11.4 33.3 34.2
3 Dialysis and size exclusion 15.6 33.3 46.9
4 Dialysis 16.5 25.0 66.0
5 Size exclusion 9.5 25.0 38.0
6 Dialysis and size exclusion 13.2 25.0 52.8

There was a reduction in the AmB loading in the AmB-PGA complex 13 purified 

by size exclusion chromatography compared with complexes 13 prepared by dialysis. This 

might be due to the complexation process might occur in two phases: (1) fast phase where 

most of AmB complexes with PGA 12 during the complexation reaction and (2) slow phase 

that might occur during dialysis stage where some of free AmB forms complex with PGA

12. Purification using size exclusion chromatography (PDIO) is very fast and does not 

allow the slow phase complexation and all free AmB is removed from the AmB-PGA 

complex 13 and PGA 12 mixtures. The fast phase interaction was thought to be by an 

electrostatic interaction between amino group and ionised carboxylic group of PGA 12 

which occur during the change of pH upon addition of sodium hydroxide. The slow phase 

complexation was thought to occur during dialysis. As the reaction mixture is dialysed 

against double distilled water which had an acidic pH~6.5, there is a possibility for free 

AmB to bind to the polymer 12 by hydrogen bond via the amino group of AmB and the 

protonated carboxylic group of PGA 12. Furthermore, some of free AmB might bind to the 

complexed AmB by hydrophobic interaction and hydrogen bonding. Some of free AmB is 

thought to bind to the covalently linked AmB in AmB-PEG conjugates by hydrophobic 

interactions and hydrogen bonding (Sedlak 2009). There is also possibility of hydrophobic 

interactions between AmB and PGA 12 backbone. It is thought that the complexation of 

diphenhydramine with PGA 12 occurs in two phases, rapid phase after addition of PGA 12 

due to electrostatic interaction and slow phase during incubation at 25°C for up to 30 h due 

to more specific hydrophobic interaction with a-helix PGA 12 (Agresti et al. 2008).
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The reduction in the AmB loading and complexation efficiency observed in AmB- 

PGA complexes 13 purified by dialysis followed by size exclusion chromatography (PDIO) 

might be due to presence of weakly associated AmB with AmB-PGA complex 13 (Table 

41, entries 3 and 6). This weakly associated AmB might separate from AmB-PGA complex 

13 upon elution of the complex 13 in PDIO due to interaction with the gel beads in the 

column. Furthermore, the water used to elute the AmB-PGA complex 13 through PDIO 

column was not buffered. This might lead to partial protonation of the polymer and 

dissociation of some AmB from the AmB-PGA complex 13.

AmB-PGA complex 13 prepared by either of the purification methods mentioned 

above were not haemolytic against human RBCs after 24 h incubation at 37°C. AmB-PGA 

complexes 13 that were purified by dialysis having 23.6% AmB loading, size exclusion 

having 11.4% AmB loading and dialysis followed by size exclusion having 15.6% AmB 

loading displayed 2.69±0.84, 9.25±1.91 and 4.11±0.45% haemolysis respectively after 24 h 

incubation at 50.0 pg/mL AmB equivalents (Figure 81, Table 41 entry 1-3). In comparison 

Fungizone® caused 81.06±10.48% haemolysis, while AmBisome® showed 5.32±0.33% 

haemolysis at the same AmB concentration (Figure 81). This precludes the possibility of 

the presence of free un-associated AmB in AmB-PGA complex 13. If there is free AmB in 

these complexes 13, they will show haemolytic toxicity. Only free AmB (unbound to the 

carrier) is active against cells, therefore the toxicity of AmB depends on the ability of AmB 

dissociate from the delivery carrier (Brajtburg & Bolard 1996).

Fungizone 
AmBisome 

AmB-PGA (11.4%) 

AmB-PGA (15.6%) 

AmB-PGA (23.6%)

100-

90-
80-

20 -

1 0 -

0 5 10 15 20 25 30 35 40 45 50
AmB concentration (pg/mL)

Figure 81. Haemolysis caused by AmB-PGA complex 13 prepared by different purification 
methods (Table 41, entries 1-3): (1) dialysis (blue line), (2) size exclusion chromatography 
(red line) and (3) dialysis followed by size exclusion chromatography (purple line) after 24 
h incubation period. Data pooled from two different human blood donors.
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Similar observations were noticed when AmB-PGA complexes 13 with lower AmB 

loading were prepared (Table 41, entry 4-6). AmB-PGA complex 13 purified by dialysis 

having 16.5% AmB loading, size exclusion having 9.5% AmB loading and dialysis 

followed by size exclusion having 13.2% AmB loading displayed 20.04±6.08, 3.33±0.61 

and 25.47±7.57% haemolysis respectively after 24 h incubation at 50.0 pg/mL AmB 

equivalents (Figure 82). In comparison Fungizone® caused 81.06±10.48% haemolysis, 

while AmBisome® showed 5.32±0.33% haemolysis at the same AmB concentration 

(Figure 82).

Fungizone 
AmBisome 
AmB-PGA (9.0%) 
AmB-PGA (13.2%) 
AmB-PGA (16.5%)

5 10 15 20 25 30 35 40 45 50
AmB concentration (|ag/mL)

Figure 82. Haemolysis caused by AmB-PGA complexes 13 prepared by different 
purification methods (Table 41, entries 4-6): (1) dialysis (blue line), (2) size exclusion 
chromatography (red line) and (3) dialysis followed by size exclusion chromatography 
(purple line) after 24 h incubation period. Data pooled from two different human blood 
donors in the same experiment.

Dialysis was selected for purification of AmB-PGA complex 13 for two reasons: (1) 

efficient complexation can be achieved using dialysis and (2) AmB-PGA complex 13 

prepared by dialysis are more stable and less toxic than the complex 13 prepared by size 

exclusion chromatography. It is acknowledged however that further work would be 

necessary to scale up the process at later stage of development.

Addition  o f  P V P

Poly(vinylpyrrolidone) (PVP) is a hydrogen bond acceptor that have the ability to interact 

with polyacid such as poly(acrylic acid) and poly(methacrylic acid) 3 via hydrogen bonding 

(between carboxylic group in PMAA 3 or PAA and carbonyl group in PVP) (Liu et al. 

2001; Liu et al. 2004; Usaitis et al. 1997). PGA 12 is a polyacid that contains excellent
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hydrogen bond donor and accepting sites (Agresti et al. 2008). It is possible that PGA 12 

might interact with PVP via formation of hydrogen bonding. Our hypothesis is the addition 

of PVP at the end of the complexation reaction might lead to formation of more stable 

AmB-PGA complex 13. Furthermore, the water solubility of AmB-PGA complex 13 might 

improve by addition of water soluble polymer such as PVP.

An aqueous solution of PVP (Mw 29.0 kDa) was added at the end of the 

complexation process. Different molar ratios of PGA 12 to PVP were used to prepare the 

AmB-PGA complex 13 with different AmB loading. The complexation efficiency was in 

the range of 52.0 -73.8% for AmB-PGA complex 13 prepared by addition of 1: 1 (PGA: 

PVP), 43.8-59.0% for AmB-PGA complex 13 prepared by addition of 1:0.5 (PGA: PVP) 

and 53.4 -55.8% for AmB-PGA complex 13 prepared from 1:0.1 (PGA: PVP) (Table 42). 

The complexation efficiency of PGA 12 and the AmB loading was reduced by the addition 

of PVP in comparison with AmB-PGA complex 13 prepared without addition of PVP 

(complexation efficiency ~76.0±3.5 to 90.8±8.4%).

The water solubility of AmB-PGA complex 13 prepared by addition of either 0.5 

mole or 1.0 mole PVP was improved. The maximum water solubility for these AmB-PGA 

complexes 13 was in the range between 2.2 to 8.5 mg/mL AmB equivalents (Table 43, 

entries 1-7). The addition of PVP (0.1 mole) did not show any effect on the solubility of 

AmB-PGA complex 13 (Table 43, entry 8-10).

Table 42. Reactant amount, AmB loading and the complexation efficiency of AmB-PGA 
complex 13 prepared by addition of PVP.

N AmB
(mg)

Polymer
(mg)

PGAiPVP
(Mole)

AmB 
loading (%)

Theortical 
loading (%)

Complexation 
efficiency (%)

1 15.0 30.0 1:1 17.3 33.3 52.0
2 20.0 30.0 1:1 21.7 40.0 54.3
3 30.0 30.0 1:1 28.2 50.0 56.4
4 45.0 30.0 1:1 44.3 60.0 73.8
5 15.0 30.0 1:0.5 14.6 33.3 43.8
6 25.0 30.0 1:0.5 24.4 45.5 53.6
7 50.0 30.0 1:0.5 36.9 62.5 59.0
8 15.0 30.0 1:0.1 18.0 33.3 54.1
9 25.0 30.0 1:0.1 25.4 45.5 55.8
10 50.0 30.0 1:0.1 33.4 62.5 53.4
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Table 43. The water solubility of AmB-PGA complex 13 prepared by addition of PVP.

no PGA:PVP 
Mole (ratio)

AmB loading 
(%)

Solubility
(mg/mL)

1 1:1 17.3 2.5
2 1:1 21.7 3.4
3 1:1 28.2 4.5
4 1:1 44.3 6.9
5 1:0.5 14.6 2.2
6 1:0.5 24.4 3.7
7 1:0.5 36.9 8.5
8 1:0.1 18.0 1.3-1.5
9 1:0.1 25.4 1.3-1.5
10 1:0.1 33.4 1.3

Despite the enhancement of water solubility of the AmB-PGA complex 13 by 

addition of PVP, these complexes 13 were not better in terms of their haemolysis properties 

than the AmB-PGA complex 13 containing no PVP. The AmB-PGA complex 13 prepared 

by adding PVP displayed toxicity against human RBCs. AmB-PGA complexes 13 prepared 

by addition of PVP (1:1) mole having AmB loading 17.3, 21.7, 28.2 and 44.3% (Table 43, 

entries 1-4) caused 29.06±4.15, 61.74±5.15, 62.00±7.39 and 55.01±3.38% haemolysis after 

24 incubation with RBCs at 37°C at 100.0 pg/mL AmB equivalents respectively (Figure 

83). In comparison. Fungizone® caused 100.0±1.98% haemolysis at the same AmB 

concentration in this experiment (Figure 83).

Fungizone
AmB-PGA (17.3%) 
AmB-PGA (21.7%) 

AmB-PGA (28.2%) 

AmB-PGA (44.3%)

1 1 1 1
10 20 30 40 50 60 70 80 90 100

AmB concentration (pg/mL)

Figure 83. Haemolysis caused by AmB-PGA complex 13 prepared by addition of 1:1 
(PGA: PVP) after 24 h incubation period. Data pooled from two different human blood 
donors in the same experiment (duplicates determination per donor). Each data point is an 
average ± standard deviation.
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The toxicity of these AmB-PGA complexes 13 was confirmed by testing the 

cytotoxicity of the same AmB-PGA complexes 13 against KB cells. AmB-PGA complex 

13 having AmB loading of 17.3, 21.7, 28.2 and 44.3% displayed reduction in KB cell 

viability (71.41±1.58, 53.73±2.25, 71.82±3.70 and 87.39±2.07% cell viability respectively) 

at 200.0 pg/mL AmB equivalents (Figure 84). The control AmB at the same concentration 

completely suppressed the growth of KB cells (Figure 84). The presence of toxicity when 

PVP (1.0 mole) was added to AmB-PGA complex 13 might be due to interference of PVP 

with the interaction between AmB and PGA 12.

AmB
AmB-PGA (17.3%) 
AmB-PGA (21.7%) 
AmB-PGA (28.2%) 
AmB-PGA (44.3%)
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AmB concentration (pg/mL)

Figure 84. Effect of AmB-PGA complexes 13 prepared by addition of PGA: PVP (1:1) on 
the KB cells viability after 72 h incubation period. Each data point is an average of 
triplicates ± standard deviation.

The added amount of PVP was reduced to 0.5 moles in order to reduce the toxicity 

of the complexes 13. AmB-PGA complex 13 prepared by addition if PGA:PVP (1:0.5) 

mole having AmB loading 14.6, 24.4, and 36.9% (Table 43, entries 5-7) displayed 

52.95±5.93, 52.37±6.34, and 46.97±9.34% haemolysis respectively after 24 incubation 

with human RBCs at 37°C at 100.0 pg/mL AmB equivalents (Figure 85). In comparison, 

Fungizone® caused 100.0±1.98% haemolysis at the same AmB concentration (Figure 85). 

These AmB-PGA complexes 13 (14.6, 24.4 and 36.9% AmB loading) displayed 

80.41±2.31, 50.73±4.88 and 40.18±3.34% viability of KB cells after 72 h incubation at 

37°C at 200.0 pg/mL AmB equivalents. The reduction of the amount of PVP to 0.5 moles 

did not reduce toxicity of the complexes 13.
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Figure 85. Haemolysis caused by AmB-PGA complexes 13 prepared by addition of 1:0.5 
(PGA: PVP) after 24 h incubation period. Data pooled from two different human blood 
donors in the same experiment (duplicates determination per donor). Each data point is an 
average ± standard deviation.

The amount of PVP was further reduced to 0.1 moles in order to reduce the toxicity 

of the complexes 13. AmB-PGA complex 13 prepared by addition of PGA:PVP (1:0.1) 

mole having AmB loading 17.2, 24.5, and 33.0% (Table 43, entries 8-10) displayed 

21.87±5.83, 34.98±19.13, and 55.57±5.96% haemolysis respectively after 24 h incubation 

with human RBCs at 37°C at 100.0 pg/mL AmB equivalents (Figure 86). In comparison. 

Fungizone® caused 95.08±8.11% haemolysis at the same AmB concentration (Figure 86). 

The toxicity of these complexes was confirmed by cytotoxicity testing against KB cells.

Fungizone

AmB-PGA (17.2%) 

AmB-PGA (24.5%) 

AmB-PGA (33.0%)

10 20 30 40 50 60 70 80 90 100

AmB concentration (pg/m L)

Figure 86. Effect of AmB-PGA complex 13 prepared by addition of 1:0.1 (PGA: PVP) on 
human RBCs after 24 h incubation period. Data pooled from two different experiment and 
four human blood donors (two donors in each experiment and triplicate determination per 
donor). Each data point is an average ± standard deviation.
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The same AmB-PGA complex 13 having AmB loading 27.0, 30.6, and 38.02% 

displayed 65.13±4.25, 71.82^2.95 and 74.19±3.04% KB cells viability at 200.0 pg/mL 

AmB equivalents (Figure 87). The control AmB at the same concentration completely 

suppresses the growth of KB cells (Figure 87). Reduction of the amount of PVP to 0.1 

moles did not reduce the toxicity of the AmB-PGA complex 13 prepared by addition of 

PVP when compared to the complexes 13 prepared without PVP.

Am B

A m B -PG A  (27.0% ) 

A m B -PG A  (30.6% ) 

A m B -PG A  (38.2% )
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Figure 87. Effect of AmB-PGA complexes 13 prepared by addition of PGA: PVP (1:0.1) 
on the viability of KB cells after 72 h incubation period. Each data point is an average of 
triplicates ± standard deviation.

The physicochemical characteristics of the AmB-PGA complex 13 prepared using 

PVP are listed in Table 44. The size of AmB-PGA complex 13 was in the range of 

105.73±0.61 to 189.35±3.02 nm (PDI 0.19±0.01 to 0.35±0.02) for the complexes 13 

prepared by addition of PGA: PVP (1:1) (Table 44, entries 1 -4), 68.16±0.51 to 106.13±0.21 

nm (PDI 0.46±0.03 to 0.19±0.01) for complexes 13 prepared by addition of PGA:PVP 

( 1:0.5) (Table 44, entries 5-7) and 118.9 to 179.7 nm (PDI 0.22-0.25) for the complexes 13 

prepared by addition of PGA: PVP (1:0.1) (Table 44, entries 8-10). There was no clear 

effect of the added amount of PVP on the size of the AmB-PGA complex 13.

The surface of charge of the AmB-PGA complex 13 was negative in the range of 

-35.83±2.42 to -50.2±2.23 mV for the complexes 13 prepared by addition of PGA: PVP 

(1:1), -39.2±0.4 to -47.03±1.01 mV for the complexes 13 prepared by addition of PGA: 

PVP ( 1:0.5) and -47.9 to -57.9 mV for the complexes 13 prepared by addition of PGA: PVP 

(1:0.1) (Table 44). There was no clear effect of the added amount of PVP on the surface 

charge of the AmB-PGA complexes 13. Furthermore the AmB loading did not show any
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correlation with either size or charge of the AmB-PGA complex 13. This was similar to the 

observations seen with AmB-PGA complex 13 prepared without addition of PVP (Table 

40).

Table 44. Characteristics of AmB-PGA complex 13 prepared by addition of PVP.
no PGA:PVP

(Mole)
AmB loading 

(%)
Size*
(nm)

PDI* Charge*
(mV)

1 1:1 17.3 172.13±1.23 0.27±0.01 -49.60±1.70
2 :1 21.7 105.73^0.61 0.19±0.01 -35.83±2.42
3 :1 28.2 120.93±0.81 0.23±0.01 47.40±2.17
4 1:1 44.3 189.35±3.02 0.35±0.02 -50.20±2.23
5 1 0.5 14.6 68.16±0.51 0.46±0.03 -47.03±1.01
6 1 0.5 24.4 106.13±0.21 0.19±0.01 -39.20±0.40
7 1 0.5 36.9 100.77±0.07 0.21±0.00 -43.73±1.06
8 1 0.1 18.0 172.80±4.76 0.26±0.01 -50.20±0.99
9 1 0.1 25.4 143.80±3.88 0.24±0.01 -47.30±0.85
10 1 0.1 33.4 117.00±2.69 0.23±0.02 -57.45±0.64

*Size and Charge are average ± STD of three measurements (each measurement is an average of 100 readings).

AmB in these AmB-PGA complexes 13 was aggregated and the aggregation ratio 

was 1.4-2.3 (aggregation peak at 315-327 nm) for the complexes 13 prepared by addition of 

PGA: PVP (1:1), 2.3-2.7 (aggregation peak at 321 nm) for the complexesl3 prepared by 

addition of PGA: PVP (1:0.5) and 1.3 (aggregation peak at 322 nm) for the complexesl3 

prepared by addition of PGA: PVP (1:0.1) (Table 45). The aggregation profile of AmB- 

PGA complex 13 prepared by addition of PVP was different than that for the AmB-PGA 

complex 13 prepared without PVP regarding the position of aggregation peak.

Table 45. Aggregation of AmB-PGA complexes prepared by addition of PVP
no PGA:PVP

(Mole)
AmB 

loading (%)
Aggregation

(ratio)
Aggregation

Peak
1 :1 17.3 1.4 315
2 :1 21.7 1.8 321
3 :1 28.2 2.3 327
4 1:1 44.3 2.2 321
5 1 0.5 14.6 2.3 321
6 1 0.5 24.4 2.3 321
7 1 0.5 36.9 2.7 321
8 1 0.1 18.0 1.3 322
9 1 0.1 25.4 1.3 322
10 1 0.1 33.4 1.3 322
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To sum up, the addition of PVP to the AmB-PGA complex 13 resulted in an 

increase in the water solubility of AmB-PGA complex 13 up to 2.2-8.5 mg/mL AmB 

equivalents. Unfortunately all AmB-PGA complexes 13 prepared by addition of PVP were 

toxic to human RBCs and mammalian cells. This might be explained by the presence of 

weak interaction between AmB and PGA 12 PVP might interfere in the interaction 

between AmB and PGA 12. The PGA 12 is anionic polyelectrolytes due to presence of 

carboxylic group which might lead to a possible interaction with PVP. PVP has ability to 

interact and complex with other polyelectrolyte such as poly (aery lie acid) (Jin et al. 2005) 

and poly(methacrylic acid) (Liu et al. 2004) via hydrogen bonding and dipole-dipole 

interaction. PVP might compete with AmB for interacting with PGA 12 and destabilise 

AmB-PGA complex 13. This is evidenced by the reduction of the complexation efficiency 

of PGA 12 upon the addition of PVP.

Use o f lower molecular weight PGA 12
The use of PGA 12 with a molecular weight less than 50 kDa was tested in order to 

improve water solubility of AmB-PGA complex 13. PGA 12 with a molecular weight of 

20-40 kDa was used. The observed yield of the AmB-PGA complex 13 prepared from PGA 

12 having molecular weight of 20-40 kDa was in the range of 44.7-72.3% (Table 46). The 

complexation efficiency was in the range of 52.0-86.3%. It was observed that the 

complexation efficiency is higher with complexes 13 having high AmB loading (51.8%) 

than with the complexes 13 with lower AmB loadings (17.3 and 26.7%) (Table 46). Similar 

observations were recorded with AmB-PGA complex 13 prepared from PGA 12 with the 

higher molecular weight (50-70 kDa). The complexation efficiency was slightly higher in 

the case of PGA 12 with high molecular weight of 50-70 kDa (~76.0±3.5 to 90.8±8.4%) 

than with a low molecular weight. This indicates a potentially better complexing ability of 

the higher molecular weight PGA 12.

Table 46. The reactant amounts, AmB loading and complexation efficiency of AmB-PGA 
complex 13 prepared from PGA 12 (20-40 kDa).

no AmB
(mg)

Polymer
(mg)

Theoretical 
loading (%)

AmB loading 
(%)

Complexation 
efficiency (%)

Yield
(%)

1 15.0 30.0 33.3 17.3 52.0 71.8
2 20.0 30.0 40.0 26.7 66.8 68.4
3 30.0 30.0 50.0 37.0 74.0 44.7
4 45.0 30.0 60.0 51.8 86.3 72.3
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AmB-PGA complexes 13 prepared from PGA 12 (20-40 kDa) having an AmB 

loading of 17.0, 17.1, 23.0 and 27.0% were not toxic and displayed 6.18±0.79, 3.60±0.47, 

9.67±0.99 and 15.13±0.65% haemolysis respectively after 24 incubation with RBCs at 

37°C at 50.0 pg/mL AmB equivalents (Figure 88). In comparison. Fungizone® caused 

95.40±6.38% haemolysis at the same AmB concentration in this experiment (Figure 88).

Fungizone
AmB-PGA (17.0%) 
AmB-PGA (17.1%) 

AmB-PGA (23.0%) 

AmB-PGA (27.0%)

1----------- 1-1------1------r
0 5 10 15 20 25 30 35 40 45 50

AmB concentration (pg/mL)

Figure 88. Haemolysis caused by AmB-PGA complex 13 prepared from PGA 12 (20-40 
kDa) after 24 h incubation period with human RBCs. Data represent average of triplicates ± 
standard deviation.

The effect of increasing AmB loading in the AmB-PGA complex 13 prepared from 

PGA 12 (20-40 kDa) was examined. AmB-PGA complexes 13 having AmB loadings of 

23.0, 37.0 and 52.0% displayed 9.90±1.34, I3.64±0.76 and 20.76±2.16% haemolysis after 

24 h incubation with RBCs at 37°C at 50.0 pg/mL AmB equivalents (Figure 89). In 

comparison. Fungizone® caused 98.35±4.32% haemolysis and AmBisome® displayed 

negligible lysis of RBCs (2.39±0.38%) at the same AmB concentration (Figure 89). PGA- 

Na 12a (20-40 kDa) did not contribute to the effect of the AmB-PGA complex 13 on the 

human RBCs. PGA-Na 12a (20-40 kDa) caused negligible lysis of RBCs at concentration 

as high as 200.0 pg/mL after 24 h incubation at 37°C (Figure 90).
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Figure 89. Haemolysis caused by AmB-PGA complex 13 prepared from PGA 12 (20-40 
kDa) after 24 h incubation period with human RBCs. Data pooled from two different 
experiments (two donors and triplicates determination per donor). Each data point is an 
average ± standard deviation.
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Figure 90. Haemolysis caused by PGA-Na 12a (20-40 kDa) after 24 h incubation. Data 
pooled from two different experiments (two donors and triplicates determination per 
donor). Each data point is an average ± standard deviation.

The reduction in the toxicity of the AmB-PGA complex 13 prepared from PGA 12 

(20-40 kDa) was confirmed by evaluating their effects on KB cell viability. AmB-PGA 

complex 13 having 23.0, 37.0 and 52.0% AmB loading displayed 71.02±2.87, 

105.29±11.84 and 72.07±1.35% cell viability respectively at 200 pg/mL AmB equivalents 

after 72 h incubation at 37°C (Figure 91). In comparison, the control AmB and Fungizone® 

caused 100.0% inhibition of KB cells growth at the same concentration in this experiment 

(Figure 91). These complexes 13 were similar to AmB-PGA complex 13 prepared from 

PGA 12 (50-70 kDa) regarding their significant reduction in AmB toxicity (p<0.05).

226



120n

100-

S  60-
C3

=  40-<uU
20 -

0 25 50 75 100 125 150 175 200

Fungizone 

- - X - -  AmB

AmB-PGA (23.0%) 

AmB-PGA (37.0%) 

AmB-PGA (52.0%)

AmB concentration (|ig/mL)

Figure 91. Toxicity of AmB-PGA complex 13 prepared from PGA 12 (20-40 kDa) having 
different AmB loadings against KB cells after 72 h incubation. Each data point represents 
an average of triplicates ± standard deviation.

The physicochemical characteristics of AmB-PGA complex 13 prepared from PGA 

12 (20-40 kDa) are summarised in Table 47. AmB presents in a highly aggregated state 

with aggregation ratio of 2.7-3.3 (aggregation peak at 320-323 nm). The size of AmB-PGA 

complex 13 was in the range of 108.03±1.01 to 132.0±2.40 nm (PDl 0.17±0.00 to 

0.27±0.00). There was no effect of the AmB loading on the size of the AmB-PGA complex

13. In comparison, the size of AmB-PGA complex 13 prepared from PGA \2  (50-70 kDa) 

was in the range of 108.13±0.67 to 260.553=14.78 nm (PDl; 0.15±0.05-0.30=t0.01) which is 

slightly higher than AmB-PGA complex 13 prepared from PGA 12 (20-40 kDa). The 

polydispersity index indicated a narrow particle size distribution within the same batch of 

the AmB-PGA complex 13. This was true for AmB-PGA complex 13 prepared from PGA 

12 having molecular weight of 20-40 or 50-70 kDa.

The surface charge of AmB-PGA complex 13 (20-40 kDa) was negative in the 

range of -41.233=0.06 to -50.673=4.25 mV which is similar to AmB-PGA complex 13 

prepared from PGA 12 (50-70 kDa) (-54.673=0.21 to -62.30=^2.17 mV). The molecular 

weight of the PGA 12 did not appear to affect the size and the charge of the AmB-PGA 

complex 13.
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Table 47 Physicochemical characteristics of AmB-PGA complexes 13 prepared from PGA
12 (20-40 kDa).

no AmB 
Loading (%)

Size
(nm)

PDl Charge
(mV)

Aggregation
ratio

Aggregation 
peak (nm)

1 23.0 132.0±2.40 0.27±0.00 - 47.6±0,60 3.3 321

2 37.0 108.03±1.01 0.17±0.00 -41.23±0.06 2.7 323

3 52.0 126.5±0.72 0.24±0.00 -50.67±4.25 2.7 320

The water solubility of the AmB-PGA complex 13 prepared from PGA 12 (20-40 

kDa) was 1.5-3.0 mg/mL AmB equivalents. It was similar to AmB-PGA complex 13 

prepared from PGA 12 (50-70 kDa). Reducing the molecular weight of PGA 12 did not 

improve the water solubility of the AmB-PGA complex 13.

Summary o f the optimised method for AmB-PGA complex 13 preparations 
The data presented in this sections shows that factors which are crucial in the preparation of 

AmB-PGA complex 13 can be summarised in three points: (1) there is a need to use 

extremely pure free acid of the polymer 1 2  that has been exhaustively dialysed to remove 

sodium chloride, (2 ) addition of sodium hydroxide in two steps (as mentioned above) and, 

(3) complete removal of the un-complexed AmB by using extensive dialysis.

Aggregation o f AmB-PGA complex 13,
AmB tends to self-associate because of its amphiphilic nature. Many studies have shown 

that the aggregation state of AmB has an important effect on toxicity (Barwicz et al. 1992; 

Bolard et al. 1991; Legrand et al. 1992), activity (Gaboriau et al. 1997; Brajtburg et al. 

1994) and stability of AmB (Lamy-Freund et al. 1993). The most important factor, which 

should be considered when developing a formulation of AmB is thought to be the 

aggregation state of AmB (Sanchez-Brunete et al. 2004b). Many formulations of AmB have 

been developed in order to improve its therapeutic index (Abelcet®, Amphotec®, 

AmBisome®). In all of these formulations, AmB exists in aggregated form (Mullen et al. 

1997).

All AmB-PGA complexes 13 prepared from PGA 12 (50-70 kDa) were highly 

aggregated with aggregation ratio (A315.3 is /A409) >1 (2.2-3.9) (Table 40, entries 1-3 and 

Table 38, entries 1-5). The significant characteristic of AmB aggregates in AmB-PGA 

complex 13 is the observed spectral shift of the aggregation peak in comparison with 

Fungizone® (Figure 92). The aggregation peak of Fungizone® appeared at wavelength 329
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nm (Figure 92). The AmB-PGA complex 13 prepared from PGA 12 (50-70 kDa) displayed 

an aggregation peak around 315-318 nm (aggregation ratio was 2.2-3.1) (Figure 92) (Table 

40, entries 1-3 and Table 38, entries 1-5). AmBisome® displayed an aggregation peak at 

322 nm that was also shifted to a lower wavelength than Fungizone® (Figure 92). These 

AmB-PGA complexes 13 were not toxic against mammalian cells. The aggregation and 

spectral shift of AmB-PGA complex 13 (51.0% AmB loading) did not change after 7 days 

storage at 4°C in a solution form at concentration of 1.0 mg/mL AmB equivalents 

(Appendix 18).
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Figure 92. UV spectrum of AmB-PGA complex 13 prepared from PGA 12 (50-70 kDa) 
showing a spectral shift of aggregation peak to 315 nm.

Another type of aggregates was observed in some AmB-PGA complex 13 prepared 

from PGA 12 (50-70 kDa). These AmB-PGA complexes 13 displayed a broad aggregation 

peak at 315-326 nm (aggregation ratio A315/A409 was 1.9-3.0) (Figure 93) (Table 40, entries 

4-6). These complexes 13 did not cause toxicity against mammalian cells (RBCs cells) 

(Figure 80). The phenomenon of a broad aggregation peak might be explained by the fact 

that the aggregation forms of AmB present depend on the AmB concentration, method of 

preparing the dispersion and the temperature (Egito et al. 2004; Legrand et al. 1992). All 

AmB-PGA complexes 13 were prepared in stock solution 1000 pg/mL AmB equivalents 

and then diluted to 10.0 pg/mL AmB equivalents for determination of AmB aggregation 

state by UV spectroscopy. Direct preparation of AmB-PGA complex 13 solutions (10.0 

pg/mL AmB equivalents) was accomplished by dissolving a weighed amount of AmB- 

PGA complex 13 equivalent to 10.0 pg AmB in 1.0 mL resulted in formation of AmB
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aggregates at 315 nm only. Furthermore when AmB-PGA complexes 13 displaying broad 

aggregation peak were stored at 37°C for 7 days, the aggregation peak shifted to 315 nm.
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Figure 93. UV spectrum of AmB-PGA complex 13 prepared from PGA 12 (50-70 kDa) 
showing a broad aggregation peak at 315-326 nm.

The AmB-PGA complex 13 prepared from PGA 12 (20-40 kDa) displayed an 

aggregation peak ranging from 320-323 nm (aggregation ratio was 2.7-3.3) which were not 

toxic to mammalian cells (Table 47). An example of the UV spectrum of AmB-PGA 

complex 13 prepared from PGA 12 (20-40 kDa) is shown in (Figure 94). The shift of the 

aggregation peak was slightly less to a negligible degree in case of AmB-PGA complex 13 

prepared from PGA 12 (20-40 kDa) compared with complexes prepared from PGA 12 (50- 

70 kDa).
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Figure 94. UV spectrum of AmB-PGA complexes 13 prepared from PGA 12 (20-40 kDa) 
showing a spectral shift of aggregation peak to 320 nm.
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In Fungizone® AmB is present as water soluble self associated form (oligomers). 

This is the most toxic form of AmB. These oligomers appeared at an observed wavelength 

327-329 nm. On the other hand, AmB is present in a highly aggregated state, with an 

aggregation peak at 324 nm in AmBisome® (Espada et al. 2008b; Fujii et al. 1997). 

Furthermore, heat-induced AmB superaggregates displayed an aggregation peak maximum 

peak at 324-327 nm that coincides with AmBisome® aggregation peak (Espada et al. 

2008b). The aggregation peak of polyaggregates that were prepared by dispersion of AmB 

in an aqueous solution containing sodium deoxycholate, dibasic and monobasic sodium 

phosphate appears as a broad peak at 358-370 nm (Espada et al. 2008b). AmB loaded in 

chitosan-dextran sulfate nanoparticles showed highly aggregated AmB with aggregation 

peak at 329-333 nm which was different from the toxic oligomers in Fungizone® 

(Tiyaboonchai & Limpeanchob 2007). The presence of the spectral shift for the aggregation 

peak in case of AmBisome®, heat-induced AmB superaggregates, AmB polyaggregates 

prepared by Espada et al (2008b) and AmB-PGA complex 13 indicates formation of AmB 

aggregates that are different from the oligomers that are present in Fungizone®.

The shape of the AmB-PGA complex 13 (51.0% AmB loading) prepared from PGA 

12 (50-70 kDa) was a micelle like vesicle as determined by transmission electron 

microscopy (TEM) (Figure 95). The shape of the AmB-PGA complex %3 was checked at 

higher concentration of 1.0 mg/mL AmB equivalents and at a lower concentration of 10.0 

Pg/mL to get an idea about the shape of AmB-PGA complex 13 and the aggregation state. 

At both of the tested concentrations AmB-PGA complex 13 displayed a vesicular shape 

(Figure 95).

Diluted

A B C

Figure 95. Shape of AmB-PGA complex 13. A is freeze dried powder. B is an aqueous 
solution of AmB-PGA complex 13 at AmB concentration of 1.0 mg/mL (TEM image 
magnification is 33000). C is is an aqueous solution of AmB-PGA complex 13 at AmB 
concentration of 0.01 mg/mL (image magnification is 24500).
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The size of the AmB-PGA complex 13 was 86.6-114 nm which was consistent with 

the particle size of the complex 13 obtained from dynamic light scattering (nanosizer). 

AmB-PGA complex 13 have spherical particles shape which resembles doxorubicin-PAA- 

b-pluronic copolymer complexes (Tian et al. 2007a; Tian et al. 2007b) and AmB complex 

with partially benzylated poly(aspartic acid) (Yoo et al. 2006).

Biological evaluation o f the optimised AmB-PGA complex 13

Toxicity against human cells
The toxicity of the AmB-PGA complexes 13 that were prepared from PGA 12 (50-70 kDa) 

using the optimised method of complexation was investigated against mammalian cell lines 

(KB cells and THP-1 cells). Fungizone® and AmB (same batch used for preparation of the 

complexes 13) were included as controls. AmB-PGA complexes 13 with different AmB 

loading were tested.

The toxicity of AmB was significantly reduced by complexation with PGA 12. At a 

concentration 200.0 pg/mL AmB equivalents after 72 h incubation at 37°C, Fungizone® 

and AmB completely inhibited KB cells growth while AmB-PGA complexes 13 had a 

negligible inhibition effect on KB cell viability (Figure 96). AmB-PGA complexes 13 

prepared from PGA 12 (50-70 kDa) (aggregation peak at 315 nm) having 25.5, 35.5 and 

51.0% AmB loading displayed of 84.44 ±1.55, 89.26±3.02 and 78.47±8.80% viability of 

KB cells respectively at a concentration of 200 pg/mL AmB equivalents (Figure 96). All 

the tested AmB-PGA complexes 13 (25.5, 35.5 and 51.0% AmB loading) showed 

statistically significant reduction of AmB toxicity towards KB cells compared to 

Fungizone® (P=0.0013, 0.0214 and 0.0033 respectively). There was no significant 

difference in the cell viability between AmB-PGA complexes 13 having different AmB 

loadings (25.5, 35.5 and 51.0%) (p=0.953).
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Figure 96. Toxicity of AmB-PGA complexes 13 prepared from PGA 12 (50-70 kDa) 
having different AmB loadings against KB cells after 72 h incubation period. Each data 
point represents an average of triplicates ± standard deviation.

AmB-PGA complexes 13 that displayed a broad aggregation peak (315-326 nm) 

were tested to ensure that the reduction of AmB toxicity was reproducible. AmB-PGA 

complexes 13 prepared from PGA 12 (50-70 kDa) having 26.2, 33.0 and 51.0% AmB 

loading displayed of 90.08 ±9.95, 91.84±3.47 and 91.30±6.25% KB cell viability 

respectively at a concentration of 200.0 pg/mL AmB equivalents after 72 h incubation at 

37°C (Figure 97). In comparison. Fungizone® and AmB at the same concentration 

completely inhibited the growth of KB cells (Figure 97). All the tested AmB-PGA 

complexes 13 showed statistically significant reduction of AmB toxicity towards KB cells 

compared to Fungizone® and AmB (p<0.05).
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Figure 97. Toxicity of AmB-PGA complex 13 prepared from PGA 12 (50-70 kDa) having 
different AmB loadings against KB cells after 72 h incubation period. Each data point 
represents an average of triplicates ± standard deviation.
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The toxicity of AmB-PGA complex 13 was also tested against THP-1 cells. AmB- 

PGA complexes 13 prepared from PGA 12 (50-70 kDa) having 26.2, 33.0 and 51.0% AmB 

loading displayed 102.10 ±4.34, 105.64±2.10 and 115.54±3.71% viability of THP-1 cell 

respectively at a concentration of 90.0 pg/mL AmB equivalents after 72 h incubation at 

37°C (Figure 98). In comparison, AmB and Fungizone® completely inhibited THP-1 cells 

growth at the same concentration (Figure 98). All the tested AmB-PGA complexes 13 

(26.2, 33.0 and 51.0% AmB loading) showed statistically significant reduction of AmB 

toxicity towards THP-1 cells compared to Fungizone® or AmB (p <0.05).
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Figure 98. Toxicity of AmB-PGA complex 13 prepared from PGA 12 (50-70 kDa) having 
different AmB loadings against THP-1 cells after 72 h incubation period. Each data point 
represents an average of triplicates ± standard deviation.

The effect of PGA-Na 12a on the viability of both KB cells and THP-1 cells was 

examined. PGA-Na 12a did not affect the viability of either KB cells or THP-1 cells at 

concentrations up to 1.0 mg/mL. After 72 h incubation at 37°C, PGA-Na 12a displayed 

91.85±7.80 and 110.65±0.75% viability of KB and THP-1 cells respectively at 

concentration of 1.0 mg/mL (Figure 99).
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Figure 99. Toxicity of PGA 12 (50-70 kDa) against THP-1 and KB cells after 72 h 
incubation period. Each data point represents an average of triplicates ± standard deviation.

AmB-PGA complexes 13 were not toxic to human RBCs and mammalian cells (KB 

and THP-1 cells) in vitro. No toxicity was observed against KB cells up to 200.0 pg/mL 

AmB equivalents and against THP-1 cells up to 90.0 pg/mL AmB equivalents. A similar 

toxicity profile was observed with AmB-N-(2-hydroxypropyl)methacrylamide copolymer 

conjugates (AmB-HPMA) (25.7% AmB loading) and AmBisome® against KB cells and 

THP-1 cells (Nicoletti et al. 2009).

The observed reduction in the in vitro toxicity of AmB by complexation with PGA 

12 can be attributed to the finding that AmB-PGA complex 13 remained intact with a very 

small amount of AmB dissociated from the polymer 12. Furthermore, AmB in the AmB- 

PGA complex 13 was present as water soluble non-toxic aggregates that are associated with 

the polymer 12. This was evidenced by UV spectroscopy studies (Figure 93). The AmB- 

PGA complex 13 might act as a reservoir and release AmB slowly at low concentration that 

is not toxic against mammalian cells (no formation of toxic oligomers). AmB is toxic to 

mammalian cells at concentrations in which self association of AmB occurs (Barwicz & 

Tancrede 1997; Bolard et al. 1991; Legrand et al. 1992). In Fungizone®, there is a weak 

interaction between AmB and deoxycholate that results in fast dissociation of AmB from 

deoxycholate and formation of the most toxic aggregates forms of AmB (oligomers) 

(Mullen et al. 1997).

The reduction of AmB toxicity in AmB-PGA complex 13 is thought due to the 

formation of non-toxic water soluble AmB aggregates that are associated with the polymer. 

This is consistent with studies on heat-induced AmB supraggregates and AmB
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polyaggregates that were prepared by dispersion of AmB in an aqueous solution containing 

sodium deoxycholate, dibasic and monobasic sodium phosphate (Espada et al. 2008b). Heat 

induced AmB superaggregates (non-water soluble superaggregates) were found to be less 

toxic than Fungizone® in vitro against human cells (Van Etten et al. 2000; Gaboriau et al. 

1997) and pig kidney cells (Bartlett et al. 2004). These superaggregates also appeared to be 

less toxic in mice (Van Etten et al. 2000; Petit et al. 1999). Polyaggregates of AmB that 

were prepared by Espada et al. were found to be non-toxic in vitro towards RBCs (AmB 

concentration 100 pg/mL) and up to 40 mg/kg in mice (Espada et al. 2008b). The lower 

toxicity of polyaggregated AmB and heat-induced superaggregates can be explained by 

these aggregates having a lower solubility in water. This is thought to allow the aggregates 

to act as a reservoir for AmB. The reduction of AmB toxicity appears to be possible by two 

approaches: (1) maintenance of AmB as a monomer in solution or (2) the formation of 

large water insoluble superaggregates which act as a depot for the AmB monomers 

(Torrado et al. 2008). The difference between AmB aggregates seen in AmB-PGA complex 

13 and both of heat-induced AmB superaggregates and polyaggregates of AmB prepared by 

Espada et al. (2008b), is that the AmB aggregates are water soluble in the case of the 

complex 13 due to association with the polymer 12. While aggregates in both of heat- 

induced AmB superaggregates and polyaggregates of AmB prepared by Espada et al. 

(2008b) are insoluble in water.

AmBisome® is not toxic to human cells (RBCs) and is tolerated in mice at a high 

dose with a LD50 greater than 100 mg/kg (Olson et al. 2008). The lower toxicity of 

AmBisome® is due to its aggregation state, the slow release of AmB from the liposome 

(Brajtburg & Bolard 1996), reduced level of transfer of AmB from liposome bilayer to 

plasma lipoproteins (Adler-Moore & Proffitt 2002) and the presence of cholesterol in the 

liposome (Boswell & Bekersky 1998). AmB remains firmly attached to liposome lipid 

layer (Manosroi et al. 2004). The interaction of AmB with liposomal lipids is by formation 

of an ionic complex through electrostatic interaction of the positively charged amino group 

in AmB with negatively charged distearoylphosphatidylglycerol. Cholesterol is 

incorporated to increase stability of AmB interaction in lipid bilayer as cholesterol can bind 

to AmB. The interaction of AmB with PGA 12 may be by formation of ionic complex 

through electrostatic interaction of positively charged amino group in AmB with the 

negatively charged carboxylic groups of PGA 12. This interaction may be analogous to the 

interaction of AmB with the lipids in AmBisome®.

236



Amphocil® is non-toxic to mammalian cells due to less free AmB released in the 

blood circulation due to high affinity of AmB to cholesterol in the lipid complex (Guo 

2001). All lipid based formulations (AmBisome®, Amphocil® and Abelcet®) reduce renal 

toxicity of AmB due to less AmB concentration in renal tissue present after intravenous 

administration of these formulations in comparison with Fungizone® (Ostrosky-Zeichner et 

al. 2003). In addition to the effect on the distribution of AmB, the aggregation state of AmB 

plays a role in its toxicity. In Fungizone®, AmB is present as oligomers while in these lipid 

based formulations AmB is present in more aggregated forms (Mullen et al. 1997).

The presence of strong association between AmB and PGA 12 that minimise the 

dissociation of free AmB was corroborated by the stability studies of AmB-PGA complex 

13 in serum (50.0% in PBS) and PBS (pH 7.4). These studies were conducted using 

dialysis. AmB-PGA complex 13 having an AmB loading of 33.0 and 51.0% were tested at 

concentration of 500.0 pg/mL AmB equivalents. The percentage of AmB leaching from 

AmB-PGA complex 13 was measured after incubation at 37°C for 1 ,4 ,8  and 24 h using 

HPLC. The results were expressed graphically as a cumulative percentage release of the 

total AmB (% w/w) versus time. The AmB-PGA complex 13 was found to be very stable in 

PBS. Only 1.46±0.01 and 1.68±0.01% of the total AmB was released into PBS after 24 h 

incubation from AmB-PGA complexes 13 having 33.0 and 51.0% AmB loading 

respectively (Figure 100). After 1 h incubation in PBS, negligible amount of AmB 

(0.47±0.01% of the total AmB) was released from both AmB-PGA complexes 13. The 

AmB loading in the AmB-PGA complex 13 did not affect its stability in PBS. The 

difference in the stability of AmB-PGA complex 13 having AmB loading of 31.0 and 

51.0% in PBS after 24 h incubation was statistically not significant (P=0.464).
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Figure 100. Stability of AmB-PGA complex 13 in PBS (pH 7.4). Each time point 
represents an average of triplicates ± standard deviation.
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AmB-PGA complex 13 was found to be stable upon incubation with mouse serum 

(50.0% v/v in PBS). Only 9.74±0.02 and 21.10±0.08% of the total AmB was released into 

serum after 24 h incubation at 37°C from AmB-PGA complexes 13 having 33.0 and 51.0% 

AmB loading respectively (Figure 101). After 1 h incubation, the amount of AmB released 

from AmB-PGA complex 13 with 33.0 and 51.0% AmB loading was 6.29±0.03 and 

6.96±0.03% of the total AmB respectively. The released AmB increased to 9.20±0.00 and 

17.22±0.06% of the total AmB after 8  h incubation which was similar to the amount of 

AmB released after 24 h (Figure 101). AmB-PGA complex 13 having 33.0% AmB loading 

was more stable than complex 13 with higher AmB loading (51.0%). The difference in the 

stability of AmB-PGA complex 13 having AmB loading of 31.0 and 51.0% in serum after 

24 h incubation was statistically significant (P<0.0001).
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Figure 101. Stability of AmB-PGA complex 13 in mouse serum (50.0% in PBS). Each 
time point represents an average of triplicates ± standard deviation.

In vitro antileishmanial activity o f AmB-PGA complex 13_
The main aims of these studies are: (1) assessment of the antileishmanial activity of AmB- 

PGA complex 13 against intracellular amastigotes of Leishmania parasite in vitro and (2) 

determination of the effect of AmB loading on the in vitro antileishmanial activity of AmB- 

PGA complex 13. Two Leishmania strains were used (Lmajor and L.donovani). The in 

vitro model used was macrophage like cells derived from THP-1 cells (differentiated THP- 

1 cells model). The infection of the differentiated THP-1 cells was conducted using 

promastigotes for L.major and amastigotes for L.donovani. AmB-PGA complexes 13 with 

different AmB loadings prepared from PGA 12 having molecular weights of 20-40 kDa and 

50-70 kDa were examined. The incubation period was 72 h.
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Leishmania major
The antileishmanial activity of AmB-PGA complex 13 was tested against intracellular 

amastigotes of Lmajor in differentiated THP-1 cells model. The antileishmanial efficacy of 

AmB-PGA complex 13 was estimated as by its EC50 (the concentration of drug necessary 

to inhibit the growth of amastigotes to 50.0% of the control value). Fungizone® and 

AmBisome® were included as controls. The blank polymer 12a was included to investigate 

whether the polymer 12a possess antileishmanial activity. The concentration of the polymer 

12a tested corresponded to the concentration of the polymer 12a in the highest 

concentration of AmB-PGA complex 13 tested. The first set of experiments was conducted 

to optimise the concentration range and the infection level. An infection ratio of 5:1 

promastigotes to macrophage was used. The infection level after 24 h was 33.2±7.01% and 

increased to 76.75±4.50% infected macrophages in control wells after 72 h incubation at 

37°C.

The AmB-PGA complex 13 prepared from PGA 12 (50-70 kDa) were tested at the 

highest AmB concentration of 5.0 pg/mL over four concentrations with fivefold dilution. 

PGA-Na 12a was tested at concentration of 24.0 pg/mL (concentration of polymer in 5.0 

pg/mL AmB equivalents in the complex 13 with 25.5% AmB loading). At this 

concentration the PGA-Na 12a caused 8.14± 3.76% inhibition of amastigotes growth. 

AmB-PGA complex 13 prepared from PGA 12 (50-70 kDa) having 17.4, 25.5 and 35.4% 

AmB loading displayed EC50 of 0.07±0.01, 0.07±0.02 and 0.07±0.01 pg/mL respectively 

(Table 48). In comparison, the observed EC50 of Fungizone® was 0.07±0.02 pg/mL in this 

experiment. AmB-PGA complex 13 displayed a potent in vitro antileishmanial activity 

against Lmajor intracellular amastigotes that was similar to Fungizone®.

Table 48. In vitro antileishmanial activity of AmB-PGA complex 13 (50-70 kDa) against 
intracellular Lmajor amastigotes. Significant figure was rounded to two decimal.

no AmB loading 
(%)

Mw of PGA 
(kDa)

EC50

(pg/mL)
EC90

(pg/mL)
1 25.5 50-70 0.07±0.02 0.20±0.03
2 17.4 50-70 0.07±0.01 0.18±0.03
3 35.4 50-70 0.07±0.01 0.16±0.04

Fungizone® 45.0 - 0.07±0.02 0.15±0.06

239



The effect of AmB loading on the antileishmanial activity of AmB-PGA complex 

13 was further investigated. The infection ratio of 10:1 promastigotes to macrophage was 

used and gave an infection level of 74.75±5.38% after 72 h. The observed EC50 of 

Fungizone® was 0.07±0.02 pg/mL, and for AmBisome® was 0.07±0,03 pg/mL in this 

experiment.

AmB-PGA complex 13 was tested at the highest AmB concentration of 1.0 pg/mL 

over six concentrations with threefold dilution. The AmB-PGA complex 13 prepared from 

the PGA 12 (20-40 kDa) having 23.0, 37.0 and 52.0% AmB loading displayed an EC50 of 

0.07±0.00, 0.06±0.01 and 0.06±0.01 pg/mL respectively (Table 49, entries 1-3). In 

comparison, AmB-PGA complex 13 from PGA 12 (50-70 kDa) with an AmB loading of 

25.5, 35.4 and 51.0% displayed an EC50 of 0.08±0.01, 0.07±0.01 and 0.07±0.03 pg/mL 

respectively (Table 49, entries 4-6). The in vitro antileishmanial activity of AmB-PGA 

complex 13 displayed a dose response profile which was similar to Fungizone® (Figures 

102 and 103). The in vitro antileishmanial efficacy of all of the AmB-PGA complexes 13 

was equal to Fungizone® regardless of AmB loading. The loading of AmB in the AmB- 

PGA complexes 13 did not have any effect on its in vitro antileishmanial activity against 

intracellular amastigotes of Lmajor. The PGA-Na 12a (20-40 kDa) displayed 18.72±4.14% 

inhibition of amastigotes growth at concentration of 3.3 pg/mL, while PGA-Na 12a (50-70 

kDa) caused 10.70±4.95% inhibition at concentration of 2.9 pg/mL. The PGA-Na 12a 

showed negligible antileishmanial activity.

The relative potency o f AmB-PGA complexes 13 can be determined as a ratio o f the 

EC50 o f the complex 13 to the EC50 o f the controls (EC50 for drug/ECso for standard drug). 

The EC50 o f AmB-PGA complex 13 was in the range o f 0.06±0.01 to 0.08±0.01 pg/mL. 

The observed EC50 o f Fungizone® was in the range o f 0.06±0.01 to 0.07±0.02 pg/mL and 

for AmBisome® it was 0.07±0.03 pg/mL. The relative potency o f the AmB-PGA 

complexes 13 was -1.0 compared to either AmBisome® or Fungizone®.
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Table 49. In vitro antileishmanial activity of AmB-PGA complex 13 against intracellular 
Lmajor amastigotes

n PGA molecular 
Weight (kDa)

AmB loading 
(%)

EC50

(pg/mL)
EC90

(pg/mL)
1 20-40 23.0 0.07±0.00 0.654=0.16
2 20-40 37.0 0.06±0.01 0.594=0.16
3 20-40 52.0 0.064=0.01 0.51±0.10
4 50-70 25.5 0.08±0.01 0.594=0.34
5 50-70 35.4 0.07±0.01 0 .4 4 m  14
6 50-70 51.0 0.074=0.03 0.50m.l2

Fungizone® - 45.0 0.06=t0.01 0.31±0.02
AmBisome® - 14.3 0.07±0.03 0.81±0.48
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Figure 102. Dose-response curve of activity of AmB-PGA complexes 13 prepared from 
PGA 12 (20-40 kDa) against intracellular amastigotes of Lmajor in differentiated THP-1 
cells. Each data point is an average of quadruplicates ± standard deviation.
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Figure 103. Dose-response curve of activity of AmB-PGA complexes 13 prepared from 
PGA 12 (50-70 kDa) against intracellular amastigotes of Lmajor in differentiated THP-l 
cells. Each data point is an average of quadruplicates ± standard deviation.
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Leishmania donovani
The antileishmanial activity of AmB-PGA complex 13 was tested against intracellular 

amastigotes o ï L.donovani in differentiated THP-1 cells model. The infection ratio of 7:1 

amastigotes to macrophage was used and gave infection levels of 80.25±1,89 and 

80.75±4.35% after 24 and 72 h respectively. The AmB-PGA complex 13 and Fungizone® 

were tested at the highest AmB concentrations of 5.0 pg/mL over six concentrations with 

threefold dilution. The experimentally calculated EC50 of Fungizone® was 0.22±0.040 

pg/mL ( E C 9 0  0.42±0.04 pg/mL). Similar values of E C 5 0  for Fungizone® was observed 

using the differentiated THP-1 cells model (Seifert et al. 2010). Fungizone displayed an 

E C 5 0  of 0.13-0.26 pM ( E D 9 0  0.25-0.37 pM) (Seifert et al. 2010). The free AmB displayed 

an E C 5 0  of 0.24 pM ( E D 9 0  0.48 pM ) in the same model (Nicoletti et al. 2009).

AmB-PGA complex 13 prepared from PGA 12 (20-40 kDa) having 23.0, 37.0 and 

52.0% AmB loading displayed an EC50 of 0.41±0.07, 0.29±0.03 and 0.26±0.07 pg/mL 

respectively (Table 50, entries 1-3). In comparison, AmB-PGA complex 13 prepared from 

PGA 12 (50-70 kDa) with 26.2, 33.0 and 51.0% AmB loading displayed an EC50 of 

0.33±0.08, 0.23±0.04 and 0.23±0.05 pg/mL respectively (Table 50, entries 4-6). The in 

vitro antileishmanial efficacy of all AmB-PGA complexes 13 was approximately equal to 

Fungizone® irrespective of the AmB loading. These complexes 13 displayed a dose 

response curve profile similar to Fungizone® (Figure 104 and 105). The relative potency 

for the AmB-PGA complexes 13 from PGA 12 (50-70 kDa) was -1.3 and for the 

complexes 13 from PGA 12 (20-40 kDa) was -1.5 compared to Fungizone®. The loading 

of AmB in the AmB-PGA complex 13 did not have any effect on its in vitro 

antileishmanial activity against intracellular amastigotes of L.donovani.

Table 50. In vitro antileishmanial activity of AmB-PGA complex 13 against intracellular 
L.donovani amastigotes in differentiated THP-1 cells.

N PGA molecular 
weight (kDa)

AmB loading 
(%)

EC50

(pg/mL)
EC90

(pg/mL)
1 20-40 23.0 0.41±0.07 1.09±0.33
2 20-40 37.0 0.29±0.03 0.58±0.07
3 20-40 52.0 0.26±0.07 0.60±0.11
4 50-70 26.2 0.33±0.08 0.95±0.28
5 50-70 33.0 0.23±0.04 0.74±0.23
6 50-70 51.0 0.23±0.05 0.82±0.32

Fungizone® - 45.0 0.22±0.04 0.42±0.04
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Figure 104. Dose-response curve of activity of AmB-PGA complexes 13 prepared from 
PGA 12 (20-40 kDa) against intracellular amastigotes of L.donovani in differentiated THP- 
1 cells. Each data point is an average of quadruplicates ± standard deviation.
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Figure 105. Dose-response curve of activity of AmB-PGA complex 13 prepared from PGA 
12 (50-70 kDa) against intracellular amastigotes of L.donovani in differentiated THP-1 
cells. Each data point is an average of quadruplicates ± standard deviation.

The PGA-Na 12a (20-40 kDa) displayed 4.64±4.74% inhibition of the amastigotes 

growth at a concentration of 16.7 pg/mL, while PGA-Na 12a (50-70 kDa) caused 

4.64±3.65% inhibition at a concentration 14.6 pg/mL. The PGA-Na 12a did not display 

any inherent antileishmanial activity or haemolytic toxicity so PGA-Na 12a is considered 

as an excipient. Some polymeric nanoparticles e.g. unloaded poly(D,L-lactide-co-glycolide) 

nanoparticles displayed similar antileishmanial activity to AmB loaded nanoparticles in the 

peritoneal mouse macrophages infected by L.donovani promastigotes in vitro (Venier-
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Julienne et al. 1995). Nanoparticles of polyalkylcyanoacrylates were found to have 

antileishmanial activity in macrophage-like cell line (J774) infected with L.donovani 

amastigotes in vitro (Caspar et al. 1992). The observed in vitro antileishmanial activity of 

the AmB free nanoparticles carrier was explained by activation of macrophages to produce 

reactive oxygen after phagocytosis of the nanoparticles (Venier-Julienne et al. 1995; Caspar 

et al. 1992).

AmB-PCA complex 13 displayed a higher activity (EC50 of 0.23±0.04 to 0.41±0.07 

pg/mL as observed in our experiment) than AmBisome® (EC50 of 1.0±0.05 pg/mL) 

(Yardley & Croft 2000) against intracellular amastigotes of L.donovani in differentiated 

THP-1 cells. These AmB-PCA complexes 13 were also more active than AmB-HPMA 

conjugates (EC50 was 0.63-1.09 pg/mL and EC90 of 2.5-4.01 pg/mL) against intracellular 

amastigotes of L.donovani in differentiated THP-1 cells (Nicoletti et al. 2009). 

Complexation of AmB with PCA 12 did not affect its activity against intracellular 

amastigotes of L.major and L.donovani in vitro, which ensures that AmB is accessible to 

the amastigotes. This was confirmed by macrophage uptake studies described below.

The in vitro antileishmanial activity might be due to the direct effect of AmB on the 

parasite in a similar way as the anti fungal activity of AmB against intramacrophage 

Candida albican. It is thought to be by direct interaction with fungal membrane and not by 

activation of macrophages (Martin et al. 1994; Ponce & Pechere 1990). The concentration 

at which AmB induce activation of macrophages is higher than the concentration that 

cause parasite killing in vitro (Barratt & Bretagne 2007).

Macrophage uptake o f AmB-PGA complex 13
Human monocytes cell line (THP-1) was differentiated to macrophage-like cells to 

represent mononuclear phagocytic cells for studying uptake of AmB. The AmB uptake at 

37°C represents total cell association (binding and endocytosis). The aims of these studies 

are (1) to determine whether AmB-PGA complexes 13 are taken up by differentiated THP- 

1 cells and, (2) correlate the uptake of AmB-PGA complex 13 by differentiated THP-1 cells 

with its observed in vitro antileishmanial activity. The experimental conditions such as 

methods of quantification of the AmB, cell number and concentration range were 

optimised.
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Optimisation o f experimental conditions 

Selectivity and sensitivity o f  HPLC

High performance liquid chromatography (HPLC) was used to quantify AmB in the 

differentiated THP-1 cell lysate. The quantification of AmB based on the area under the 

curve of HPLC chromatogram (AUC) is more consistent and reproducible than using height 

of the peak (Espada et al. 2008a). A calibration curve of the AmB using serial 

concentrations of AmB in the range 0.008-10.0 pg/mL in aqueous methanol (50.0% v/v) 

was constructed (Appendix 19). There was a linear correlation between AmB concentration 

and area under the curve. The lowest concentration of AmB detected with our HPLC 

conditions was 0.01 pg/mL and the quantification limit was 0.016 pg/mL.

The selectivity and recovery was tested by spiking a lysate of differentiated THP-1 

cells with different AmB concentrations (10.0, 2.0 and 0.02 pg/mL) followed by incubation 

for 1 h at 37°C. Methanol was added to the cell lysate to final concentration of 50.0% v/v 

and then analysed by HPLC. The control AmB and AmB in the cell lysate appear at the 

same retention time (6.7 min). There was no peak from the cell lysate that interfered with 

the AmB peak. An example HPLC chromatogram for an AmB concentration of 10.0 pg/mL 

is shown in Appendix 20. The recovery of AmB from cell lysate was high 89.79-109.85% 

(Table 51). Using this HPLC conditions we were able to quantify AmB accurately without 

any interference from the lysate components.

Table 51. Recovery of AmB from the differentiated THP-1 cell lysate.
Spiked AmB concentration 

(pg/mL)
Recovery

(%)
10.0 109.85

2.0 102.96

0.02 89.79

Optimisation o f cell number and analysis method

The experimental conditions such as the concentration range and cell number per well were 

optimised in order to achieve a higher level of detection of AmB in the cells. As mentioned 

previously the E C 5 0  of AmB-PGA complexes 13 against intracellular amastigotes of 

L.donovani was in the range of 0.23±0.04 to 0.41±0.07 pg/mL. Therefore, the lowest 

extracellular AmB concentration examined was 0.2 pg/mL. The uptake was expressed as
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amount of AmB per cellular protein weight. The calibration curves used for quantification 

o f AmB and protein content are shown in Appendix 21.

In the first set of uptake optimisation studies, the number of cells used was similar 

to cell number used in vitro antileishmanial activity studies (5x10"  ̂ cells/well). Four 

extracellular AmB concentrations (5.0, 1.0, 0.2 and 0.04 pg/mL AmB) and two volumes 

(100 and 200 pL) were tested. The amount of AmB in the cell lysate was quantified in 75.0 

% v/v aqueous methanol using HPLC. AmB was not detected in the differentiated THP-1 

cell lysate after 24 h incubation with extracellular AmB concentration of 0.2 and 0.04 

pg/mL at 37°C. In the case of extracellular AmB concentrations of 5.0 and 1.0 pg/mL, 

AmB was detected in the cell lysate which indicates uptake of AmB by the differentiated 

THP-1 cells. The uptake of AmB at different AmB extracellular concentrations and 

volumes is shown in Table 52. There was no difference in the AmB uptake whether 100 or 

200 pL volume of the AmB solution was added to the cells. The differentiated cells were 

packed and formed more than one adherent layer.

Table 52. The uptake of AmB at different AmB extracellular concentrations and volumes 
after 24 h incubation at 37°C.
N AmB extracellular Volume of AmB Amount of Amount of AmB uptake (AmB

cone (pg/mL) solution (pL) AmB (nmole) protein (mg) nmole/mg protein)
1 5.0 200 0.142^0.015 0.015±0.004 9.34±1.02
2 1.0 200 0.014^0.002 0.012^0.002 1.16±0.20
3 5.0 100 0.134±0.006 0.016±0.002 8.39±0.42
4 1.0 100 0.008±0.000 0.016±0.0002 0.49±0.04

In order to improve the detection of AmB by HPLC, the amount of aqueous 

methanol was reduced to 50.0% v/v and the cell number per well was increased. The ideal 

condition for uptake studies is to use a monolayer of differentiated THP-1 cells at higher 

number of cells. The cell number was increased from 5x10"  ̂ to 2.5x10^ cells/well and the 

plating surface area was increased from 0.32 to 2.00 cm^. The uptake of AmB was 

0.37±0.04 and 0.24±0.004 AmB nmole/protein mg (5x10"  ̂ and 2.5x10^ cells/well) after 24 

h incubation at 37°C with AmB extracellular concentration of 0.2 pg/mL. There was no 

detection of AmB at extracellular concentration of 0.04 pg/mL AmB equivalents which 

mean that amount of AmB taken was below our HPLC detection limit. There was an 

increase in the amount of AmB taken up by the differentiated THP-1 cells, although the 

overall uptake was the same whether cell number of 5x10'^ or 2.5x10^ cells/well was used 

(Figure 106). This is explained by the total protein content which increased with the
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increased number of cells. The calibration curves used for quantification of AmB and 

protein content are shown in Appendix 22. The uptake of AmB, protein content and amount 

of AmB taken up at different extracellular concentrations in different cell density is shown 

in Appendix 22.

2.5x1 o'* cell/weU 

5.0x1 o'* cell/weU
20 -

5  10 -

AmB concentration (iig/mL)

Figure 106. AmB uptake in differentiated THP-1 cells using two different cells number per 
well (5x10"* and 2.5x 10̂  cells/well). Each data point is an average of triplicates ± standard 
deviation.

The uptake of AmB was compared in differentiated THP-1 cells and macrophages 

derived from human peripheral blood monocytes (PBMCS). There was no difference in 

AmB uptake between macrophages derived from THP-1 cells and macrophages derived 

from PBMCS. In differentiated THP-1 cells the AmB uptake for the complex 13 (51.0% 

AmB loading) and Fungizone® was 0.87±0.01 and 1.23±0.05 AmB nmole/mg protein 

respectively at an extracellular AmB concentration of 5.0 pg/mL after 4 h incubation at 

37°C. In comparison Fungizone® and the AmB-PGA complex 13 displayed an AmB 

uptake of 0.83±0.02 and 0.68±0.01 AmB nmole/mg protein respectively in macrophages 

derived from PBMCS (Table 53). As data from this experiment revealed no difference in 

AmB uptake in macrophages derived from THP-1 cells and macrophages derived from 

PBMCS, we decided to use differentiated THP-1 cells to study AmB uptake. THP-1 cells 

are homogenous cells and are easily maintained in the laboratory. The uptake of AmB, 

protein content and amount of AmB taken up in different cells are shown in Table 53.
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Table 53. The uptake of AmB, protein content and amount of AmB taken up in different 
cells after 4 h incubation at 37°C.

Parameter
PBMCS THP-1 cells

Fungizone® AmB-PGA Fungizone® AmB-PGA
Macrophage uptake * 0.83±0.02 0.68±0.01 1.23±0.05 0.87±0.01

AmB (nmole) 0.065±0.002 0.054±0.002 0.12±0.007 0.08±0.003
Protein(mg) 0.078±0.002 0.079±0.001 0.094±0.003 0.095±0.003

Control (protein mg) 0.079±0.002 0.080±0.002 0.091±0.009 0.078±0.006
* Macrophage uptake unit is AmB nmole/mg protein.

Macrophage uptake in uninfected cells
These studies were carried out to determine whether the uptake of AmB by differentiated 

THP-1 cells is modified by complexation of AmB with PGA 12 in comparison to 

Fungizone®. The effect of AmB loading, concentration and incubation time on AmB 

uptake by differentiated THP-1 cells was investigated. All the AmB-PGA complexes 13 

and Fungizone® were pre-incubated in the medium for 30 min before incubation with cells 

to allow binding to serum proteins. Fungizone® was tested at the highest concentration 

10.0 pg/mL AmB equivalents to avoid any risk of the toxicity. When Fungizone® and 

AmB-PGA complex 13 (26.2 and 51.0% AmB loading) was incubated for 1, 4, 6 and 24 h, 

the amount of AmB taken by the differentiated THP-1 cells was concentration dependent. 

Examples of concentration versus AmB uptake graph for incubation period 6 and 24 h is 

shown in Figure 107 and 108. Graphs for the other incubation periods (1 and 4 h) are 

shown in Appendix 23. The AmB loading did not affect uptake of AmB-PGA complexes 

13 by the differentiated THP-1 cells.
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AmB-PGA (51.0%)

Figure 107. Uptake of AmB-PGA complexes 13 (26.2 and 51.0% AmB loading) and 
Fungizone® by differentiated THP-1 cells after 6 h incubation at 37°C. Each data point 
represents an average of triplicates ± standard deviation.
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Figure 108. Uptake of AmB-PGA complexes 13 (26.2 and 51.0% AmB loading) and 
Fungizone® by differentiated THP-1 cells after 24 h incubation at 37°C. Each data point 
represents an average of triplicates ± standard deviation.

At an extracellular concentration of AmB 10.0 pg/mL, the amount of AmB taken up 

by the differentiated THP-1 cells increased with an increase in the incubation time for both 

Fungizone® and AmB-PGA complexes 13 (Figure 109). The uptake was low after 1 h 

incubation and increased after 4 h and 6 h. There was no difference between the two time 

points (4 h and 6 h) in case of Fungizone® and AmB-PGA complex 13 (Figure 109). The 

uptake after 24 h was 7-10 and 15 folds higher for AmB-PGA complexes 13 and 

Fungizone® respectively compared with uptake after 6 h. The profile of AmB uptake 

appeared to be similar for both Fungizone® and AmB-PGA complexes 13. The AmB 

loading in the AmB-PGA complex 13 did not affect AmB uptake by differentiated THP-1 

cells. The AmB-PGA complexes 13 having 26.2 and 51.0% AmB loading displayed an 

AmB uptake of 17.12±0.67 and 15.56±0.79 AmB nmole/mg protein respectively after 24 h 

incubation at 37°C (Figure 109). In comparison, Fungizone ® displayed an AmB uptake of 

43.89±4.68 AmB nmole/mg protein after 24 h incubation period which is significantly 

higher than the uptake of the complexes 13 (26.2 and 51.0%) (p=0.0006 and 0.0005) 

(Figure 109). There was no significant statistical difference in the uptake of AmB-PGA 

complexes 13 with 26.2 and 51.0% AmB loading after 24 h incubation at an AmB 

extracellular concentration of 10.0 pg/mL (p=0.0591).
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Figure 109. Uptake of AmB-PGA complexes 13 (26.2 and 51.0% AmB loading) and 
Fungizone® by differentiated THP-1 cells at extracellular concentration of 10.0 pg/mL 
AmB equivalents. Each data point represents an average of triplicates ± standard deviation.

As the loading had no effect on AmB uptake by the differentiated THP-1 cells, only 

one AmB-PGA complex 13 (51.0% AmB loading) was tested for the next set of 

experiments. Three time points were examined 1, 4 and 24 h. AmBisome® was included 

for comparison. AmBisome® used in this experiment was freshly reconstituted. 

Fungizone® was tested at higher concentrations of 25.0 pg/mL AmB equivalents. There 

was no toxicity caused by Fungizone® against differentiated THP-1 cells this was proved 

by determination of the protein content in cell lysate. The protein content of cells treated 

with Fungizone® (0.043±0.002 mg protein) was similar to untreated cells (0.037±0.001 mg 

protein). The uptake of AmB was confirmed to be concentration dependant when 

Fungizone® and AmB-PGA complex 13 were incubated for 1,4 and 24 h. An example of 

AmB uptake graph for 4 and 24 h incubation is shown in Figure 110 and 111. AmB uptake 

after 1 h is shown in Appendix 24.
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Figure 110. Uptake of AmB-PGA complex 13, Fungizone® and AmBisome® by 
differentiated THP-1 cells after 4 h incubation at 37°C. Each data point represents an 
average of triplicates ± standard deviation.
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Figure 111. Uptake of AmB-PGA complex 13, Fungizone® and AmBisome® by 
differentiated THP-1 cells after 24 h incubation at 37°C. Each data point represents an 
average of triplicates ± standard deviation.

At an extracellular concentration of AmB 25.0 pg/mL, the amount of AmB taken up 

by the differentiated THP-1 cells increased with an increase in the incubation time for 

Fungizone® and AmB-PGA complex 13. The uptake was low after 1 h incubation and 

increased after 4 and 24 h (Figure 112). AmB-PGA complex 13 (51.0% AmB loading) 

displayed an AmB uptake of 66.86± 11.39 AmB nmole/mg protein after 24 h incubation 

(Figure 112). In comparison. Fungizone® displayed an uptake of 113.09±10.57 AmB 

nmole/mg protein after 24 h incubation period which was 1.7 fold higher than uptake of the 

complex 13 which statistically significant (p=0.0067) (Figure 112). In contrast.
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AmBisome® displayed a low AmB uptake of 1.13±0.07 AmB nmole/mg protein after 24 h 

incubation (Figure 112). The uptake of AmB-PGA complex 13 and Fungizone® was 

significantly higher than AmBisome® (p<0.0001).
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Figure 112. Uptake of AmB-PGA complex 13, Fungizone® and AmBisome® by the 
differentiated THP-1 cells at extracellular concentration of 25.0 pg/mL AmB equivalents. 
Each data point represents an average of triplicates ± standard deviation.

C om parison  o f  A m B uptake in uninfected and infected cells 

These studies were conducted to determine whether the infection will change the uptake of 

AmB-PGA complex 13. The effect of the infection induced by Ldonovani amastigotes on 

the uptake of AmB by differentiated THP-1 cells was examined. The uptake of AmB was 

tested simultaneously in both uninfected and infected differentiated THP-1 cells. The 

infection was carried out using amastigotes to macrophage ratio of 7:1. The infection level 

was 80.5±3.5% after 24 h. Three incubation time were examined 1, 4 and 24 h. 

Fungizone® and AmBisome® were included for comparison.

After 1 h incubation, AmB uptake was very low at all AmB extracellular 

concentrations tested for all the formulations in both uninfected and infected cells (Figure 

113 and 114). The highest uptake achieved was at an extracellular concentration of 25.0 

pg/mL AmB equivalents. There was no uptake at AmB an extracellular concentration of 

0.2 pg/mL for all the formulations tested in both uninfected and infected cells (Figure 113 

and 114). There was no uptake of AmB in the case of AmB-PGA complex 13 at an 

extracellular concentration of 1.0 pg/mL AmB equivalents in both uninfected and infected 

cells after 1 h incubation at 37°C (Figure 113 and 114). AmBisome® displayed an AmB
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uptake only at an extracellular concentration of 25.0 pg/mL AmB equivalents in both 

uninfected and infected cells (Figure 113 and 114).

Fungizone 
AmBisome 
AmB-PGA (51.0%)

AmB concentration (pg/mL)

Figure 113. Uptake of AmB-PGA complex 13, Fungizone® and AmBisome® by unifected 
differentiated THP-1 cells after 1 h incubation at 37°C. Each data point represents an 
average of triplicates ± standard deviation.
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Figure 114. Uptake of AmB-PGA complex 13, Fungizone® and AmBisome® by infected 
differentiated THP-1 cells after 1 h incubation at 37°C. Each data point represents an 
average of triplicates ± standard deviation.

There was no significant difference in the AmB uptake between uninfected and 

infected cells after 1 h incubation at 37°C. At an extracellular AmB concentration of 25.0 

pg/mL, AmB-PGA complex 13 displayed an AmB uptake of 0.32±0.04 and 0.36±G.Q8 

AmB nmole/mg protein in uninfected and infected cells respectively (P=0.4812) (Figure 

115). In comparison. Fungizone® displayed an AmB uptake of 0.56±0.05 and 0.68±0.02 

AmB nmole/mg protein in uninfected and infected cells respectively (P=0.0169) (Figure
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115). Fungizone® showed significantly higher AmB uptake than AmB-PGA complex 13 

that was 1.8 fold (P=0.0028) and 1.9 fold (P=0.0029) in uninfected and infected cells 

respectively (Figure 115). On the other hand, AmBisome® displayed lower AmB uptake 

of 0.15±0.01and 0.19±0.04 AmB nmole/mg protein in uninfected and infected cells 

respectively (P=0.2082) (Figure 115). The uptake of both AmB-PGA complex 13 and 

Fungizone® was significantly higher than AmBisome® in both uninfected and infected 

cells (p<0.01).
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Figure 115. Comparison of the uptake of AmB-PGA complex 13, Fungizone® and 
AmBisome® by uninfected and infected differentiated THP-1 cells after 1 h incubation at 
37°C at an AmB extracellular concentration of 25.0 pg/mL. Each data point represents an 
average of triplicates ± standard deviation.

After 4 h incubation, AmB uptake was very low at all AmB extracellular 

concentrations tested for all the formulations in both uninfected and infected cells (Figure 

116 and 117). The highest uptake achieved was at an extracellular concentration of 25.0 

pg/mL AmB equivalents. There was no uptake at AmB an extracellular concentration of 

0.2 pg/mL for all the formulations tested in both uninfected and infected cells (Figure 116 

and 117). AmBisome® displayed no uptake at AmB concentration of 1.0 pg/mL in both 

uninfected and infected cells (Figure 116 and 117).
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Figure 116. Uptake of AmB-PGA complex 13, Fungizone® and AmBisome® by 
uninfected differentiated THP-1 cells after 4 h incubation at 37°C. Each data point 
represents an average of triplicates ± standard deviation.
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Figure 117. Uptake of AmB-PGA complex 13, Fungizone® and AmBisome® by infected 
differentiated THP-1 cells after 4 h incubation at 37°C. Each data point represents an 
average of triplicates ± standard deviation.

There was significant difference in AmB uptake between uninfected and infected 

cells after 4 h incubation at 37°C. At an extracellular AmB concentration of 25.0 pg/mL, 

AmB-PGA complex 13 displayed an AmB uptake of 2.73±0.11 and 1.69±0.12 AmB 

nmole/mg protein in uninfected and infected cells respectively (P=0.0004) (Figure 118). In 

comparison. Fungizone® displayed an AmB uptake of 6.82±0.39 and 4.78±0.54 AmB 

nmole/mg protein in uninfected and infected cells respectively (P=0.0062) (Figure 118). 

Fungizone® displayed significantly higher AmB uptake than AmB-PGA complex 13 that 

was 2.5 fold (P<0.0001) and 2.8 fold (P=0.0006) in uninfected and infected cells 

respectively. On the other hand, AmBisome® displayed AmB uptake of 0.29±0.02 and 

0.37±0.17 AmB nmole/mg protein in uninfected and infected cells respectively (P=0.555)
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(Figure 118). The uptake of both AmB-PGA complex 13 and Fungizone® was significantly 

higher than AmBisome® in both uninfected and infected cells (p<0.0001).

■Uninfected macrophages 
□  Infected macrophages

c  10- 

9-

Fungizone AmBisome AmB-PGA

Figure 118. Comparison of the uptake of AmB-PGA complex 13, Fungizone® and 
AmBisome® by uninfected and infected differentiated THP-1 cells after 4 h incubation at 
37°C at an AmB extracellular concentration of 25.0 pg/mL. Each data point represents an 
average of triplicates ± standard deviation.

After 24 h incubation, AmB uptake was low at AmB extracellular concentrations of 

0.2, 1.0 and 5.0 pg/mL for all the formulations in both uninfected and infected cells (Figure 

119 and 120). The highest uptake achieved was at an extracellular concentration of 25.0 

pg/mL AmB equivalents. There was no uptake at an AmB extracellular concentration of 

0.2 pg/mL for all the formulations in both uninfected and infected cells (Figure 119 and 

120). AmBisome® displayed no uptake at an AmB extracellular concentration of 1.0 

pg/mL in both uninfected and infected cells (Figure 119 and 120).
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Figure 119. Uptake of AmB-PGA complex 13, Fungizone® and AmBisome® by 
uninfected differentiated THP-1 cells after 24 h incubation at 37°C. Each data point 
represents an average of triplicates ± standard deviation.
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Figure 120. Uptake of AmB-PGA complex 13, Fungizone® and AmBisome® by infected 
differentiated THP-1 cells after 24 h incubation at 37°C. Each data point represents an 
average of triplicates ± standard deviation.

There was no significant difference in AmB uptake between uninfected and infected 

cells after 24 h incubation at 37°C (P>0.05). AmB-PGA complex 13 displayed an AmB 

uptake of 20.14±4.78 and 18.24±1.34 AmB nmole/mg protein in uninfected and infected 

cells respectively (P=0.5437) (Figure 121). In comparison, Fungizone® displayed an AmB 

uptake of 26.55±2.21 and 27.79±0.44 AmB nmole/mg protein in uninfected and infected 

cells respectively (P=0.3951) (Figure 121). Fungizone® showed higher uptake than AmB- 

PGA complex 13 that was 1.3 fold (P-0.1023) and 1.5 fold (P=0.0003) in uninfected cells 

and infected cells respectively. On the other hand, AmBisome® displayed an uptake of 

0.27±0.04 and 0.38±0.01 AmB nmole/mg protein in uninfected and infected cells 

respectively (Figure 121). The uptake of both AmB-PGA complex 13 and Fungizone® was 

significantly higher than AmBisome® in both uninfected and infected cells (p<0.0001).
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Figure 121. Comparison of uptake of AmB-PGA complex 13, Fungizone® and 
AmBisome® by uninfected and infected differentiated THP-1 cells after 24 h incubation at 
37°C at an AmB extracellular concentration of 25.0 pg/mL. Each data point represents an 
average of triplicates ± standard deviation.

The profile of AmB uptake appeared to be similar for both Fungizone® and AmB- 

PGA complex 13 in both uninfected and infected cells. At an extracellular AmB 

concentration of 25.0 pg/mL, the amount of AmB taken up by the cells increased with 

increased incubation time for Fungizone® and AmB-PGA complex 13 in both uninfected 

and infected cells (Figure 122 and 123). The uptake was very slow after 1 h incubation and 

increased after 4 and 24 h (Figure 122 and 123).
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Figure 122. The uptake of Fungizone®, AmBisome® and AmB-PGA complex 13 by 
uninfected differentiated THP-1 cells at extracellular concentration of 25.0 pg/mL AmB 
equivalents. Each data point represents an average of triplicates ± standard deviation.
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Figure 123. The uptake of Fungizone®, AmBisome® and AmB-PGA complex 13 by 
infected differentiated THP-1 cells at extracellular concentration of 25.0 pg/mL AmB 
equivalents. Each data point represents an average of triplicates ± standard deviation.

To sum up, AmB from AmB-PGA complex 13 was taken up by both uninfected and 

infected differentiated THP-1 cells to a similar extent as Fungizone®. In contrast, 

AmBisome® showed a significant lower uptake than Fungizone® and the AmB-PGA 

complex 13 in both uninfected and infected differentiated THP-1 cells even after 4 and 24 h 

incubation at 37°C. This finding was consistent with studies in murine macrophages like 

cells (J774) where AmBisome® displayed a lower uptake than free AmB and other lipid 

based formulations such as AmB-cholesteryl sulfate complex after 4 h incubation at 37°C 

(Legrand et al. 1996).

The reduced internalisation of AmBisome® can be partially explained by its small 

size and the presence of cholesterol in lipid bilayer. Small liposomes are taken up by the 

macrophages via endocytosis to less extent than negatively charged large liposomes (Hsu & 

Juliano 1982). The uptake of positively charged liposomes and small negatively charged 

vesicles such as AmBisome® is slow by the phagocytic cells (Lee et al. 1994). 

Cholesterol stabilises the lipid bilayer and inhibits liposomal uptake by the mononuclear 

phagocyte system (MPS) (Allen et al. 1991). The low uptake of AmBisome® by the 

macrophages in vitro correlates with its reduced anti leishmanial activity in vitro models. 

AmBisome® was found to be significantly less active against intracellular amastigotes of 

Ldonovani in vitro in differentiated THP-1 cells and mouse peritoneal macrophages than 

Fungizone® (Yardley & Croft 2000). The observed EC50 of AmBisome® against
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intracellular Ldonovani in differentiated THP-1 cells was 1.0±0.05 ng/mL compared with 

0.18±0.96 pg/mL for Fungizone® (Yardley & Croft 2000).

The low uptake and in vitro activity of AmBisome® does not correlate with its high 

in vivo activity and the high concentration of AmBisome® in tissues of the MPS (liver and 

spleen) after intravenous administration. The in vitro studies do not involve sinusoidal 

endothelium that act as a filter allowing access of small particles such as unilamellar 

vesicles (AmBisome®, 60 nm) to the parenchyma cells via fenestration of approximately 

0.1 pm in diameter (Legrand et al. 1996). Particles with a size less than 100 nm can be 

transferred through fenestrate in the endothelium of the liver and also through permeable 

vascular endothelium in lymph nodes (Moghimi & Bonnemain 1999). It was found that 

negatively charged unilamellar vesicles are preferentially removed from blood and 

associated with hepatocytes (Scherphof et al. 1985).

The profile of AmB uptake by differentiated THP-1 cells was similar in both 

uninfected and infected cells. The uptake was very slow after 1 h incubation and increased 

after 4 and 24 h for both AmB-PGA complex 13 and Fungizone®, The increased uptake of 

AmB after 24 h incubation in the case of Fungizone® might be due to slow internalisation 

of free AmB by endocytosis. Internalisation of AmB occurs via non specific endocytosis 

and through receptor mediated endocytosis (uptake of AmB-LDL complex via LDL 

receptor) (Vertut-Doi et al. 1994). The slow uptake of Fungizone® is probably due to slow 

internalisation of LDL-AmB complex by THP-1 cell. The expression and binding affinity 

of LDL receptor in differentiated THP-1 cells is reduced due to rapid degradation of the 

LDL receptors (3-4 h) (Hamanaka et al. 1991). This might result in less internalisation of 

AmB-LDL complexes via LDL receptors mediated endocytosis.

The difference in the uptake between AmBisome® and Fungizone® can also be 

explained by binding to LDL. AmBisome® remains intact without dissociation of AmB 

from the lipids; therefore it does not bind with LDL (Brajtburg & Bolard 1996). On 

contrast, in Fungizone®, the bond is week between AmB and deoxycholate. This leads to 

complete dissociation of AmB from the deoxycholate upon dilution in the blood stream 

with subsequent binding of free AmB to LDL (Vyas & Gupta 2006). The uptake of 

Fungizone® was found to be slow in J774 macrophages due to slow internalisation via the 

LDL receptors as only AmB in monomeric form bound to LDL and get internalised 

(Cheron et al. 2003). The internalisation of AmB via receptor mediated endocytosis 

depends mainly on the level of expression of these receptors in the cells (Cheron et al.
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2003). The uptake of heat-induced AmB superaggregates was more than Fungizone® due 

to large size of superaggregates (600 nm) that was internalised by endocytosis (non 

receptor mediated) (Cheron et al. 2003). Uptake of heat-induced superaggregates of AmB 

via LDL receptor depends in the thermodynamic stability of these superaggregates and its 

dissociation into monomeric form of AmB that can bind to LDL (Cheron et al. 2003). AmB 

is present in a highly aggregated form in AmB-PGA complex 13. Therefore AmB-PGA 

complex 13 might act as a depot for the monomeric form of AmB. The slow uptake of 

AmB-PGA complex 13 might be partially due to slow dissociation of the AmB from the 

complex 13 in the monomeric form. This was evidenced by stability studies of AmB-PGA 

complex 13 The AmB-PGA complex 13 appeared to be stable in serum and PBS (pH 7.4) 

(Figure 100 and 101).

The uptake of AmB was found to be concentration dependent in both uninfected 

and infected differentiated THP-1 cells for Fungizone® and AmB-PGA complex 13. The 

correlation between the AmB uptake and its extracellular concentration was consistent with 

AmB uptake studies in murine macrophages (J774) (Cheron et al. 2003; Legrand et al.

1996). The internalisation of AmB was also found to be concentration dependent in 

Chinese hamster ovary cells (CHO cells) (Vertut-Doi et al. 1994). At low AmB 

concentration (10.0 and 5.0 pM), CHO cells internalised AmB by normal endocytosis 

process and AmB did not accumulate in the endosomes after 60 min incubation at 37°C. At 

higher AmB concentration (25.0 pM), CHO cells accelerated the internalisation of AmB by 

endocytosis. More AmB was taken up and found distributed in endosome and lysosomes.

The uptake of AmB-PGA complex 13 by the differentiated THP-1 cells might occur 

by endocytosis which is favoured by (1) their large particle size (>100 nm) and highly 

aggregated state, (2) negative surface charge and (3) polymeric colloidal nature. Colloidal 

drug delivery systems such as liposome and natural or synthetic polymer particles are 

rapidly removed from the bloodstream by the MPS (Vonarbourg et al. 2006). Polymeric 

carriers are macromolecules that are internalised by endocytosis. Particles with size greater 

than 100 nm are taken up by phagocytic cells via phagocytosis (Chen et al. 1997; Pratten & 

Lloyd 1986). The uptake of particles with size less than 100 nm is lower by the 

mononuclear phagocyte system (MPS) (Moghimi & Szebeni 2003).

The charge of the particles affects their internalisation by the mononuclear 

phagocyte system. Anionic particles have high affinity to the cell membrane that leads to 

their internalisation by cells (Wilhelm et al. 2003). High charge density on particles is able
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to mediate endocytosis (Lee et al. 1992). Particles having either negative or positive charge 

are removed by the MPS (Roser et al. 1998). Their removal occurs by non-specific 

interaction via non-specific receptors by electrostatic attraction at the macrophage surface 

(Schwendener et al. 1984). This type of interaction is present in scavenger receptors in 

Kupffer cells, spleen macrophages and lymph nodes that are known to bind LDL and other 

anionic ligands (Kiwada et al. 1998). Negatively charge liposomes are removed by MPS by 

serum-independent mechanisms in mice (Rigotti et al. 1995).

Stability o f AmB-PGA complex 13_
The stability of the AmB-PGA complex 13 in the solid state (lyophilised powder) and as a 

liquid state (aqueous solution) was examined at 4°C, 37°C and ambient temperature. The 

AmB-PGA complex 13 as a powder was stored under argon in glass amber containers to 

the eliminate effect of humidity and test only effect of temperature on the stability of the 

complexes 13. Solutions of AmB-PGA complex 13 were placed in glass containers covered 

by foil to eliminate the effect of light. The stability was checked by testing the AmB-PGA 

complex 13 toxicity against RBCs and in vitro antileishmanial activity against intracellular 

amastigotes of Ldonovani. The rationale for this is that intact AmB-PGA complex 13 will 

remain non-toxic to human RBCs, while the unstable complex 13 will lead to dissociation 

of AmB. The dissociation of free AmB from the AmB-PGA complex 13 will cause lysis of 

the RBCs. A decrease in the in vitro antileishmanial activity will indicate instability of 

AmB (chemical degradation).

All the AmB-PGA complexes 13 tested were prepared from PGA 12 having 

molecular weight of 50-70 kDa. PGA 12 (50-70 kDa) was selected for the preparation of 

AmB-PGA complexes 13 for further studies (stability and in vivo studies) because of the 

possibility of improved pharmacokinetics with the higher molecular weight PGA 12. All of 

the AmB-PGA complexes 13 were tested before being stored for stability studies for 

toxicity and antileishmanial activity in vitro. The AmB-PGA complexes 13 were not toxic 

against RBCs (Figure 79 and 81) and mammalian cells (KB and THP-1 cells) (Figure 98 

and 99) and were active against Ldonovani in vitro (Table 50). Fungizone® and 

AmBisome® were used as controls in these experiments were not stored under the same 

conditions as AmB-PGA complexes 13.
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Stability o f the powder form o f AmB-PGA complex 13
Preliminary stability testing of AmB-PGA complex 13 having 23.0% AmB loading that 

has been stored at 37°C for 5 days showed that the AmB-PGA complex 13 remained 

stable and non-toxic. This AmB-PGA complex 13 displayed a negligible lysis of RBCs 

(1.57±1.45% haemolysis) after 24 h incubation at 37°C at 100.0 pg/mL AmB equivalents 

which was similar to AmBisome® (3.97±0.27% haemolysis) (Figure 124). In comparison, 

Fungizone® caused 96.88±5.42% haemolysis at the same AmB concentration (Figure 124).
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Figure 124. Haemolysis caused by AmB-PGA complex 13 after storage at 37°C for 5 days 
in a solid form after 24 h incubation period with human RBCs. Data was pooled from two 
human blood donors in the same experiment (duplicates determination per donor). Each 
data point represents an average ± standard deviation.

The stability testing at 37 and 4°C was extended to a longer incubation period. 

AmB-PGA complexes 13 were stored at 37°C for 30 days. These AmB-PGA complexes 13 

having 25.5 and 35.4% AmB loading displayed negligible lysis of RBCs with 1.81±Q.35 

and 13.66±1.29% haemolysis respectively after 24 h incubation at 37°C at 50.0 pg/mL 

AmB equivalents (Figure 125). In comparison, Fungizone® caused 98.50±8.48% 

haemolysis at the same AmB concentration (Figure 125).
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Figure 125. Haemolysis caused by AmB-PGA complexes 13 after storage at 37°C for 30 
days in a solid form after 24 h incubation with human RBCs. Data was pooled from two 
human donors in the same experiment (triplicates determination per donor). Each data point 
represents an average±standard deviation.

The stability of the AmB-PGA complexes 13 that were stored at 4°C was tested. 

AmB-PGA complexes 13 were stored at 4°C for 6 months. These complexes having 25.5 

and 35.4% AmB loading displayed negligible lysis of RBCs with 3.37±0.66 and 

12.36±0.26% haemolysis respectively after 24 h incubation at 37°C at 50.0 pg/mL AmB 

equivalents (Figure 126). In comparison, AmBisome® displayed 2.39±0.38% haemolysis 

while Fungizone® caused 98.38±6.84% haemolysis at the same AmB concentration 

(Figure 126).
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Figure 126. Haemolysis caused by AmB-PGA complexes 13 after storage at 4°C for 6 
months in a solid form after 24 h incubation with human RBCs. Each data point represents 
an average of triplicates ± standard deviation.
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Further extensive stability studies were conducted with new batches of AmB-PGA 

complexes 13. These AmB-PGA complexes 13 were stored at 37°C for 30 days in a powder 

form. AmB-PGA complexes 13 having 26.2, 33.0 and 51.0% AmB loading displayed 

1.98±0.0.41, 3.72±0.32 and 5.35±0.32% haemolysis after 24 h incubation at 37°C at 50.0 

pg/mL AmB equivalents respectively (Figure 127). In comparison, Fungizone® caused 

86.38±0.66% haemolysis at the same AmB concentration (Figure 127). AmB-PGA 

complexes remained non-toxic to RBCs after storage at 37°C for 30 days.

F u n g i z o n e

A m B - P G A  ( 2 6 . 2 % )  

A m B - P G A  ( 3 3 . 0 % )  

A m B - P G A  ( 5 1 . 0 % )

lOO-i 
9 0 -  
8 0 -  

?  7 0 -  
%  6 0 -  

=  5 0 -
Ô  4 0 -  

I  3 0 -
T  20-  

10 -

- 1 0
0  5  1 0  1 5  2 0  2 5  3 0  3 5  4 0  4 5  5 0

AmB concentration (pg/mL)

Figure 127. Haemolysis caused by AmB-PGA complexes 13 after storage at 37°C for 30 
days in a solid form (incubation period with human RBCs was 24 h). Each data point 
represents an average of triplicates ± standard deviation.

The in vitro antileishmanial activity of these AmB-PGA complexes 13 was tested 

after the storage period (30 days at 37°C). The AmB-PGA complexes 13 having 26.2, 33.0 

and 51.0% AmB loading displayed an EC50 of 0.41 ±0.07, 0.61 ±0.02 and 0.63±0.25 pg/mL 

respectively (Table 54) (Figure 128). The experimentally calculated EC50 for Fungizone® 

was 0.22±0.04 pg/mL. A slight reduction in the in vitro antileishmanial activity against 

intracellular amastigotes of Ldonovani in differentiated THP-1 cells was observed with the 

AmB-PGA complexes 13 that were stored for 30 days at 37°C (Figure 128).

Table 54. In vitro antileishmanial activity of AmB-PGA complexes 13 stored for 30 days at 
37°C against intracellular Ldonovani amastigotes in the differentiated THP-1 cells.

n AmB loading 
(%)

ECw
(pg/mL)

1 26.2 0.41 ±0.07
2 33.0 0.61±0.02
3 51.0 0.63±0.25

Fungizone® 45.0 0.22±0.04
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Figure 128. Dose-response curve of activity of AmB-PGA complexes 13 against 
intracellular amastigotes of Ldonovani in differentiated THP-1 cells after storage at 37°C 
for 30 days in a powder form. Each data point is an average of quadruplicates ± standard 
deviation.

The stability of the same AmB-PGA complexes 13 was checked at ambient 

temperature (25°C). The complexes 13 were stored at ambient temperature for 30 days. 

These complexes 13 having 26.2, 33.0 and 51.0% AmB loading displayed 1.55±0.38, 

2.99±0.24 and 5.23±0.25% haemolysis after 24 h incubation at 37°C at 50.0 pg/mL AmB 

equivalents (Figure 129). Fungizone® caused 86.38±0.66% haemolysis at the same AmB 

concentration in this experiment (Figure 129).

F u n g i z o n e

A m B - P G A  ( 2 6 . 2 % )  

A m B - P G A  ( 3 3 . 0 % )  

A m B - P G A  ( 5 1 . 0 % )

-i----------1--------- 1--------- 1---------- 1---------1---------- 1--------- 1----------1

1 0  1 5  2 0  2 5  3 0  3 5  4 0  4 5  5 0

AmB concentration (pg/mL)

Figure 129. Haemolysis caused by AmB-PGA complexes 13 after storage at room 
temperature for 30 days in a solid form (incubation period with human RBCs was 24 h). 
Each data point represents an average of triplicates ± standard deviation.
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Stability o f the solution form o f AmB-PGA complex 13_
The effect of temperature on the stability of the solution form of the same AmB-PGA 

complexes 13 was tested. Sterile aqueous solutions of AmB-PGA complexes 13 (1.0 

mg/mL AmB equivalents) were stored at 37°C for 7 days. These complexes 13 having 26.2,

33.0 and 51.0% AmB loading displayed 0.20±0.12, 0.14±0.08 and 0.33±0.29% haemolysis 

after 24 h incubation at 37°C at 50.0 pg/mL AmB equivalents (Figure 130). Fungizone® 

caused 91.55±3.82% haemolysis at the same AmB concentration (Figure 130).
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Figure 130. Haemolysis caused by AmB-PGA complexes 13 solution after storage at 37°C 
for 7 days in a solution form (incubation period with human RBCs was 24 h). Each data 
point represents an average of triplicates ± standard deviation.

These experiments indicated that the solution form of AmB-PGA complexes 13 

remained non-toxic after storage at 37°C for 7 days. The in vitro antileishmanial activity 

against intracellular amastigotes of Ldonovani in differentiated THP-1 cells for these 

AmB-PGA complexes 13 was tested after the storage period (7 days at 37°C). These 

complexes 13 having 26.2, 33.0 and 51.0% AmB loading displayed an EC$o of 0.35±0.04, 

0.28±0.05 and 0.27±0.03 pg/mL respectively (Table 55) (Figure 131). The observed EC50 

for Fungizone® was 0.22±0.04 pg/mL. AmB-PGA complexes 13 remained active against 

intracellular amastigotes of Ldonovani after storage at 37°C for 7 days in solution form.
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Table 55. In vitro antileishmanial activity of AmB-PGA complexes 13 solutions stored for 
7 days at 37°C against intracellular Ldonovani amastigotes in the differentiated THP-1 
cells.

n AmB loading 
(%)

ECw
(pg/mL)

1 2&2 0.354=0.04

2 33.0 0.28±0.05

3 51.0 0.274=0.03

Fungizone® 45.0 0.224=0.04
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Figure 131. Dose-response curve of activity of AmB-PGA complexes 13 against 
intracellular amastigotes of Ldonovani in differentiated THP-1 cells after storage at 37°C 
for 7 days in a solution form. Each data point is an average of quadruplicates ± standard 
deviation.

In vivo antileishmanial activity o f AmB-PGA complex 13
The antileishmanial activity of the AmB-PGA complex 13 was assessed in BALB/c mice 

model infected with Ldonovani amastigotes. This model supports the development of 

infection induced by Ldonovani amastigotes as seen by increase in the parasite level in the 

liver and spleen (Croft & Yardley 1999). It is a well established model of visceral 

leishmaniasis that has been used to test antileishmanial drugs against acute infection (Croft 

& Yardley 1999; Nan et al. 2004; Nicoletti et al. 2009; Yardley & Croft 2000). The aims of 

the first in vivo study were to determine (1) whether AmB-PGA complex 13 is active in 

vivo against Ldonovani, and (2) the effect of AmB loading and dose on the in vivo 

antileishmanial activity of AmB-PGA complex 13. The infection was established by 

intravenous administration of 2*10^ amastigotes/200 pL into the mice tail vein. Four
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groups of mice were used. Each group contains five mice. Dosing was commenced on day 

7, 9 and 11 post infections and necropsy was conducted on day 14 post infection. Statistical 

analysis was done using unpaired t.student test (two tailed). P value< 0.05 is considered 

significant.

AmB-PGA complexes 13 that were prepared from the higher molecular weight 

PGA 12 (50-70 kDa) were selected for testing the in vivo antileishmanial activity. It was 

thought that PGA 12 with molecular weight less than 40 kDa will be cleared from the blood 

circulation quickly by the kidney and hence has a very short half life (Furong et al. 2006). 

The physicochemical characteristics of the selected AmB-PGA complexes 13 are shown in 

Table 56.

Table 56. Physicochemical characteristics of AmB-PGA complexes 13 for in vivo studies
no AmB loading Size PDI Charge Aggregation

(%) (nm) (mV) ratio
1 31.0 131.1±2.55 0.24±0.02 -47.37±2.05 2.6
2 51.0 126.5±0.72 0.24±0.00 -50.67±4.25 3.0

Two AmB-PGA complexes 13 with different AmB loading 31.0 and 51.0% were 

tested by intravenous administration of separate two single doses of 1.25 and 2.5 mg/kg 

AmB equivalent/ body weight. Each dose was given three times on alternate days. The total 

dose of AmB administered at the end of the experiment was 3.75 mg/kg for dose 1.25 

mg/kg and 7.5 mg/kg for dose of 2.5 mg/kg. AmBisome® was included as a control and 

administered at AmB single dose of 1.0 mg/kg following the same dosing regimen as the 

AmB-PGA complexes 13. The total dose of AmBisome® that has been administered was

3.0 mg/kg. The results were expressed as percentage of hepatic parasite burden inhibition 

calculated according to the infection level in the untreated control mice group. The level of 

parasitaemia was calculated as Leishman-Donovan units (LDU) (number of amastigotes 

per liver cell nuclei multiplied by weight of the liver (n=5)) (Bradley & Kirkley 1977). The 

level of parasitaemia was 1123±161 at the end of this experiment in the untreated control 

group.

The effect of AmB loading on the in vivo activity of AmB-PGA complex 13 was 

investigated. At AmB dose of 1.25 mg/kg, AmB-PGA complex 13 having 31.0 and 51.0% 

AmB loading displayed activity of 80.94±3.9 and 84.44±3.2% inhibition of hepatic parasite 

burden (Figure 132). This corresponds to a significant reduction in the hepatic parasite 

burden. There was no significant difference in the in vivo antileishmanial activity between
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AmB-PGA complexes 13 with 31.0 and 51.0% AmB loading (P=0.51). AmBisome® 

showed high activity of 95.52±0.4% inhibition of hepatic parasite burden at AmB dose of

1.0 mg/kg (total dose of 3.0 mg/kg). This was consistent with the literature where 

AmBisome® displayed 99.5±0.2% inhibition of the hepatic parasite burden (Nicoletti et al. 

2010) and 98.7±0.7 to 99.5±0.2% inhibition of the hepatic parasite burden at total dose of

3.0 mg/kg (Nicoletti et al. 2009). There was no sign of toxicity (no weight loss observed in 

mice) at total dose administered 3.75 mg/kg in both AmB-PGA complexes 13 (31.0 and 

51.0% AmB loading).
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Figure 132. The in vivo activity of AmB-PGA complexes 13 (A and B) having 31.0 and 
51.0% AmB loading against Ldonovani in BALB/c mice at single dose of 1.25 mg/kg 
AmB equivalents. Parasite burden inhibition (%) is an average ± standard mean error (n=5).

The effect of AmB loading using a higher AmB single dose (2.5 mg/kg) on the 

activity of AmB-PGA complex 13 was examined. The AmB-PGA complexes 13 having

31.0 and 51.0% AmB loading caused 90.65 ±2.2 and 94.4 ±1.5% hepatic parasite burden 

inhibition at AmB dose of 2.5 mg/kg (total dose of 7.5 mg/kg) respectively (Figure 133). 

There was no significant difference in the in vivo antileishmanial activity between AmB- 

PGA complexes 13 with different AmB loading (31.0 and 51.0%) even at higher dose 2.5 

mg/kg (P=0.15). There was loss of one mouse in the group dosed with AmB-PGA complex 

13 having AmB loading of 51.0% at total dose of 7.5 mg/kg. It was not clear how this death 

occurred. There was no sign of toxicity manifested as weight loss in all mice groups 

receiving either the complex 13 or AmBisome®.
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Figure 133. The in vivo activity of AmB-PGA complexes 13 (A and B) having 3 1.0 and 
51.0% AmB loading against L.donovani in BALB/c mice at single dose of 2.5 mg/kg AmB 
equivalents. Parasite burden inhibition (%) is an average ± standard mean error (n=5).

The in vivo activity of AmB-PGA complex 13 against L.donovani amastigotes in 

the liver macrophages increased with an increase of AmB dose (Table 57). There was a 

significant increase in the in vivo antileishmanial activity of AmB-PGA complex 13 having 

51.0% AmB loading when the dose was increased from 1.25 to 2.5 mg/kg (p=0.03). In 

comparison, the AmB-PGA complex 13 having 31.0% AmB loading showed an increase in 

antileishmanial activity which was not statistically significant (p=0.06). To sum up, AmB- 

PGA complexes 13 were found to have a potent in vivo antileishmanial activity in the 

BALB/c mice model which was not affected by the AmB loading in the complex 13 and 

depends mainly on the dose. This was not consistent with studies on AmB-HPMA 

conjugates which showed that the AmB loading in the conjugates affect their in vivo 

antileishmanial activity. AmB-HPMA conjugates having 9.6 AmB and 16.9% AmB 

loading showed hepatic parasite burden inhibition of 36.1± 10.4 and 77.5±3.0% respectively 

after administration of a total AmB dose of 3.0 mg/kg (Nicoletti et al. 2010).

Table 57. The in vivo activity of AmB-PGA complexes 13 having 31.0 and 51.0% AmB 
loading against L.donovani in BALB/c mice. Parasite burden inhibition (%) is an average ± 
standard mean error (n=5).

Group AmB loading 
(%)

Dosing regimen 
ivx3 (mg/kg)

% Parasite burden 
inhibition ±SEM

*P
value

1 31.0 1.25 80.94 ±3.9 0.06
2 31.0 2.50 90.65 ±2.2
3 51.0 1.25 84.44 ±3.2 0.03
4 51.0 2.50 94.4 ±1.5
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Effect o f the dose on the in vivo antileishmanial activity
The effect of AmB dose on the in vivo antileishmanial activity of AmB-PGA complex 13 

was further investigated. A dose response experiment was conducted by administering 

three doses 0.1, 0.5, and 2.5 mg/kg AmB equivalents given as single dose on three 

alternating days. The AmB-PGA complex 13 having 29.0% AmB loading was tested. This 

complex 13 was not toxic against human RBCs at concentrations up to 100.0 pg/mL AmB 

equivalents (Appendix 25). It had an aggregation ratio (A315/A408) of 1.9 and its size was 

194.23±0.80 nm (PDI 0.24±0.00) with a negative surface charge (-59.93±1.96 mV). 

AmBisome® was included as a control for comparison of in vivo antileishmanial activity at 

the same AmB doses as the AmB-PGA complex 13. The level of parasitaemia was 

682±132 at the end of the experiment in untreated mice group.

PGA-Na 12a was included as control to test whether the polymer 12a contributes to 

the observed in vivo antileishmanial activity of the AmB-PGA complex 13 at dose 

corresponding to amount of the polymer 12a administered at each dose of the complex 13. 

PGA-Na 12a was prepared from free acid of PGA 12 following the same procedure of 

preparing the AmB-PGA complex 13 but without addition of AmB. PGA-Na 12a displayed 

no toxicity against human RBCs at concentrations up to 500.0 pg/mL (Appendix 25).

The AmB-PGA complex 13 (29.0% AmB loading) displayed an excellent in vivo 

antileishmanial activity which was similar to AmBisome® (Figure 134). The observed 

E D 5 0  of the AmB-PGA complex 13 was 0.24±0.03 mg/kg ( E D 9 0  of 1.24±0.19 mg/kg) in 

comparison to 0.24±0.06 mg/kg ( E D 9 0  of 0.76±0.06 mg/kg) for AmBisome®, The 

experimentally calculated relative potency of AmB-PGA complex 13 was 1 ( E D 5 0  for 

AmB-PGA complex 13 divided by E D 5 0  for AmBisome®); therefore AmB-PGA complex 

13 was equally potent to AmBisome®. The calculated E D 5 0  of AmBisome® was consistent 

with previous publications. E D 5 0  of AmBisome® was 0.3 mg/kg ( E D 9 0  of 3.6 mg/kg) 

(Yardley & Croft 2000), 0.15-0.25 mg/kg ( E D 9 0  of 2.25-2.65 mg/kg) (Croft et al. 1991) and 

0.22 mg/kg ( E D 9 0  of 0.77 mg/kg) (Nicoletti et al, 2009). AmB-PGA complex 13 was more 

active than Fungizone® against experimental VL induced by L.donovani in BALB/c mice. 

Fungizone® had E D 5 0  of 0.95-4.9 mg/kg (Croft et al. 1991). The in vivo antileishmanial 

activity of AmB-PGA complex 13 was comparable to the activity of heat-induced AmB 

superaggregates which had an E D 5 0  of 0.144 ±0.018 to 0.37±0.14 mg/kg against 

L.donovani in BALB/c mice (Petit et al. 1999).
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Figure 134. Dose-response curve of AmB-PGA complex 13 in comparison with 
AmBisome® in BALB/c mice infected with L.donovani. Hepatic parasite burden inhibition 
(%) is an average ± standard mean error (n=5).

There was no significant difference in the in vivo activity between AmB-PGA 

complex 13 and AmBisome®. The in vivo activity of both AmB-PGA complex 13 and 

AmBisome® displayed an excellent correlation with AmB dose (Table 58 and Figure 134). 

Comparing the observed reduction in the hepatic parasite burden after administration of a 

total dose of 7.5 and 1.5 mg/kg AmB equivalents. AmB-PGA complex 13 displayed 

96.15±1.10% and 23.60±3.40% inhibition respectively (p<0.0001). While AmBisome® 

caused 100.00±0.00% and 17.25±9.10% inhibition of parasite burden respectively. There 

was loss of one mouse in the group dosed with AmB-PGA complex 13 at total dose of 7.5 

mg/kg. The cause of the death was not clear. There was no sign of toxicity manifested as 

weight loss in all mice groups receiving either the complex 13 or AmBisome®.

Table 58. In vivo antileishmanial activity of AmB-PGA complex 13 in comparison with 
AmBisome®. Parasite burden inhibition (%) is an average ± standard mean error (n=5). In 
group dosed with 2.5 mg/kg AmB-PGA complex (n=4).

no Dose %inhibition P. Value(mg/kg) AmB-PGA complex 13 AmBisome®
1 2.5 96.15±1.10 lOO.OOiO.OO ND
2 0.5 73.99±2.40 79.53±1.00 0.06

3 0.1 23.60±3.40 17.25±9.10 0.53
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The PGA-Na 12a displayed 11.78±2.2% inhibition of hepatic parasite burden at total dose 

of 18.36 mg/kg corresponding to total amount of the polymer 12a administered upon giving 

AmB-PGA complex 13 at a total dose of 7.5 mg/kg. There was no inhibition of hepatic 

parasite burden at total dose of the polymer 12a of 3.66 mg/kg (1.5 mg/kg AmB 

equivalents). There was no sign of toxicity in mice that were dosed with PGA-Na 12a (no 

weight loss).

The PGA-Na 12a control displayed negligible in vivo and in vitro antileishmanial 

activity. This indicates that all the observed antileishmanial activity in vitro and in vivo 

was caused by AmB only without contribution from the polymer 12a in reducing the 

parasite burden in the liver. The PGA-Na 12a is used as an excipient and has no biological 

effect as evidenced by our in vitro and in vivo studies. Some polymeric nanoparticles 

containing no drug such as PLGA (Venier-Julienne et al. 1995) and 

polyalkylcyanoacrylates (Gaspar et al. 1992) are found to elicit a very high antileishmanial 

activity in vitro. Similar observation was reported by Nicoletti et al in BALB/c mice 

infected with L.donovani. The control N-(2-hydroxypropyl)methacrylamide copolymer 

(HPMA) caused 42.2±5.4% hepatic parasite burden inhibition at dose equivalent to amount 

of polymer at top dose of 3.0 mg/kg AmB equivalents and no inhibition at dose 1.0 mg/kg 

(Nicoletti et al. 2009). This could be explained by generation of reactive oxygen 

intermediates following phagocytosis of nanoparticles by the macrophages (Venier- 

Julienne et al. 1995; Gaspar et al. 1992).

The in vivo activity of AmB-PGA complex 13 was reproducible, in the first in vivo 

experiment the AmB-PGA complex 13 (31,0% AmB loading) displayed 90.65±2.2% 

inhibition of hepatic parasite burden at dose of 2.5 mg/kg AmB equivalents (total dose of 

7.5 mg/kg AmB equivalents). In comparison, in the second in vivo study the AmB-PGA 

complex 13 (29.0% AmB loading) suppressed the hepatic parasite burden by 96.15^1.10% 

at the same dose.

AmB-PGA complex 13 (29.0% AmB loading) is more active against L.donovani in 

vivo than AmB-HPMA conjugate (27.5% AmB) (ED50 of 0.97 and ED90 >1 mg/kg) 

(Nicoletti et al. 2009). AmB-HPMA conjugate (27.5% AmB) showed relative potency of 

4.4 in comparison with AmBisome®. This potent in vivo activity of AmB-PGA complex 13 

can be related to both AmB aggregation and the size of the AmB-PGA complex 13. The 

size of AmB-PGA complex 13 was greater than 100 nm, which might favour its uptake by 

the mononuclear phagocyte system (MPS). Furthermore, AmB was present in a highly
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aggregated form (aggregation ratio 1.9-3.9) in the AmB-PGA complex 13. AmB aggregates 

such as heat-induced superaggregates are taken up efficiently by the macrophages (J774) 

in vitro (Cheron et al. 2003). The AmB-PGA complex 13 was taken up by the differentiated 

THP-1 cell infected with Ldonovani (Figure 117, 120 and 123).

Polyaggregates of AmB was observed to be very active in vivo against VL induced 

by L.infantum in a Syrian hamester model (Sanchez-Brunete et al. 2004). This potent in 

vivo activity was attributed to the large size of the polyaggregates which favours their 

uptake by phagocyte system cells and therefore their activity against Leishmania 

amastigotes in the macrophages (Cheron et al. 2003). Similar findings were reported where 

the antileishmanial activity of three lipid-based formulations of AmB (Abelcet®, 

Amphocil®, AmBisome®) in BALB/c mice infected with Ldonovani was compared 

(Mullen et al. 1997). The antileishmanial activity of these formulations correlates with the 

aggregation ratio of AmB. AmBisome® and Amphocil® displayed similar in vivo 

antileishmanial activity and had an aggregation ratio (A348/A409) of 5.5 and 5.4 in serum 

(50.0%) respectively. While Abelcet® showed 1.3 aggregation ratio and lower activity.

Lipid based formulations are highly effective in the treatment of VL (Sundar et al. 

2004; Sundar et al. 2010). Cure rates higher than 95.0% can be achieved by 5 doses of 2.0 

mg/kg AmBisome® or Abelcet®, while 15 doses on alternate days of 1.0 mg/kg 

Fungizone® is required to achieve the same cure rate (Sundar et al. 2004). Recent studies 

revealed that 100.0% cure rate can be achieved by single dose of AmBisome® of 10.0 

mg/kg given once (Sundar et al. 2010). In comparison. Fungizone® displayed 98.0% cure 

rate at dose of 1.0 mg/kg that was given every other day for 29 days (Sundar et al. 2010). 

Amphocil® have cure rate of 97.0% at a total dose of 7.5 mg/kg (Sundar et al. 2006).

The high efficacy of the lipid based formulations is due to AmB aggregation state 

and their rapid uptake by MPS from circulation which concentrates AmB mainly in the 

liver and spleen where the parasites are localised (Golenser & Domb 2006; Guo 2001; 

Olsen et al. 1991). Abelcet® has a very large particles size 1.0-10.0 pm which is larger than 

AmB-PGA complex 13 (108.0-260.0 nm). These Abelcet® large particles are rapidly 

accumulated in the mononuclear phagocyte system (Janoff et al. 1993). Abelcet® acts as 

depot which rapidly distributes AmB to tissues store that releases AmB slowly (Adedoyin 

et al. 1997; Adedoyin et al. 2000). Amphocil® has a particle size of 115-120 nm which is 

comparable to the AmB-PGA complex 13 (Brajtburg & Bolard 1996; Szoka & Tang 1993). 

Amphocil® showed a similar PK profile as Abelcet® and is rapidly taken up by the MPS
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and concentrated in the liver, spleen and bone marrow (Fielding et al. 1992). On the other 

hand, AmBisome® showed a reduced uptake by the macrophages and its persistence in the 

bloodstream was due to its small size (Fukui et al. 2003). The size of AmBisome® is 60.0-

80.0 nm which smaller than AmB-PGA complex 13 (108.0-260.0 nm). High AmB plasma 

concentration is obtained by AmBisome® due to the fact that small, rigid, spherical 

liposomes are taken up less rapidly by the MPS. The high therapeutic efficacy of 

AmBisome® is related to both improved tissue penetration (liver and spleen) and sustained 

activity of therapeutic level of AmB in these tissues (Adler-Moore & Proffitt 2003). This 

due to long circulation (AmB in associated form with liposome) and slow release of AmB 

in plasma (Bekersky et al. 2002b).

Lipid based formulations change the distribution of AmB with Abelcet® and 

Amphocil®, the liver acts as a reservoir of the drug for the plasma. The opposite is true for 

AmBisome® where the plasma functions as a reservoir for the tissues (Torrado et al. 2008). 

The ability of the formulation to deliver AmB to the mononuclear phagocyte system (MPS) 

(liver, spleen and bone marrow) determines its antiparasitic activity (Mullen et al 1997). 

The uptake of vesicular systems by the MPS is a function of particle size of the vesicle 

(Vonarbourg et al. 2006). The larger the particle size, the more uptake by liver and spleen. 

Based on the fact that Amphocil®, Abelcet® and AmB-PGA complex 13 have a larger 

particle size than AmBisome®, AmB-PGA complex 13 might have different 

pharmacokinetic and biodistribution than AmBisome® which might be similar to Abelcet® 

and Amphocil®.

4.5 Conclusion
The process for protonation of PGA-Na 12a is a key factor for the successful complexation 

of AmB with PGA 12. PGA 12 that was protonated by dialysing against phosphate buffered 

saline (PBS) or hydrochloric acid did not form successful complexes with AmB due to 

presence of contamination thought to be sodium chloride. More exhaustive dialysis of the 

protonated PGA 12 solution against double distilled water after the protonation step was 

found to be appropriate to give PGA 12 for the successful complexation with AmB. AmB- 

PGA complexes 13 that were then prepared from the purified PGA 12 solutions (50-70 

kDa) were not toxic against human RBCs and mammalian cells (KB and THP-1).

The water solubility of these AmB-PGA complexes 13 (20.0-50.0% AmB loading) 

was in the range of 1.5-3.0 mg/mL AmB equivalents (6.0-7.5 mg of the complex 13). The
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AmB-PGA complexes 13 with higher AmB loading -50.0% were 2 fold more soluble than 

the complexes 13 with lower AmB loading-20.0%. The solubility of AmB improved 1500- 

3000 times by complexation of AmB with PGA 12. As the solubility of the bulk AmB is 

O.OOlmg/mL. In attempts to further improve the water solubility and stability of AmB-PGA 

complex 13, addition of PVP and the use of PGA 12 with low molecular weight (20-40 

kDa) were examined. The addition of PVP to the AmB-PGA complexes 13 resulted in an 

increase in the water solubility of AmB-PGA complexes 13 to 2.2-8.5 mg/mL AmB 

equivalents. Unfortunately all the AmB-PGA complexes 13 prepared by adding PVP were 

toxic to human RBCs and mammalian cells (KB and THP-1 cells). This was thought to be 

due to the presence of weak interactions between AmB and the polymer 12 due to 

interference of PVP with complex formation. The use of low molecular weight PGA 12 

(20-40 kDa) did not improve the water solubility of AmB-PGA complex 13, however all 

the complexes 13 prepared from this lower molecular weight PGA 12 were not toxic to 

RBCs and KB cells. The complexation efficiency was higher for PGA 12 with the higher 

molecular weight (50-70 kDa) (~76.0±3.5 to 90.8±8.4%) than the lower molecular weight 

PGA 12 (52.0-86.3%). These results indicated that the higher molecular weight PGA 12 

may be more efficiently complex AmB. Interestingly the molecular weight of the polymer 

12 did not greatly affect the size and the charge of the final AmB-PGA complex 13.

In AmB-PGA complexes 13 prepared from the higher molecular weight PGA 12 

(50-70 kDa), AmB was present in aggregated state with aggregation maximum peak at 315- 

318 nm and the aggregation ratio higher than 2. The significant characteristic of the AmB 

aggregates in AmB-PGA complex 13 is that the observed aggregation peak was spectrally 

shifted compared to the aggregation peak of Fungizone® (329 nm). The AmB in AmB- 

PGA complexes 13 was more like the AmB in AmBisome®, where the AmB was also 

highly aggregated with the aggregation peak spectrally shifted to a lower wavelength (324 

nm). The aggregated and spectrally shifted AmB-PGA complexes 13 that we produced 

were not toxic to human RBCs and mammalian cells (KB and THP-1). Some AmB-PGA 

complexes 13 prepared from the higher molecular weight PGA (50-70 kDa) often displayed 

a broad aggregation peak at 315-326 nm (aggregation ratio A 3 1 5 / A 4 0 9  was 1.9-3.0). This 

broad peak indicated the presence of AmB in an aggregated state; however the spectral shift 

range may have been related to the microenvironment of the polymer 12 interaction with 

the AmB. These AmB-PGA complexes 13 did not display any toxicity against RBCs and 

KB cells and displayed a potent antileishmanial activity in vitro and in vivo.
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Regarding the cell based studies in vitro; the AmB-PGA complexes 13 were non

toxic to human RBCs and mammalian cells (KB cells and THP-1 cells). The AmB-PGA 

complexes 13 remained stable and non-toxic after storage at 37°C for 7 days in solution 

(1.0 mg/mL) and for 30 days in powder form at 37°C. No toxicity was observed against KB 

cells up to 200.0 pg/mL AmB equivalents and against THP-1 cells up to 90.0 pg/mL AmB 

equivalents. In comparison, Fungizone® displayed 100.0% suppression of cells growth at 

the same concentrations. The reduction of AmB toxicity in the AmB-PGA complexes 13 

might be due to (1) AmB-PGA complex 13 remained intact without dissociation of AmB 

from the polymer 12 into the biological medium, (2) formation of non-toxic water-soluble 

AmB aggregates that are associated with the polymer and, (3) AmB-PGA complex 13 

might act as a reservoir to release AmB slowly at a low concentration that is not toxic 

against mammalian cells. Fungizone® is thought to be toxic because of what is termed 

“oligomeric AmB” (Mullen et al. 1997). It may be that the AmB-PGA complex 13 stops 

the exposure of this aggregated form of AmB. The presence of AmB in a form of water 

soluble non-toxic aggregates in the AmB-PGA complex 13 was evidenced by UV 

spectroscopy studies. AmB-PGA complex 13 was very stable in PBS (pH 7.4) and serum 

(50.0% in PBS) (only 1.46±0.01 to 1.68±0.01% AmB released in PBS and 9.74±0.02 to 

21.10±0.08% AmB released in serum) after 24 h incubation at 37°C. This corroborates that 

AmB-PGA complex 13 remained intact without dissociation of AmB from the polymer 12.

All of the AmB-PGA complexes 13 displayed an in vitro antileishmanial activity 

(ECso of 0.23±0.04 to 0.33±0.08 pg/mL). This was similar to Fungizone® ( E C 5 0  of 

0.22±0.04 pg/mL) against intracellular amastigotes of Ldonovani in the differentiated 

THP-1 cells. The complexation of AmB with PGA 12 did not affect its activity against 

intracellular amastigotes of L.major and Ldonovani in vitro. This ensures that AmB is 

accessible to amastigotes. This was confirmed by macrophage uptake studies where the 

AmB-PGA complexes 13 were taken up by both uninfected and infected differentiated 

THP-1 cells {Ldonovani) to a similar extent as Fungizone®. This indicates that that passive 

targeting of the macrophages might be achieved by complexing AmB with PGA 12. 

Polymers are macromolecules that can be taken by the macrophages via endocytosis 

(Duncan 2009; Mellman 1996; Nicoletti et al. 2009; Nan et al. 2004). AmB-PGA complex 

13 is thought to be taken up by the macrophages via endocytosis. This might explain the 

observed potent antileishmanial activity. Furthermore, it suggests that AmB-PGA complex
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13 might kill the intracellular Leishmania amastigotes by direct interaction with the 

parasite.

The most important finding is the AmB-PGA complexes 13 displayed a potent 

antileishmanial activity in vivo using a well established mouse model of leishmaniasis. 

There was significant suppression of parasite burden compared with the untreated control. 

In the first in vivo experiment, the loading of AmB in the AmB-PGA complexl3 did not 

affect the in vivo antileishmanial activity. PGA-Na 12a displayed negligible in vivo and in 

vitro antileishmanial activity. This indicates that all of the observed antileishmanial activity 

in vitro and in vivo is caused by AmB. In a dose-response experiment, the observed ED50 of 

AmB-PGA complex 13 (29.0% AmB loading) was 0.24±0.03 mg/kg which compared well 

to 0.24±0.06 mg/kg for AmBisome®. The relative potency of the AmB-PGA complex 13 

to AmBisome® was 1, therefore AmB-PGA complex 13 was thought to be equally potent 

to AmBisome®. This potent in vivo activity of AmB-PGA complex 13 may be related to 

both AmB aggregation and the size of the complex 13 The size of AmB-PGA complex 13 

was greater than 100 nm, which might favour its uptake by the liver and spleen. Although 

there was difference in the size between AmBisome® and the AmB-PGA complex 13, the 

in vivo activity of the complex 13 was similar to AmBisome®. Furthermore, in vitro 

macrophage uptake studies in infected differentiated THP-1 cells revealed difference in the 

uptake of AmB-PGA complex 13 and AmBisome®. The AmB-PGA complex 13 was taken 

up by infected differentiated THP-1 cells to a similar extent as Fungizone®. On contrast, 

AmBisome® was not taken up by these cells. This difference in the cellular uptake between 

AmB-PGA complex 13 and AmBisome® might be related to their size.

The potent in vivo antileishmanial activity of AmBisome® is explained by 

improved tissue penetration (liver and spleen) due to AmBisome® ability to circulate in 

the blood for long time (Adler-Moore & Proffitt 2003). AmBisome® displayed a long 

plasma half life (152 h) following intravenous administration of AmB in healthy volunteers 

(Bekersky et al. 2002b). The reduced uptake of AmBisome® by macrophages and its 

persistence in the bloodstream was due to its small size (Fukui et al. 2003). This does not 

mean that the larger size of AmB-PGA complex 13 is not a good property. Abelcet® has 

particles size 1-10 pm and which is larger than AmB-PGA complex 13 (108.0-260.0 nm) 

(Szoka & Tang 1993). Amphocil® has a particle size of 115-120 nm (Brajtburg & Bolard 

1996; Szoka & Tang 1993). Both of Abelcet® and Amphocil® are highly effective against 

VL (Sundar et al. 2006; Torrado et al. 2008). Amphocil® and Abelcet® are rapidly taken
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up by the MPS and concentrated in the liver, spleen and bone marrow (Adedoyin et al. 

2000; Adedoyin et al. 1997; Fielding et al. 1992). The AmB-PGA complex 13 might have 

different pharmacokinetic and biodistribution than AmBisome® which might be similar to 

Abelcet® and Amphocil®. Further work is needed to determine the pharmacokinetic and 

biodistribution of AmB-PGA complex 13.
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Chapter 5 
General discussion and future work

There remains an urgent need for a safe, affordable and stable medicine to treat VL. As an 

active agent, AmB has proven its effectiveness over many decades of clinical use in a large 

number of patients. The problem is its toxicity. Therefore a less toxic, more affordable 

formulation of amphotericin B (AmB) could be of benefit. Fungizone® is the conventional 

form of AmB that is used clinically. It is a colloidal dispersion of AmB with sodium 

deoxycholate (Brajtburg & Bolard 1996; Storm & van 1997; Torrado et al. 2008). The main 

drawbacks of Fungizone® is the toxic side effects of AmB are prevalent, especially 

nephrotoxicity. Fungizone® often requires the need for hospitalisation and a complicated 

dosing regimen (Mueller et al. 2008). Fungizone® is administered in the form of slow 

intravenous infusion over 4-24 h period in an effort to reduce its toxic side effects (Eriksson 

et al. 2001). Several lipid-based formulations have been developed and used clinically to 

overcome the limitations of Fungizone®. The liposomal formulation of AmB 

(AmBisome®) is the most commonly used lipid-based formulation of AmB for the 

treatment of VL (Sundar et al. 2011; Sundar & Chakravarty 2010; Sundar et al. 2010). 

AmBisome® has a high therapeutic index, much less side effects than Fungizone® due to 

AmB and AmBisome® can be given as short course treatment (Sundar et al. 2011; Sundar 

& Chakravarty 2010). Unfortunately the clinical use of AmBisome® is limited by its high 

cost (Olliaro et al. 2009). Its lack of stability means that AmBisome® requires the need to 

use a cold chain. Both cost and the lack of stability of AmBisome® limit its use in resource 

limited regions of the world where VL is endemic.

While it is possible to imagine that developing a generic version of AmBisome® 

might allow for a more cost-effective medicine to be available. However, the process of 

manufacture of AmBisome® is important for its clinical properties. While the chemical 

composition of AmBisome® can be copied, it is not clear that the process of manufacture 

has been copied. It has not yet been possible to produce a completely bioequivalent generic 

version of AmBisome® (Olson et al. 2008). Any minor changes in the ratio between AmB 

and lipids can alter the toxicity profile of the liposome (Adler-Moore & Proffitt 1993). The 

process of making the formulation affects the toxicity of the final product (Adler-Moore & 

Proffitt 1993; Olson et al. 2008). In early development of AmBisome®, the liposomes that 

were prepared by sonication were found to be more toxic the ones prepared by 

homogenisation even when AmB/lipid composition was kept the same (Adler-Moore &
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Proffitt 1993). Furthermore processes such as sterile filtration, storage and lyophilisation 

have to be carefully controlled to ensure reproducibility of the batches (Olson et al. 2008). 

It is not easy to manufacture a generic version of AmBisome®.

Anfogen® is a generic liposomal formulation of AmB that has a similar chemical 

composition as AmBisome® but a different preparation process. These differences in the 

manufacture process result in different physicochemical properties of the liposome and 

toxicity in mice. The size of Anfogen® is 111.5 nm compared to 77.8 nm for AmBisome® 

(Olson et al. 2008). AmBisome® is tolerated in mice at a high dose with a LD50 greater 

than 100.0 mg/kg (Olson et al. 2008). In comparison, Anfogen® has LD50 of 10.0 mg/kg in 

mice (Olson et al. 2008).

Currently Gilead does offer AmBisome® for limited use in resource poor parts of 

the world at a cost of $18-20 per vial ((WHO 2010)-DNDi personal correspondence). It is 

thought that this cost is the lowest possible that AmBisome® can be purchased. The cost 

of the total AmBisome® needed for treatment can be $200-300 even at this drastically 

reduced cost (normal cost in the UK is £96.69 per vial (Martin et al. 2010)). This cost is 

still prohibitive in resource limited regions of the world where annual salaries may also be 

in the range of $200-500 pa.

Several non-lipid formulations based on the use of polymers have been studied 

preclinically as a means to tackle the problems of toxicity and poor water solubility of 

AmB. Examples include covalent conjugates of AmB to a water-soluble polymer (Nicoletti 

et al. 2009; Nishi et al. 2007; Sedlak 2009) and polymeric micelles (Vandermeulen et al. 

2006; Adams et al. 2003; Falamarzian & Lavasanifar 2010). A polymeric micelle system 

was easy to prepare but unfortunately like most micellar systems, it suffered from 

instability in serum which reduce its stability in vivo (Chen et al. 2008; Savic et al. 2006). 

Conjugation of AmB to a polymer might affect its antileishmanial activity as conjugation 

occurs via amino group of AmB, which is proven to be very important for AmB interaction 

with ergosterol membrane (Sedlak 2009). AmB conjugation to a polymer requires that the 

structure of AmB be changed which has regulatory and cost implications. Also conjugation 

most certainly requires that the AmB is somehow released from the polymer. This further 

complicates the final medicine and is not thought to be a viable strategy long term.

Our strategy is to use a polymer to form a non-covalent complex with AmB. 

Examples of AmB-polymer complexes that have been described in literature are: (1) AmB 

complexes with PVP (Charvalos et al. 2006; Charvalos et al. 2001), and (2) AmB
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cyclodextrin inclusion complexes (Jansook & Loftsson 2009; Kajtar et al. 1989). These 

AmB-polymer complexes have not been used in the clinic.

The main drawbacks of the AmB-PVP complex are: (1) the AmB loading in this 

complex was very low (0.249% w/w) and (2) the complexation of PVP with AmB is 

difficult and requires the use of a large amount of PVP (2.0 g) and methanol (100.0 mL) 

(Charvalos et al. 2006; Torrado et al. 2008). This would presumably make the manufacture 

at large scale of the AmB-PVP complex difficult, costly and in the end not feasible. 

Furthermore, AmB-PVP complexes caused only 2 fold reduction of the haemolytic toxicity 

of AmB compared with Fungizone® (100.0% haemolysis) after 1 h incubation with sheep 

red blood cells at 37°C at AmB concentration of 40.0 pg/mL (Charvalos et al. 2006). This 

can be explained by the formation of toxic AmB aggregates that resemble oligomers 

present in Fungizone®. This was evidenced by UV spectroscopy analysis of AmB-PVP 

complex (Charvalos et al. 2006). No 24 h incubation data were given which implies that 

these complexes were quite haemolytic, and no further work has been describe to develop 

these AmB-PVP complexes.

Gamma cyclodextrin (CD) can form an inclusion complex with AmB which can 

form solution upon dissolving lyophilised AmB-cyclodextrin complex in water (Jansook & 

Loftsson 2009; Kajtar et al. 1989). AmB-cyclodextrin complex were toxic against human 

RBCs (33.1±2.04% haemolysis) after 1 h incubation at an AmB concentration of 100.0 

pg/mL (Espada et al. 2008b). This haemolytic toxicity of the AmB-CD complex was 

consistent with haemolysis caused by pure gamma cyclodextrin alone (Ohtani et al. 1989). 

The drawback of cyclodextrin AmB complexation is the need to use a large amount of 

cyclodextrin to achieve effective solubilsation of AmB. The use of cyclodextrin in 

parenteral drug delivery is limited by its toxicity which is related to the dose and structure 

of CD (Shi et al. 2009). However, the use of gamma cyclodextrin at intravenous doses 

below 120.0 mg/kg was reported to be safe (Donaubauer et al. 1998).

We were able to prepare AmB complexes successfully using different polymers: (1) 

synthetic non-biodegradable polymers (poly(methacrylic acid) and poly(vinyl pyrrolindone 

-co-methacrylic acid) derived from a precursor polymer and (2) a synthetic biodegradable 

polymer, poly(a-glutamic acid) (PGA) 12. The physicochemical and biological 

characteristics of these AmB-polymer complexes are summarised in Table 59. Our AmB- 

polymer complexes were superior to AmB-PVP complex (Charvalos et al. 2006) in terms 

of higher AmB loading that can be achieved (20.0-50.0%) and that the AmB haemolytic
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toxicity was dramatically reduced even after 24 h incubation (100 fold). Furthermore, the 

fabrication process was practical and does not involve the use of a large amount of the 

polymer and solvents.

Table 59. Physicochemical and biological characteristics of AmB-polymer complexes.
Complex AmB-PMAA 4 AmB-PVM 8 AmB-PGA 13

AmB loading (%) 20.0-30.0 20.0-30.0 20.0-50.0

Molecular weight of polymer (kDa) 17.0-37.0 56.0-105.0 50.0-70.0

Polydispersity narrow wide wide

Complexation efficiency (%) 45.0-70.0 52.0-77.5 76.0-91.0

Water solubility (mg/mL) AmB 4.0 2.0 1.5-3.0

Aggregation ratio 0.9-1.4 0.9-1.1 1.9-3.0

Size (nm) 80.0-164.0 52.0-133.0 108.0-260

Charge (mV) -46.2 ±4.8 ND -55.0 to -62.0

NHS related impurities Present present Non

Toxicity (KB cells and THP-1 cells) ND Non Non

Toxicity (RBCs) Non ND Non

In vitro activity {L.major) ND Active Active

In vitro activity {L.donovani) Active* ND Active

In vivo activity (L.donovani) Active* ND Active

*Described in work by (Harris Debra 2006). ND is not determined.

The differences between the AmB-PGA complex 13 and the other complexes that were 

studied (AmB-PVM complex 1% and AmB-PMAA complex £) mainly relate to the 

complexation efficiency, the lack of NHS related impurities, the colloid size, water 

solubility, aggregation state of the AmB and the degradability of the polymer. The 

complexation efficiency of the AmB-PGA complex 13 was higher than for both of the 

AmB-PVM complex 1% and AmB-PMAA complexes 4. This might due to less steric 

hindrance in PGA 12 due to absence of the NHS ester group.

The size of AmB-PGA complex 13 was larger than both AmB-PVM complex 11 

and AmB-PMAA complexes 4. This might be due to presence of AmB in aggregated form 

in AmB-PGA complex 13. The size of AmB-PGA complex 13 (108.0-260 nm) was larger 

than AmBisome®. The observed size of AmBisome® was 93.22±0.6S nm (PDI: 

0.29±0.31) in aqueous solution. This was consistent with the literature where AmBisome® 

has a particle size of 60.0-80.0 nm (Adler-Moore & Proffitt 2002; Adler-Moore & Proffitt
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1993; Dupont 2002; Hiemenz & Walsh 1996; Olson et al. 2008; Storm & van 1997; 

Torrado et al. 2008). The size of these AmB-PGA complex 13, AmB-PMAA complex 4 

and AmB-PVM complex 11 was lower than Fungizone® (1000 nm) (Hillery 1997) and 

Abelcet® (1000-10000 nm) (Janoff et al. 1993) and comparable to Amphocil® (120 nm) 

(Guo 2001). The charge of AmB-PGA complex 13 and AmB-PMAA complex j^was in the 

range of -55.0 to -62.0 mV and - 46,2 ±4.8 mV respectively which was similar to the 

experimentally observed charge of AmBisome® (-59.27±3.42 mV). AmBisome® was 

reported to have negative surface (Alder-Moore & Proffitt 2002; Dupont 2002; Torrado et 

al. 2008).

AmB-PMAA complex 4 was more water soluble (4.0 mg/mL AmB equivalents) 

than the AmB-PVM complex 11 (2.0 mg/mL AmB equivalents) and AmB-PGA complex 

13 (1.5-3.0 mg/mL AmB equivalents). These values compare favourably to the solubility of 

bulk AmB. The water solubility of AmB is 0.001 mg/mL (Lavasanifar et al. 2001). The 

improvement of AmB water solubility that was observed with the AmB-PMAA complex 4, 

AmB-PGA complex 13 and AmB-PVM complex 11 is superior to that previously reported 

for preclinical AmB-polymeric micelle formulations. The encapsulation of AmB in 

polymeric micelle such as; (1) poly(ethylene glycol)-block-poly(e-caprolactone-co- 

trimethylenecarbonate) copolymer micelle increased AmB solubility to 122.0 pg/mL 

(Vandermeulen et al. 2006), (2) poly(ethylene oxide)-block-poly(N-hexylstearate-l- 

aspartamide) micelles solubilised AmB up to 250.0 pg/mL (Lavasanifar et al. 2002) and, 

(3) methoxypoly(ethyleneoxide)-b-poly(e-caprolactone) based micelle enhanced AmB 

solubility to 222.0-436.0 pg/mL (Falamarzian & Lavasanifar 2010b).

Regarding the process of preparation, the main drawback of the AmB-PMAA 

complexes 4 is the presence of NHS related impurities that cannot be identified, quantified 

or removed from the complex 4. For the AmB-PVM complex 11, besides the presence of 

impurities in most of the complexes 11 that were prepared, there was poor reproducibility 

due to the difficulty in controlling the molecular weight characteristics and co-monomer 

composition of the precursor copolymer 9.

The use of free acid PGA 12 eliminated the need for the NHS ester. Although it was 

considered to conjugate NHS first to PGA 12, the efforts to complex AmB to the 

protonated forms of PMAA 3 and PAA suggested that the NHS ester was not necessary. 

Furthermore, both of the precursor polymer 2 and copolymer 9 and the resultant hydrolysed 

polymer ^  and copolymer 10 are not biodegradable. Their clearance from the body is
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thought to be via the kidneys which will depend mainly on their molecular weight 

(Kabanov & Okano 2003; Yamaoka et al. 1994). In comparison, PGA 12 is a biodegradable 

polymer that undergoes degradation by the lysosomal enzymes into metabolisable products 

(L-glutamic acid) (Chiu et al. 1997). L-glutamic acid can enter normal cellular metabolism 

and is not excreted by the kidney (Singer 2005). In terms of decreasing the risk due to 

accumulation, this makes the AmB-PGA complex 13 superior to both the AmB-PMAA 

complex 4 and AmB-PVM complex 11.

AmB was present in a non-aggregated form in both the AmB-PVM complex 11 and 

the AmB-PMAA complex 4 when derived from the NHS precursor polymers 2 and 9. In 

contrast it was very highly aggregated in the AmB-PGA complex 13. All of these AmB- 

polymer complexes regardless of the differences in the AmB aggregation state were non

toxic against mammalian cells (RBCs, KB and THP-1 cells). The observed reduction in the 

in vitro toxicity of AmB by complexation with the polymer can be explained by these 

complexes remaining intact with a relatively small amount of free AmB being un

associated with the polymer. This was evidenced by the stability studies where AmB-PGA 

complex 13 remained stable in PBS (pH 7.4) and serum up to 24 h (Figure 100 and 101) 

and also AmB-PMAA complex 4 remained stable in PBS up to 24 h. It is thought that free 

AmB (unbound to a carrier) is toxic against cells, therefore the toxicity of AmB depends on 

the ability of AmB dissociate from the delivery carrier (Brajtburg & Bolard 1996).

The toxicity of AmB is also related to its ability to form some forms of AmB self

aggregates, often called AmB oligomers. These are toxic to mammalian cells in the form of 

water soluble aggregates (Brajtburg & Bolard 1996; Legrand et al. 1992). It is thought that 

the toxicity of AmB towards mammalian cells can be reduced by reducing its self 

association in water (Torrado et al. 2008; Barwicz et al. 1992; Brajtburg & Bolard 1996). 

In Fungizone®, there is a weak interaction between AmB and deoxycholate that results in 

fast dissociation of AmB from the deoxycholate and formation of the most toxic aggregate 

forms of AmB (oligomers) (Mullen et al. 1997). In both the AmB-PMAA complex 4 and 

the AmB-PVM complex jH the observed reduction of toxicity is due to reduction in the 

aggregation of AmB within the polymer complex. It appeared that the AmB is associated 

with the polymer in solution as predominantly monomeric AmB.

In the case of the AmB-PGA complex 13, reduction of the toxicity is due to the 

formation of non-toxic water soluble AmB aggregates that are associated with the polymer 

12. AmB-PGA complex 13 might act as a reservoir and release AmB slowly. Un
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associated AmB appears to be present at a concentration lower than its critical aggregation 

concentration in which the toxic aggregate forms exist (Barwicz et al. 1992; Legrand et al.

1997). In AmBisome®, AmB is present in a highly aggregated form with an aggregation 

peak at 324 nm (Espada et al. 2008b; Fujii et al. 1997) rather than at 329 nm for 

Fungizone®, The lower toxicity of AmBisome® is thought to be partially due to the AmB 

aggregation state and slow release of AmB from the liposome (Brajtburg & Bolard 1996). 

Furthermore, AmBisome® alters the pharmacokinetics and reduces the rate of transfer of 

AmB to site of its toxicity (Bekersky et al. 2002; Szoka & Tang 1993; Vogelsinger et al. 

2006), The improved pharmacokinetics and distribution of AmBisome® is related to the 

small size of the liposome (Adler-Moore & Proffitt 2003). AmBisome® does not bind to 

LDL and this is thought to reduce the renal toxicity of AmB because AmB remains 

associated with the lipids in the liposome (Brajtburg & Bolard 1996; Vyas & Gupta 2006; 

Wasan et al. 2008).

The aggregation Xm&x of the AmB-PGA complex 13 displayed an aggregation peak 

at 315-318 nm in water. In comparison. Fungizone® oligomers appear at wavelength 327- 

329 nm (Tiyaboonchai & Limpeanchob 2007). The presence of a spectral shift of the 

aggregation peak in the case of AmBisome® and AmB-PGA complex 13 indicates there is 

formation of AmB aggregates that are different from the aggregated oligomers that are 

present in Fungizone®. These aggregates remained associated to the carrier which is the 

lipid in the case of AmBisome® and the polymer in the case of the AmB-PGA complex 13. 

This association with these carrier leads to solubilisation of the aggregates in water.

All of these AmB-polymer complexes were active against the Leishmania parasite 

in vitro. AmB-PGA complex 13 was more active in vitro against L.major intracellular 

amastigotes in differentiated THP-1 cells (EC50 0.07±0.01 pg/mL) than the AmB-PVM 

complexes 11 (EC5 0 , 0.08±0.01 to 0.15±0.07 pg/mL). In comparison. Fungizone® had an 

EC50 0.06±0.01 pg/mL. The activity of AmB-PMAA complex 4 was not assessed against 

L.major in differentiated THP-1 cells. The AmB-PMAA complex 4 was found to have an 

EC50 o f 0.14 pg/mL against intracellular amastigotes of L.mexicana and an EC50 of 0.27 

pg/mL against intracellular amastigotes of L.donovani in monocyte derived macrophages 

(Harris Debra 2006). In comparison. Fungizone® had an EC50 of 0.22 and 0.24 pg/mL 

AmB equivalents against L.mexicana and L.donovani in monocyte derived macrophages 

respectively (Harris Debra 2006). The AmB-PGA complex 13 displayed a higher activity 

(EC50 of 0.23±0.04 to 0.41±0.07 pg/mL as observed in our experiment) than AmBisome®
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((ECso of 1.0±0.05 |ig/mL) (Yardley & Croft 2000) against intracellular amastigotes of 

L.donovani in the differentiated THP-1 cells. This indicates that complexation of AmB to 

the PGA polymer 12 did not affect its antileishmanial activity in vitro and that AmB is 

accessible to reach the Leishmania parasite within the cellular environment. This was 

confirmed by macrophage uptake studies (Figures 107-123).

The AmB-PGA complex 13 was intracellularly taken up by both uninfected and 

infected differentiated THP-1 cells {L.donovani) to a similar extent as Fungizone® in vitro. 

The uptake of AmB by the differentiated THP-1 cells appeared not to be affected by 

infection with L.donovani. AmB was observed to have different in vitro antileishmanial 

activity against L.donovani in different cell lines (Seifert et al. 2010). It is found to be more 

active in mouse peritoneal macrophages and bone marrow-derived macrophages (ECso, 

0.02-0.06 jiM) than peripheral blood monocyte-derived macrophages and THP-1 cells 

(ECso, 0.08-0.40 pM) (Seifert et al. 2010). Similar observations were reported by other 

researchers (Nicoletti et al. 2009; Yardley & Croft 2000). This might be due to a difference 

in the heterogeneity of the macrophage populations. This suggests that further cellular 

uptake studies of AmB-PGA complex 13 in different macrophage cell lines should be 

conducted.

In the in vivo studies, the AmB-PGA complex 13 was more active than the AmB- 

PMAA complex 4 against L.donovani in the BALB/c mice (acute leishmaniasis infection 

model). The AmB-PMAA complex 4 that was prepared from the precursor polymer 2 (Mw

28.0 kDa, PD 1.2) having AmB loading 48.0% was active against L.donovani in BALB/c 

mice. The complex 4 caused 38.0% inhibition of liver parasite burden (62.0±14% survival 

of amastigotes). This was equivalent to Fungizone® with 44.0% inhibition (56.0±13.0% 

survival of amastigotes) at total dose of 3.0 mg/kg AmB equivalents (given as single dose 

of 1.0 mg/kg over 5 days) (Harris Debra 2006). The hydrolysed polymer ^  was 

administered at total dose of 8.0 mg/kg. At this dose the polymer ^  displayed 7.0% 

inhibition of the liver parasite burden (93.0±21.0% survival of amastigotes) (Harris Debra 

2006). These AmB-PMAA complexes 4 did not give a reproducible activity which might 

be due to: (1) presence of AmB in less aggregated form (aggregation ratio 0.9-1.4) and (2) 

the presence of NHS impurities.

The AmB-PGA complex 13 having 29.0% AmB loading displayed 73.99±2.40% 

inhibition of the liver parasite burden at a total dose of 1.5 mg/kg AmB equivalents (given 

as single dose of 0.5 mg/kg over 5 days) in BALB/c mice. The in vivo activity of AmB-
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PGA complex 13 was equivalent to AmBisome® (79.53±1.00% inhibition) given at the 

same dose. The superior in vivo antileishmanial activity of the AmB-PGA complex 13 can 

be explained by the larger size of AmB-PGA complex 13 (194.23±0.80 nm) and its highly 

aggregated nature that might enhance its uptake by the macrophages. AmB aggregates such 

as heat induced superaggregates were taken up efficiently by the macrophages (J774) in 

vitro (Cheron et al. 2003). Furthermore, the AmB-PGA complex 13 displayed an improved 

stability under physiological conditions compared to AmB-PMAA complex 4. The PGA- 

Na 12a control displayed a negligible in vivo and in vitro antileishmanial activity. This 

indicates that all of the observed antileishmanial activity in vitro and in vivo is caused by 

the AmB only without contribution from the polymer 12a.

The AmB-PGA complex 13 was selected for further studies in vivo for three 

reasons: (1) PGA 12 is a biodegradable polymer, (2) PGA 12 has been recently 

administered to humans in several clinical studies and has proved to be safe (Li & Wallace 

2008) and (3) preparation of this AmB-PGA complex 13 does not require use of the NHS 

derived polymer, hence there is no need for the complete removal of NHS during 

preparation of the AmB-PGA complex 13. The most important finding is AmB-PGA 

complex 13 displayed a potent antileishmanial activity in vivo. In a dose-response 

experiment, the observed ED50 of the AmB-PGA complex 13 (29.0% AmB loading) was 

0.24±0.03 mg/kg which was the same as for AmBisome® (0.24±0.06 mg/kg). The AmB- 

PGA complex 13 was equally potent to AmBisome®.

The in vivo activity of AmB-PGA complex 13 was similar to AmBisome® 

regardless of the observed difference in their uptake by the differentiated THP-1 cells. 

AmB-PGA complex 13 appeared to be taken up by the differentiated THP-1 cells infected 

with L.donovani. While AmBisome® was not taken up by these cells. AmB in both the 

AmB-PGA complex 13 and AmBisome® was present in a highly aggregated state with a 

spectral shift in the aggregation peak to a lower wavelength compared with Fungizone®. 

This might be one of the key points in the similarity of the in vivo activity. The high in vivo 

efficacy of AmBisome® is explained by both improved tissue penetration (liver and spleen) 

due to its ability to circulate in the blood for prolonged periods (Adler-Moore & Proffitt 

2003). Therefore, it is very important to determine the pharmacokinetic and biodistribution 

of AmB-PGA complex 13 to understand the observed in vivo activity. The in vivo efficacy 

of AmB-PGA complex 13 is very promising. More future work is therefore required to 

optimise the dose and to determine the L D 5 0 .
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The in vivo antileishmanial experiments were carried out in BALB/c mice model. 

This is an acute model of infection using L.donovani amastigotes which are localised in the 

liver and spleen (Croft & Yardley 1999). However, the infection does not manifest the 

same disease symptoms as human. Unlike human leishmaniasis, the infection in this model 

is not fatal (Lehmann et al. 2000). These mice heal eventually due to development of 

adaptive immune responses (Murray et al. 1992). The best time to evaluate chemotherapy 

in BALB/c mice is on day 7-11 post infection (Croft & Yardley 1999). A hamster model is 

a more reliable model to study chronic leishmaniasis infection. Syrian Golden hamsters 

manifest similar disease symptoms as in humans. Following infection with L.donovani, the 

hamster cannot control replication of the parasite and it shows symptoms of fever, tiredness 

and enlarged spleen and liver (Melby et al. 2001). For accurate comparison with the human 

disease state, the in vivo antileishmanial activity against L.donovani and the 

pharmacokinetics of AmB-PGA complex 13 in the hamster model need to be examined.

The treatment of cutaneous leishmaniasis depends on the physical access of the drug 

to the infected macrophages in the stratum spinosum. The stratum spinosum is accessible to 

the circulating drug through local extravasation (Romero & Morilla 2008). This depends 

mainly on the particle size of the formulation. Large particles > 1 pm will probably be 

inactive due to impaired extravasation e.g. Abelcelt®, while smaller particles are active e.g. 

AmBisome® (Yardley & Croft 2000). The ED50 of intravenously administered 

AmBisome® is 25.0 mg/kg against experimental CL in mice infected by L.major (Yardley 

& Croft 2000). AmBisome® is active against CL in vivo because the liposome is stable 

enough in the blood circulation for a prolonged period to extravasate into the stratum 

spinosum. AmBisome® is used clinically via the intravenous route for the treatment of CL 

(Amato et al. 2004; Brown et al. 2005). AmB-PGA complex 13 showed in vitro 

antileishmanial activity against L.major. As the size of AmB-PGA complex 13 is in a 

nanometre range it would be worthwhile to investigate its in vivo antileishmanial activity 

and pharmaco-kinetics in a CL mouse model.

Leishmaniasis is prevalent in tropical climates areas and refrigeration is not 

available in poor areas. Therefore a drug which does not require storage at 4°C will be very 

beneficial. The gold standard AmB formulation AmBisome® should not be stored at 

temperature above 25°C and should not be frozen in its lyophilised form. A solution of 

AmBisome® should be stored at 2-8°C and should also not be allowed to freeze. The shelf 

life of the reconstituted solution of AmBisome® is 24 h at 25.0±2.0°C (exposed to light)
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and up to 7 days at 2-8°C as mentioned in the manufacturer’s data sheet. Fungizone® 

should be stored at 2-8°C and protected from light in its lyophilised form as mentioned in 

the manufacturer’s data sheet. Reconstituted Fungizone® is stable for 24 h at ambient 

temperature in the dark and, for one week refrigerated at 2-8°C. It is reported to be stable as 

solution at 5 or 28°C for one week (Trissel 2010).

The AmB-PGA complex 13 was stable at 37°C for up to one week in solution (1.0 

mg/mL AmB equivalents) and 30 days in the form of a lyophilised powder at 37°C 

(protected from light). In terms of reconstitution and solubility, the lyophilised powder of 

the AmB-PGA complex 13 is easily reconstituted and readily dissolves in sterile water for 

injection and the reconstituted solutions are stable at a concentration of 1.0 mg/mL AmB 

equivalents at 37°C for 7 days (protected from light). Extensive stability studies for AmB- 

PGA complex 13 at elevated temperatures for future development are required to (1) ensure 

the stability of AmB-PGA complex 13 at tropical climates and (2) determine the possibility 

that a reconstituted AmB-PGA complex 13 could be developed as a single unit dose 

infusion at an optimised dose that will make drug administration to the patient easier.

At a single dose of 2.0 mg/kg AmB for a patient having body weight of 50.0 Kg, the 

total amount of AmB-PGA complex 13 (20.0-30.0% AmB loading) required is 333.3-500.0 

mg (100.0 mg AmB equivalents). This is equivalent to 233.3-400.0 mg polymer 12a. The 

water solubility of AmB-PGA complex 13 is 1.5-3.0 mg/mL. Therefore the suitable 

concentration for intravenous solution might be 1.0 mg/mL to ensure the complete 

dissolution of the complex 13 and formation of a non-viscous solution. The volume of a 

diluent needed to prepare these AmB-PGA complexes 13 at concentration of 1,0 mg/mL 

AmB equivalents (total amount AmB is 100 mg) is 333.3-500.0 mL. This is a very large 

volume of fluid which can only be administered intravenously as a continuous IV infusion. 

The viscosity of the polymer 12a and water solubility of the complex 13 might be 

limitation in developing a single intravenous injection.

The cost of the therapy per patient assuming that AmB-PGA complex 13 (20.0- 

30.0% AmB loading) is given at dose regimen of 2.0 mg/kg AmB equivalents as five doses 

every other day (total dose 10.0 mg/kg AmB equivalents) can be estimated. An average 

adult patient having 50.0 kg body weight will need a total of dose of 1.7-2.5 g of AmB- 

PGA complex 13 which is equivalent to 1.2-2.0 g of the polymer 12a for the complete 

therapy. The cost of PGA-Na 12a purchased from Sigma Aldrich is £435.20 per 1.0 gram. 

The cost of PGA-Na 12a will be much cheaper straight from the supplier and at a larger
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scale (lOxs). In comparison, the cost of one vial of AmBisome® is $18.0 (£11.2) and 

contains 50.0 mg AmB. For a patient with 50.0 kg body weight (total dose 10.0 mg/kg 

AmB equivalents), ten vials minimum of AmBisome® is required for VL treatment 

(£112.0). Therefore the use of AmB-PGA complex 13 may be expected to be cheaper than 

AmBisome®.

There are several important factors that should be considered to successfully 

develop the AmB-PGA complex 13 into a medicine that could be used in the future. The 

AmB-PGA complex 13 may be difficult to scale up and reproduce using polymers 12 from 

different batches. Since the protonation process appeared not to cause degradation of the 

polymer 12, the cause of batch variability might be due to the polydispersity of the polymer 

12. For future development, synthesis of PGA 12 in an acid form with a narrower 

polydispersity might result in formation of more homogenous and reproducible AmB-PGA 

complexes 13 that can elicit similar pharmacological activities in vivo. Furthermore, 

improvement of water solubility of the complex 13 and more optimisation of the 

complexation process is required for scaling up. Dialysis is used for purification of AmB- 

PGA complex 13. This method of purification is not suitable for the preparation of a large 

scale of the complex 13. Purification techniques for a larger scale production should be 

optimised e.g. tangential flow filtration.

For further optimisation of AmB-PGA complex 13, complexation of AmB with a 

PGA dendrimer and PGA 12 grafted with a-tocopherol should be investigated. PGA 12 

grafted with a-tocopherol (vitamin E) have been used for delivery of lL-2 and lNF-a2b and 

has reached phase 11 clinical trials with a successful extended slow release of protein in the 

blood circulation (Chan et al. 2007). The complexation of AmB with a-tocopherol grafted 

PGA 12 might improve its pharmacokinetics and biodistribution with flirther improvement 

in its in vivo safety and efficacy. Recent preclinical studies revealed that doxorubicin 

conjugated to PGA 12 dendrimer via a pH sensitive hydrazone bond were found to be less 

toxic than free doxorubicin against Hela cells in vitro (Yuan et al. 2010). If complexation of 

AmB is successftil with a PGA dendrimer a less viscous form of the complex might be 

possible which could lead to a more practical final dosage form AmB.
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Appendix lA

Calculation of the amount of sodium hydroxide used for AmB 
complexation with the precursor polymer 2

Molecular weight o f repeating unit in the precursor polymer 2 which N-methacroxyl- 

succinimide 1 is 183.0 Da. Number o f equivalents o f sodium hydroxide used the 

complexation reaction is calculated according to following steps:

(1) Weight o f the polymer used in the complexation reaction is 30.0 mg which is 

equivalent to 0.00016 mole (number o f moles=wt/Mw) (0.030 g/183). Two molar 

equivalents is 2x0.000164 mole=0.00328 mole.

(2) Two equivalent o f sodium hydroxide that should react with the precursor polymer 2 

is 0.00328 mole ofN aO H .

(3) Molecular weight o f NaOH is 40.0 so we need 0.0131 g (number o f moles=wt/Mw) 

(0.00328x40.0).

(4) 1 mole/L o f NaOH contains:

40.0-------------- g -► 1000 mL

0.0128 g ---------- ► X mL

So X= 1000x0.0128 = 0.328 mL= 328 pL.
40

Appendix IB 
Aggregation of AmB-PEG-PMAA complex 6
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Figure 136. Fungizone® is shown in the UV spectra labeled (a); the peak at 328 nm 
indicates there is a considerable aggregation o f AmB. AmB-PEG-PMAA complex 6 
labeled (b) displayed aggregation peak at 324 nm.
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Appendix 2

Haemolysis of AmB-PMAA complex 4 prepared by variation of amount
of sodium hydroxide
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Figure 137. Haemolysis o f human RBCs caused by AmB-PMAA complex 4 that was 
prepared by addition o f three equivalents o f sodium hydroxide after 1 h incubation. Data 
was pooled from two donors (duplicates determination per donor). Each data point 
represents an average ± standard deviation.
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Appendix 3

NMR spectra of AmB-PMAA complex 4 prepared at 30® and 40® C

4 .06 .5 6 .0 5 .5 5 .0 4 .5 3 .5 3 . 0 2 .5 2 .0 1 .5 1 .0 ppm
Figure 138. NMR spectrum of AmB-PMAA complex 4 prepared at 40°C.

6 . 5 6 . 0 5 . 5 5 . 0 4 . 5 4 . 0 3 .5 3 . 0 2 . 5 2. 0 1 . 5
T

ppm
Figure 139. NMR spectrum o f AmB-PMAA complex 4 prepared at 30°C.
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Appendix 4
NMR spectra of AmB-PMAA complex 4 prepared using different bases

3 . 03 5 2 . 5
J I___

p p m

Figure 140. NMR spectrum of AmB-PMAA complex 4 prepared using KOH.

4 . 0 3 . 0 2 . 06 . 5 5 . 5 5 . 0 4 . 5 1 .01 . 52 . 56 . 0 3 .5 ppm

Figure 141. NMR spectrum of AmB-PMAA complex 4 prepared by addition of CsOH.
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Figure 142. NMR spectrum of AmB-PMAA 4 prepared by addition of Li OH.
0
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Appendix 5
NMR Spectra of AmB-PMAA complex 4 prepared using mixture of bases

A . .

3 .5 3 . 0 2 . 5 2 0
Figure 143. NMR spectrum of AmB-PMAA complex 4 prepared by addition of a mixure 
of NaOH and Li OH.

26 5 4 3 1 0 ppm

Figure 144. NMR spectrum of AmB-PMAA complex 4 prepared by addition of mixture 
Na OH and KOH.
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3 .0 2 .5 2.0 1 .55 . 5 4 .5 3 .54 .05 .0 ppm

Figure 145. NMR spectrum of AmB-PMAA complex 4 prepared by addition of a mixture 
ofNaOH and Cs OH.
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Figure 146. NMR spectrum of AmB-PMAA complex 4 by addition of a mixture of CsOH 
and LiOH.
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4 .5 4 .0 3 . 5 3 .0 2 .5 2.0 1 .5 1 .0 0 . 5 ppm

Figure 147. NMR spectrum of AmB-PMAA complex 4 prepared by addition of a mixture 
ofKOH and CsOH.
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Figure 148. NMR spectrum of AmB-PMAA complex 4 prepared by addition of a mixture 
of LiOH and KOH.
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Appendix 6
UV spectra of AmB-PMAA complex 4 prepared from PMAA-Na 3a
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Figure 149. Fungizone® is shown in the UV spectra labeled (a); the peak at 328 nm 
indicates there is a considerable aggregation of AmB. AmB-PMAA complex 4 prepared 
directly from the PMAA-Na ^  labeled (b) in the UV spectra displayed large peak at 322 
nm.
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Appendix 7
UV spectra of AmB-PMAA complex 4 prepared from PMAA 3
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Figure 150. Fungizone® is shown in the UV spectra (black spectra); the peak at 328 nm 
indicates there is a considerable aggregation of AmB. (i) AmB-PMAA complex 4 with 
AmB loading 22.0% (red spectra) and (ii) AmB-PMAA complex 4 24.0% AmB loading 
24.0% (red spectra).
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Figure 151. Fungizone® is shown in the UV spectra (black line); the peak at 328 nm 
indicates there is a considerable aggregation of AmB. AmB-PMAA complex 4 spectra (red 
line) displayed high degree of aggregation with aggregation peak at 321 nm.
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Appendix 8

UV spectra of AmB-PAA complex 8 prepared from PAA-Na 7

C3 . —

t 3

Figure 152. Fungizone® is shown in the UV spectra labeled (a); the peak at 328 nm 
indicates there is a considerable aggregation of AmB. AmB-PAA complex 8 labeled (b) 
displayed an aggregation peak at 325 nm which indicates presence of self aggregated AmB.
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Figure 153. Fungizone® is shown in the UV spectra labeled (a); the peak at 328 nm 
indicates there is a considerable aggregation of AmB. AmB-PAA complex 8 prepared by 
reducing amount of AmB used in the reaction labeled (b) in the UV spectra showed 
aggregation peak at 327 nm which indicates presence of self aggregated AmB.
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Appendix 9
Optimisation of Alamar Blue® assay: signal/noise ratio and z values for

THP-1 cells

Table 60. Calculated Signal/noise ratio and z ' value: relation between THP-cell initial 
plating density and fluorescence output. Alamar Blue incubation time was 4 h.

Alamar Blue 
volume

20 pL 10 pL

Cell
density(10^/mL)

Signal/noise Z value Signal/noise Z ' value

1 13.43041 0.914286 11.35968 0.78774
0.5 7.645362 0.763247 10.10614 0.41324

0.25 5.671267 0.430616 7.992975 0.003073

Table 61. Calculated Signal/noise ratio and z ' value: relation between THP-cell initial 
plating density and fluorescence output. Alamar Blue incubation time was 6 h.

Alamar Blue 20 pL 10 pL
volume

Cell
density(lOVmL)

Signal/noise Z' value Signal/noise Z value

1 15.64991 0.92503 12.50534 0.845564
0.5 13.41943 0.939591 12.69726 0.76489
0.25 10.34726 0.603357 10.82848 0.598668

Table 62. Calculated Signal/noise ratio and z ' value: relation between THP-cell initial 
plating density and fluorescence output. Alamar Blue incubation time was 8 h.

Alamar Blue 
volume

20 pL 10 pL

Cell
density(lOVmL)

Signal/noise Z value Signal/noise Z value

1 15.55597 0.962304 12.43408 0.873011
0.5 15.68338 0.982007 13.40805 0.86056
0.25 15.90572 0.753607 12.11637 0.841564
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Appendix 10
Optimisation of Alamar Blue® assay: signal/noise ratio and z values

for KB cells

Table 63. Calculated Signal/noise ratio and z ' value: relation between KB cell initial 
plating density and fluorescence output. Alamar Blue incubation time was 8 h.

Alamar Blue 
volume

20 pL 10 pL

Cell
density(lOVmL)

Signal/noise Z value Signal/noise Z' value

4 16.75965 0.947704 12.84377 0.597593
2 10.41439 0.755002 9.685187 0.177809
1 4.212466 0.448149 3.807274 -0.36953

0.5 0.726504 0.390708 0.927988 -1.4901

Table 64. Calculated Signal/noise ratio and z ' value: relation between KB cell initial 
plating density and fluorescence output. Alamar Blue incubation time was 6 h.

Alamar Blue 
volume

20 pL 10 pL

Cell
density(loVmL)

Signal/noise Z' value Signal/noise Z value

4 12.58855 0.864217 13.06012 0.480164
2 7.132262 0.683518 7.895099 0.15191
1 2.49294 0.368128 2.747878 -0.23364

0.5 0.472117 0.474416 0.76913 -1.17561

Table 65. Calculated Signal/noise ratio and z ' value: relation between KB cell initial 
plating density and fluorescence output. Alamar Blue incubation time was 4 h.

Alamar Blue 
volume

20 pL 10 pL

Cell
density(loVmL)

Signal/noise T  value Signal/noise Z value

4 8.478469 0.87361 8.937186 0.304062
2 3.48517 0.526658 4.553072 -0.17758
1 1.01 0.498129 1.4108 -0.79739

0.5 0.2716 0.590757 0.456801 -16.7878
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Table 66. Calculated Signal/noise ratio and z ' value: relation between KB cell initial 
plating density and fluorescence output. Alamar Blue incubation time was 2 h.

Alamar Blue 
volume

20 pL 10 pL

Cell Signal/noise Z' value Signal/noise Z value
density(lOVmL)

4 3.212422 0.938158 3.807087 0.038978
2 0.95577 0.650067 1.696761 -0.09315
1 0.314388 0.480874 0.389934 -0.47301

0.5 0.180339 0.683392 0.231384 -0.7444
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Appendix 11

Effect o f DMSO on the viability o f KB and THP-1 cells
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Figure 154. Effect of DMSO on the viability of KB cells. Each data point represents an 
average of triplicates ± standard deviation.
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Figure 155. Effect of DMSO on the viability of THP-1 cells. Each data point represents an 
average of triplicates ± standard deviation.
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Appendix 12

Effect o f water on the viability o f KB and THP-1 ceils

&

5

120-1 
110- ,  
1 0 0 -Ü
9041 
80- 
70- 
60- 
50- 
40- 
30- 
20- 
10- 
0—  
0.0

I I I I I I I I I I
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

W ater con cen tration  (% v/v)

Figure 156. Effect of water on the viability of KB cells. Each data point represents an 
average of triplicates ± standard deviation.
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Figure 157. Effect o f water on the viability of THP-1 cells. Each data point represents an 
average of triplicates ± standard deviation.
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Appendix 13

Dose response curve of in vitro antileishmanial activity of AmB-PVM
complex 11

Fungizone
AmB-PVM

1 2  3 4

AmB concentration (|ag/mL)

Figure 158. In vitro sensitivity of Lmajor to AmB-PVM complexes IJ. with AmB loading 
of 27.0% prepared from the precursor copolymer 9 ((Mi:M2,l :1), Mw 83.8 kDa) in THP-1 
derived macrophages. The activity of AmB-PVM complexes 1\ was similar to 
Fungizone®. Each data point is an average of quadruplicate ± standard deviation.
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Figure 159. In vitro sensitivity of Lmajor to AmB-PVM complexes 11 in THP-1 derived 
macrophages.(a) and (b) are complexes having AmB loading of 26.0 and 39.5% prepared 
from precurosr copolymer 9 ((Mi:M2,l:1), Mw 60.2 kDa). Each data point is an average of 
quadruplicate ± standard deviation.
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Figure 160. In vitro sensitivity of Lmajor to AmB-PVM complexes 8_in THP-1 derived 
macrophages. AmB-PVM complex 11 with 21.0% AmB loading prepared from precursor 
copolymer 9 ((MiiMi, 1:1), Mw 56.3 kDa). Each data point is an average of quadruplicate 
± standard deviation.
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Figure 161. In vitro sensitivity of Lmajor to AmB-PVM complexes 1% in THP-1 derived 
macrophages. Complex with 31.0% AmB loading prepared from precursor copolymer 9 
(MiiMi, 2:1, Mw 76.3 kDa). Each data point is an average of quadruplicate ± standard 
deviation.
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Figure 162. In vitro sensitivity of Lmajor to AmB-PVM complexes H  in THP-1 derived 
macrophages. Complex with 31% AmB loading prepared from precursor copolymer 9 
(MiiM], 3:1, Mw 105.4 kDa). Each data point is an average of quadruplicate ± standard 
deviation.
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Appendix 14

In vitro antileishmanial activity o f AmB-PVM  complex 11

Table 67. Percentages inhibition of parasite growth calculated in relation to control slide: 
control gives 75.0± 7.7% infected macrophages.

N Copolymer
MiiM]

( hydrolysed)

Mw of 
copolymer 

(kDa)

AmB loading 
(%) 5 pg/mL 1.0 pg/mL 0.2 pg/mL 0.04 pg/mL

1 3:1 105.4 27.5 100.0 73.3±3.9 47.7±9.4 38.6+8.5

2 2:1 76.3 31.0 100.0 80.0±9.1 50.0±11.8 40.0+3.9

3 1:1 83 27.0 100. 96.0±3.7 59.0+6.6 39.6+3.5

4 1:1 56.3 21.0 100.0 88.7±7.0 49.3+15.2 45.0+9.3

5 1:1 56.3 39.0 100.0 60.0±6.6 46.8+9.7 43.6+11.7

6 1:1 60 26.0 100.0 80.6±5.3 50.3+2.0 35.0+2.9

7 1:1 60 39.5 100.0 92.0±4.6 44.3+6.3 26.3+6.2

8 Fungizone® - 45.0 100.0 100.0 64.0+1.9 43.3+5.9
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Appendix 15
Calculation of the amount of sodium hydroxide used for AmB 

complexation with PGA 12

Molecular weight of repeating unit in PGA 12 is 129.13 Da (glutamic acid molecular 

weight is 147.0 Da it loose water during polymerisation). Number of equivalents of sodium 

hydroxide used the complexation reaction is calculated according to following steps:

1. Weight of the polymer used in the complexation reaction is 30.0 mg which is 

equivalent to 0.00023 moles (0.03 g/129.13). Two molar equivalents is 

2x0.00023 mole=0.00046 mole.

2. Two equivalent of sodium hydroxide that should react with PGA 12 is 0.0046 

mole of NaOH.

3. Molecular weight of NaOH is 40.0 so we need 0.0186 g (number of moles 

=weight/Mw).

1 mole/L of NaOH contains:

40.0------------- g-► 1000 mL

0.0186 g --------- ► X mL

So X= 1000x0.0186 = 0.464 mL= 464.0 pL.
40
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Appendix 16 A 
Reproducibility of the protonation of PGA 12
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Figure 163. IR spectra of different protonated batches of PGA 12.

Appendix 16B 
Effect of water on the viability of human RBCs
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Figure 166. Effect of water on human RBCs. Each data point is an average of 
quadruplicates ± standard deviation.
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Appendix 17
HPLC chromatogram of AmB-PGA complex 13
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Figure 164. HPLC chromatogram of AmB-PGA complex 13; retention time is 7.4 min.
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Figure 165. HPLC chromatogram of AmB (Fungizone®); retention time is 7.6 min.
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Appendix 18
Stability of AmB-PGA complex 13 solutions at 4°C
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Figure 167. UV spectrum of AmB-PGA complex 13 (51.0% AmB loading) stored at 4°C 
for 7 days.
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Appendix 19

Optimisation o f AmB quantification for M acrophage uptake
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Figure 168. Calibration curve of AmB in 50% methanol using high performance liquid 
chromatography: 407 nm (r  ̂=1.00) (values are average ± standard deviation) ( n=3).
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Appendix 20
Selectivity of HPLC
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Figure 169. Selectivity o f HPLC to AmB in differentiated THP-1 cell lysate, (a) 
Chromatogram o f aqueous cell lysate spiked with 10.0 pg/mL in aqueous methanol (50% 
v/v) and (b) is the chromatogram o f control AmB in aqueous methanol (50% v/v).
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Appendix 21

Quantification of AmB and protein content

I 1000000-

500000-

0 1 2 3 4 5
AmB concntration (|ig/mL)

Figure 170. Calibration curve HPLC used for quantification of AmB in methanol (75% 
v/v). Each point represents mean ± standard deviation (n=3). is 0.9997.
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Figure 171. BSA Calibration curve protein analysis. Each point represents mean ± standard 
deviation (n=3). is 0.997.
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Appendix 22

Quantification of AmB and protein content
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Figure 172. Calibration curve HPLC used for quantification of AmB in methanol (50.0% 
v/v). Each point represents mean ± standard deviation (n=3). is 0.999.
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Figure 173. BSA calibration curve protein analysis. Each point represents mean ± standard 
deviation (n=3). is 0.996.
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Table 68. The uptake of AmB, protein content and amount of AmB taken up at different 
AmB extracellular concentrations after 24 h incubation at 37°C. 2.5x10^ cells/well.

Concentration of 
AmB added to 
macrophages 

(pg/mL)

Amount of AmB taken 
up by macrophages 

(nmole)

Protein
(mg)

AmB uptake 
(AmB nmole/mg 

protein)

10.0 0.490±0.05 0.0198 ±0.001 24.69± 1.49
5.0 0.125 ±0.016 0.020 ±0.004 6.17±0.83
1.0 0.051 ±0.006 0.023 ±0.002 2.21 ±0.27
0.2 0.0086 ±0.001 0.023±0.001 0.37± 0.04

0.04 0 0.026 ±0.002 0
control 0 0.025 ±0.001 0

Table 69. The uptake of AmB, protein content and amount of AmB taken up at different 
AmB extracellular concentrations after 24 h incubation at 37°C. Cell density is 5x10"̂  
cells/well

Concentration of 
AmB added to 
macrophages 

(pg/mL)

Amount of AmB taken 
up by macrophages 

(nmole)

Protein
(mg)

AmB uptake 
(AmB nmole/mg 

protein)

10 1.64±0.30 0.077±0.0004 21.28±4.04
5 0.49±0.05 0.085±0.013 5.90±1.46
1 0.07±0.01 0.099±0.008 0.67±0.09

0.2 0.02±0.001 0.094±0.004 0.24±0.004
0.04 0 0.091±0.007 0

control 0 0.092±0.009 0
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Appendix 23
Macrophage uptake in differentiated THP-1 cells (1 and 4 h incubation)
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Figure 174. Uptake o f AmB-PGA complexes 13 and Fungizone® by differentiated THP-1 
cells after 1 h incubation at 37°C. Each data point represents an average o f triplicates ± 
standard deviation.
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Figure 175. Uptake o f AmB-PGA complexes 13 and Fungizone® by differentiated THP-1 
cells after 4 h incubation at 37°C. Each data point represents an average o f triplicates ± 
standard deviation.
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Appendix 24

Macrophage uptake in differentiated THP-1 cells (1 h incubation)
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Figure 176. Uptake o f AmB-PGA complex 13, Fungizone® and AmBisome® by 
differentiated THP-1 cells after 1 h incubation at 37 X . Each data point represents an 
average o f triplicates ± standard deviation.
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Appendix 25
Toxicity of AmB-PGA complex 13 tested in second in vivo experiment
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Figure 177. Haemolysis caused by AmB-PGA complex 13 (29.0%) after 24 h incubation. 
Data pooled from two donors in same experiment (triplicates determination per donor). 
Each data point represents an average ± standard deviation.
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Figure 178. Haemolysis caused by PGA-Na 12a salt after 24 h incubation. Data pooled 
from two donors in same experiment. Each data point represents an average ± standard 
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