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Abstract 

The main aim of this study was to develop nanoparticulate drug delivery systems for 

chlorambucil (CHL) and asulacrine (ASL). CHL is a DNA alkylating agent. In an 

attempt to alter the pharmacokinetics (short half-life, rapid clearance and high volume 

of distribution) and improve the anticancer activity, CHL was incorporated into a lipid 

nanosphere (LN) formulation. The LN were composed of soybean oil as the internal oil 

phase, egg lecithin as the primary emulsifier, cholesterol as the phospholipid layer 

stabilizer, and water as the external phase. PEG-modified (long circulating) and 

DOTAP-modified (cationic) LN were prepared to evade the reticulo-endothelial system 

and enhance cellular delivery, respectively. LN prepared by ultra-sonicater and 

microfluidizer had an average particle size below 200 nm, with a CHL encapsulation 

efficiency of over 97%. Zeta potential of the LN ranged from -30.6 to +41.5 mV. The 

LN exhibited good physical stability over six months at 4°C and 25°C. In vitro 

evaluation on SKOV-3 cells showed that the cytotoxicity and the pro-apoptotic activity 

of CHL were significantly enhanced when given in the LN formulation compared to the 

CHL solution (P<0.05). An altered pharmacokinetics with increased plasma AUC and 

elimination half-life, and reduced clearance were observed after intravenous 

administration of CHL incorporated LN compared to a CHL solution (P<0.01). A 

marked reduction in the tissue distribution of CHL was also noted when it was given in 

LN. In addition, CHL incorporated in LN showed greater anticancer activity compared 

with the CHL solution in colon-38 tumour-bearing mice (P<0.01). These results suggest 

that LN could be an effective parenteral carrier for CHL delivery.  

ASL is an inhibitor of topoisomerase II. In an attempt to improve its efficacy by 

altering the pharmacokinetic profile, ASL was formulated as a nanocrystal suspension 

(NS). The NS was consisting of ASL nanoparticles produced by high pressure 

homogenization and stabilized by stabilizers. The lyophilized NS exhibited good 

stability over three months at 4°C and 25°C. The dissolution and solubility of ASL 

were enhanced in NS form compared to un-milled ASL (P<0.05). Initial peak plasma 

concentration and AUC were remarkably reduced in the plasma after intravenous 

administration of NS compared to the ASL solution (P< 0.01). This suggests reduced 

systemic exposure to the drug.  
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1 INTRODUCTION 

1.1 Introduction 

The past decade has seen significant advances in treating cancer, but it is still one of the 

major causes of death worldwide (13%), and is expected to increase from 7.6 million in 

2005 to nine million by 2015, with lung, stomach, liver, colon and breast cancers 

accounting for the highest mortality (www.who.int/topics/cancer/). Cancer cells share 

many common features with the normal cells from which they originate. Consequently, 

drugs that are effective at killing cancer cells may also be very toxic to normal cells. 

Most anticancer drugs that are commonly used owe what little selectivity they have for 

cancer cells to their higher proliferation rates over normal cells. This can lead to 

increased toxicities against normal tissues that also show enhanced proliferative rates, 

such as the bone marrow, gastrointestinal tract and hair follicles. Side effects that occur 

as a result of toxicities to normal tissues mean that anticancer drugs are often given at 

suboptimal doses, resulting in the eventual failure of therapy; this is often accompanied 

by the development of drug resistance and metastatic disease.  

Several approaches for improving the selectivity of anticancer drugs are being pursued 

at present. First, newer drugs are being developed that interfere with specific pathways 

that are activated in cancer cells only. For example, new drugs could interfere with 

signal-transduction pathways, down regulate proto-oncogenes that are involved in 

cancer-cell proliferation or interfere with tumour angiogenesis. Second, effective 

delivery of currently used anticancer drugs is being explored. This is to ensure that the 

drug reaches its target cancer cells, while sparing the normal cells in vivo. 

Towards the first approach; the drug discovery process has been involved in the 

development of potential new drugs to prevent cancer. The use of high throughput 

methods in drug discovery has initiated large number of new drugs. They are receptor 

specific (hits and leads), but often the molecules have a  high molecular weight and are 

water insoluble, therefore posing limitations on delivery (1).  
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It is estimated that around 40% of new drugs coming directly from drug discovery each 

year are poorly water-soluble. As a result, most of them exhibit a poor oral 

bioavailability, unfavourable pharmacokinetic profile, and are dropped from further 

development (2). A drug delivery strategy can be employed in such situations to rescue 

some of these drugs which are otherwise having potential effects against cancer. 

The second approach uses drug delivery systems (DDS) to effectively deliver the 

anticancer drugs. Cancer drugs can cause enormous toxicity; therefore the opportunity 

to delivery them using DDS creates the possibility of improving both the safety and 

efficacy of cancer chemotherapy. By incorporating the drug in optimized drug delivery 

carriers or conjugating the drugs with different polymers (eg., polyoxy(ehtylene glycol) 

(PEG), it is possible to modify the pharmacokinetics and biodistribution of the drugs 

and improving the efficacy of the therapy.  

Some of the strongest arguments for the use of DDS are that they avoid or at least 

reduce some potential disadvantages of cancer chemotherapy including toxicity, pain 

management, short in vivo half-lives and frequent administration. Currently, a variety 

of drug delivery approaches are Food and Drug Administration (FDA) approved or are 

in clinical development as anticancer treatments, including liposomes (Doxil® for 

doxorubicin, Daunoxome® for daunorubicin, AmBisome® for amphotericin B etc.), 

polymer microspheres (Lypron® depot and Decapeptyl® for LHRH analog), polymer 

conjugates (Oncospare® for Lasparaginase, PEG intron for α-interferon) and 

nanoparticles (Abraxane® for paclitaxel, Zinostatin® for SMANCS). Others such as 

chemotherapy wafers (Gliadel® for BCNU), microchips and osmotic pumps are also in 

the testing stage to treat human cancers.  

Drug delivery is an interdisciplinary area of research that aims at making the 

administration of complex new drugs feasible, as well as adding critical value to the 

drugs that are currently in the market. At present, one of the most attractive areas of 

research in drug delivery is the design of nanomedicines consisting of nanosystems that 

are able to deliver drugs to the right place, at appropriate times. Nanocarriers such as 

liposomal doxorubicin (Doxil® developed by Alza Corporation, USA) represented a 

new wave of therapies, those that sought to improve drug efficacy and safety by 
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manipulation at the nanometer level. Drug delivery is just one of the many applications 

for nanotechnology, a multidisciplinary field ranging from biology to chemistry to 

physics to engineering. Nanotechnology is the research and development at the atomic, 

molecular, or macromolecular scale leading to the controlled creation and use of 

structures, devices and systems with a length scale of approximately 1 to 100 nm. Other 

definitions expand that to 1 to 1000 nm (3). Experts say drug delivery approaches based 

on nanotechnology principles have a number of potential advantages over conventional 

delivery methods. These include greatly altering the absorption, distribution, and length 

of time the drugs stay in the body, as well as allowing for targeted delivery of drugs to 

the diseased sites. These properties significantly enhance the number of potential 

anticancer drugs that can be used safely (4).  

This study was aimed at developing nanoparticulate DDS to deliver poorly soluble 

anticancer drugs. Two anticancer drugs, chlorambucil (CHL) and asulacrine (ASL) 

were chosen based on their physicochemical and pharmacokinetic properties. CHL has 

poor pharmacokinetic properties (short biological half-life, high volume of distribution, 

rapid clearance) and significant toxicities (neuro toxicity and myelo toxicity). 

Therefore, CHL was encapsulated in a lipid nanospheres (LN) formulation, in an 

attempt to alter its pharmacokinetics and improve its safety and anticancer activity. 

ASL, an experimental new drug had shown low oral bioavailability (<65%) and its 

intravenous administration resulted in severe toxicity on veins. Therefore, ASL was 

developed into a nanocrystal suspension (nanosuspension, NS) for intravenous 

delivery, to alter its pharmacokinetics and reduce its toxicity.  

1.2 Aims and Objectives 

The research presented in this thesis was aimed at investigating approaches to deliver 

poorly water soluble anticancer drugs. CHL was formulated as LN with small particle 

size (< 200 nm), good drug encapsulation efficiency (>95%) and surface characteristics 

(pegylation or cationic charge) to improve the pharmacokinetic properties and 

anticancer activity. ASL, an experimental new drug is poorly soluble in both lipids and 

water, therefore a nanosizing approach was selected. ASL was formulated as NS which 

can overcome its delivery issues.  

- 3 - 
 



Chapter 1....Introduction 

- 4 - 
 

The following were project objectives:  

A. Chlorambucil – Lipid Nanosphere Formulations 

1. Formulation development and characterization of chlorambucil containing lipid 

nanospheres 

2. In vitro evaluation of cytotoxicity and pro-apoptotic activity of the chlorambucil 

containing lipid nanosphere formulations in SKOV-3 tumour cells 

3. Evaluation of pharmacokinetics, tissue distribution and anticancer activity of 

chlorambucil containing lipid nanosphere formulations.  

B. Asulacrine – Nanosuspension Formulations 

1. Formulation development and characterisation of asulacrine nanosuspension. 

2. Evaluation of pharmacokinetics and tissue distribution of the asulacrine 

nanosuspension formulation. 
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1.3 Literature Review 

1.3.1 Cancer 

Cancer is a common term for a group of more than 100 diseases that can affect any part 

of the body (www.who.int/). The main feature of cancer is the rapid formation of 

abnormal cells which grow beyond their usual limits and spread within the body (5).  

Some of the aspects relevant to the cancer disease are briefly discussed in the following 

sections. 

Cancer cells are defined by two properties, 1) reproduce in defiance of the normal 

restraints and 2) invade and colonize territories normally reserved for other cells. An 

isolated abnormal cell proliferates out of control and gives rise to a tumour or 

neoplasm. As long as the neoplastic cells remain clustered together in a single mass, the 

tumour is said to be “benign”. A tumour is counted as cancer only if it is “malignant”, 

that is, only if its cells have the ability to invade the surrounding tissue. Invasiveness 

usually implies an ability to break loose, enter the blood stream or lymphatic vessels, 

and form secondary tumours, or metastases at other sites in the body.  

Cancers are classified according to the tissue and cell type from which they derive. 

Cancers arising from epithelial cells are termed “carcinomas” and those arising from 

connective tissue or muscle cells are termed as “sarcomas”. Those that do not fit in 

either of these two broad categories include the various “leukaemia”, derived from 

hemapoietic cells, and cancers derived from cells of the nervous system.  

Cancer treatment requires integration of three main approaches namely surgical 

excision, irradiation and chemotherapy. The role of each of these depends on the type 

of tumour and the stage of its development. Chemotherapy is the main method of 

treatment for only a few cancers but it is increasingly used as an adjunct to surgery or 

irradiation for many types of tumour (5, 6). Cancer chemotherapy relies on the 

expectation that anti-cancer drugs will preferentially kill rapidly proliferating tumour 

cells over normal cells (7).  Currently used anticancer drugs mainly affect cell division 

and thus affect all rapidly dividing normal tissues resulting in toxic effects (5).  
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1.3.1.1 Angiogenesis and Tumour Structure 

At the simplest level, the successful delivery of anticancer drugs, either as small 

molecules or encapsulated in nanoparticles or liposomes, to a solid tumour depends on 

the relationship between the tumour cells and the blood vessels supporting their growth. 

A solid tumour comprises two major cellular components. These are the tumour 

parenchyma and the stroma, which incorporates the vasculature and other supporting 

cells. The stromal component of the tumour is composed of fibroblasts, inflammatory 

cells, and blood vessels, and may represent as much as 90% of the mass of a tumour, 

depending on the tumour type (8).  

The parenchyma plays a critical role, in particular in the formation of new blood 

vessels in solid tumours (9).  It is not possible for a tumour to grow in excess of 1-2 

mm in diameter without evoking a new blood supply.  New blood vessel formation is 

necessary for growth of the tumour in order to maintain the supply of nutrients and to 

remove the resultant catabolites.   

This process of new vessel formation, or angiogenesis, is the result of a complex 

programme of proteolytic and migratory events involving the endothelial cells (10). To 

meet the requirements of the expanding population of tumour cells, the pre-existing 

blood vessels are subjected to intense angiogenic pressure (11), as a result, the 

vasculature of many tumours appears abnormal.   

This abnormality occurs at the level of the vessel wall itself which is often 

characterized by an interrupted endothelium and/or an incomplete basement membrane. 

Due to the vascular heterogeneity of solid tumours, the blood flow, and oxygen supply 

to tissues, tends to be non-uniform. Therefore, solid tumours usually contain well 

perfused, rapidly growing regions, and poorly perfused, often necrotic areas (12).  

As in normal tissues, diffusive and convective forces govern the movement of 

molecules into the interstitium of tumours. However, diffusion is believed to play 

minor role in the movement of solutes across the endothelial barrier compared with 

bulk fluid flow (12, 13). This has been attributed to a higher than expected interstitial 

pressure, in part due to lack of functional lymphatic drainage, coupled with lower 

intravascular pressure.  
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1.3.1.2 Vascular Permeability and Passive Tumour Targeting 

Leaky vasculature and lack of effective lymphatic drainage from the tumour results in 

the extravasation and accumulation of particulates, plasma proteins and  other 

macromolecules (14). This trapping of macromolecules has been termed the “enhanced 

permeability and retention” (EPR) (15, 16). EPR effect is now thought to contribute to 

the effects of many anticancer drugs delivered as conjugates with synthetic polymers 

(17, 18) or in liposomes (19).  Mechanism of action for highly protein bound drugs 

(anthracylcines, paclitaxel, etoposide) also seems to be mediated through the EPR (20).   

Enhanced drug permeation associated with drug delivery carriers to tumours through 

the leaky vasculature is termed passive tumour targeting (21, 22). The particles in the 

range of 10 to 500 nm in size can extravasate and accumulate inside the tumour tissue 

(Figure 1.1). However, the cut-off size of the permeable vasculature varies from the 

tumour to tumour, and the size of a drug carrying particle may be used to control the 

passive drug delivery (21).  

Apart from the nanosize of the drug carrier, it should also have the ability to circulate 

long enough in blood to provide a sufficient accumulation into tumours. Doxorubicin 

incorporated into long circulating pegylated liposomes showed excellent tumour 

accumulation through EPR and reduced side effects of doxorubicin (23, 24).   

1.3.1.3 Membrane Target Sites and Active Tumour Targeting 

The most common rationale for the use of chemotherapy is to control the growth of 

tumour cell population by cell-kill mechanism. A drug administered by either oral or 

parenteral route is distributed to all the tissues without any selectivity to tumours. This 

leads to toxic effects of anticancer drugs on rapidly proliferating cells and also on 

normal cells.  

Recent research is mainly focused on the delivery of anticancer drugs at the target site 

(active targeting), thus maximizing the therapeutic efficacy of the drug and reducing its 

side effects. To achieve active targeting, drug carriers are derivatized with ligands that 

bind to specific receptors expressed on target tumour cells (25).  
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Figure 1.1 The schematic representation of the passive targeting of nanoparticulate 
drug carrier through the leaky vasculature and the role of cut-off size (21). 
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The liposomal DDS in cancer chemotherapy is a promising approach for both passive 

and active targeting. Liposomes have shown significant promise as vehicles for the 

delivery of small molecular drugs to tumours (26). Indeed, the potency  of doxorubicin 

significantly improved, and normal tissue toxicity decreased by encapsulating it in long 

circulating liposomes (23, 24). The targeting potential of liposomes can be improved by 

attaching the proper antibody to the liposome surface. However, this approach has at 

least two drawbacks: firstly the overall dimensions of the antibodies cause particles to 

diffuse poorly through biological barrier, and secondly their immunogenicity. A way to 

solve this problem is to use small nonantigenic ligands. Among the possible low 

molecular weight targeting agents, folic acid (MW = 441 Da) could be exploited to 

actively target cancer cells. It has been found that liposomes could efficiently be 

targeted to receptor bearing tumour cells when conjugated to antibody or folate via a 

long PEG-spacer (27).  

1.3.2 Drug Delivery Systems Selected for the Study 

1.3.3 Lipid Nanospheres  

Drug delivery systems are designed to alter the pharmacokinetics and biodistribution of 

their associated drugs, or to function as drug reservoirs (i.e. as sustained release 

systems), or both. Several carrier systems such as liposomes, lipid nanospheres (LN), 

nanoparticles and albumin microspheres have been used to achieve the above objective. 

The design of appropriate delivery system must take into account the nature of the 

target and physiological barriers for targeting, as well as factors such as drug loading 

and drug release and stability of the carrier system.  

Targeting with LN can be divided into; 1) passive method that relies upon 

physiological and physicochemical determinants such as entrapment in capillary beds, 

or uptake by phagocytic cells and 2) an active method where by the particle is directed 

to a specific site through the use of surface coatings (glycolipids, monoclonal 

antibodies) (28, 29).  

LN may find wide clinical applications because their physical characters are 

comparable with those of liposomes that have proved to be excellent DDS, and are 

relatively stable at room temperature and easily mass-produced (30).  
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LN comprise an oil core stabilized by emulsifiers. The lipophilic cores of such systems 

can solubilise considerable amounts of lipophilic drugs (31-33). They are 

biocompatible, biodegradable and easy to prepare and handle (28, 31). The structures of 

LN and liposome are presented in Figure 1.2. Liposomes are good carrier vehicles for 

drug delivery (34-36).  However, liposomes are relatively unstable and not easily mass-

produced. LN are very stable and can be stored for up to two years at room 

temperature. They have been reported to have no particular adverse effects, even at 

volumes as higher as 500 ml (37).  

Table 1.1 shows the similarities and differences between liposomes and LN. It can be 

seen from Table 1.1 that LN offer several advantages over liposomes. Parenteral lipid 

emulsions are normally ready to use formulations stored at room temperature, unless 

the stability of the formulated drug itself limits this type of formulation.  
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Figure 1.2 Comparison of lipid nanospheres versus liposome. 
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1.3.3.1 Preparation of Lipid Nanospheres  

Various ingredients required to prepare stable LN drug delivery systems are presented 

in Table 1.2. The drug, emulsifier, co-emulsifier and antioxidant are dissolved in the oil 

phase, the system can be warmed to 70-80°C if required (37). Oxygen has to be 

removed by applying a vacuum or bubbling nitrogen gas through the system. Water-

soluble components of the formulation are dissolved in some quantity of water and 

made oxygen free. The aqueous phase is added to the oil phase at the same temperature. 

A crude emulsion is formed upon vigorous shaking. The crude emulsion is 

homogenized in a high-pressure homogenizer (e.g. EmulsiFlex-C3, Manton-Gaulin 

homogenizer) at pressures between 100 and 500 bar. The homogenization process is 

repeated 3-4 times to obtain a particle size below 10 μm or may be further repeated 

several times to obtain a particle size below 1 μm and preferably in the range of  200 to 

300 nm.  

It has been reported that increasing the number of shear applications, sharply decreases 

the mean diameter of the emulsion droplets until a minimum constant value is reached 

around ten cycles (38, 39). Alternatively, ultra-sonication (e.g. Branson ultra-sonicator) 

can be used to obtain globule size in the range of 200-300 nm (40).  

Water is added so as to dilute the emulsion to the desired strength. The pH and 

isotonicity adjustments are done with the help of suitable agents, filled into ampoules 

and sealed. The pH of LN is normally adjusted between 5-7, because the deterioration 

of egg yolk lecithin and soybean oil by oxidation can occur at an alkaline pH (41). The 

pH may be set from considering the stability of the drug contained in the formulation 

(42). Antioxidants such as α-tocopherol are used to prevent oxidative degradation of 

both the oil phase and phospholipids used as emulsifiers.  

The product can be sterilized by autoclaving. However, alternative methods (e.g. filter 

sterilization) can be used in the case of temperature sensitive drugs. Groves and 

Herman (43)  reported that the phospholipids rapidly relocate during autoclaving from 

aqueous phase to oil phase, forming a cubic liquid crystalline phase, the bulk of oil 

which is converted to a lamellar phase on cooling, and this organization of interfacial 

material accounts for the enhanced stability of phospholipid emulsions after heat 

sterilization. 
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Table 1.1 Comparison of lipid nanospheres and liposomes 

 Lipid Nanospheres Liposomes 
Components 
 

Water phase with droplets 
composed of a triglyceride core 
stabilized with a phospholipid 
monolayer 

Excess phospholipids exist as 
dispersed liposomes. Mono or 
multi-layer closed aggregates 
with water core  
 

Surface 
characteristics 

The surface characteristics are 
mainly determined by 
phospholipid (s), other homing 
devices and to some extent by 
the lipids used as oil phase 
 

The surface characters are 
determined by the 
phospholipids used and the 
homing devices 
 

Particle 
diameter 
 

200 - 300 nm 50 – 100 nm 
 

Emulsion form O/W W/O/W 

Incorporable 
drugs 

Drugs soluble in oil core Drugs soluble in water or oil  
 
 

Drug 
entrapment 
capacity 

Entrapment capacity of the 
system is higher than that of 
liposomes 
 

Entrapment capacity of the 
liposomes is less compared to 
LN 

Stability Stable for 12-24 months at room 
temperature 
 

Rather unstable 

Large-scale 
production, cost 

Easily transferable for large 
scale production,  production 
cost is low 

Large scale production is 
possible, production cost is 
high  
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Table 1.2 Various ingredients used in the formulation of lipid nanospheres 

Category Examples 
Lipid phase 
 
 

Soybean oil, safflower oil, sunflower oil, sesame oil, cotton 
seed oil, coconut oil, corn oil, olive oil, castor oil, diacetyl 
mono glycerides, medium and long chain triglycerides 
 

Emulsifiers 
 
 
 
 

Egg lecithin (egg  phosphatidyl choline, ePC), soy lecithin 
(sPC), phosphatidyl ethanolamine, phosphatidyl inositol, 
dimyristoylphosphatidyl choline, 
dimyristoylphosphatidyl ethyl-N-dimethyl propyl ammonium 
hydroxide 
 

Co-emulsifiers 
 
 
 
 

Nonionic surfactants - tween 80, span 80, span 65, myrj 52, 
Block copolymer – poloxamer 188, poloxamer 407, 
Acetylated-mono-glycerides, 
Poly(oxyethylene)-6-glycerol trioleate, 
Poly(oxyethylene)-6-glycerol linolase 
 

Stabilizers 
 
 

Phosphatides, polyglycerol mono oleate, 
Polyethylene glycols derivatives – PEG2000DSPE, 
PEG5000DSPE 
 

pH  adjusting agents 
 
 
 

Free fatty acids (oleic acid, linoleic acid, stearic acid, 
palmitic acid) and their sodium and potassium salts,  
Sodium hydroxide 
 

Isotonicity modifiers 
 

Glycerine, sorbitol, xylitol, dextrose 
 

Preservative 
 

Parabens - methyl paraben, propyl paraben, 
  

Antioxidants Ascorbic acid, α-tocopherol, butylated hydroxy anisole  
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1.3.3.2 Stability of Lipid Nanospheres  

Stability of LN can be evaluated using various properties of the formulation. Lawrence 

and Mills (44) evaluated the flocculation as a sign of LN stability by measuring its 

absorbance using ultraviolet spectrophotometery (UV). Washington and Davis (45) 

measured the zetapotential of LN, to evaluate stability. Using surface potential to 

indicate stability of LN systems has been used extensively in various studies (46-49). 

Handa et al. (50) evaluated the stability of LN by measuring the surface pressure on the 

interfacial membrane in the lipid particles.  

Takamura et al. (39) reported that  zeta potential increases with pH, resulting in a stable 

system. The relationship of pH and terminal heat sterilization by autoclaving on the 

stability of phospholipid stabilized LN was evaluated using droplet size and zeta 

potential measurements (41). Accelerated stability studies and long-term storage tests 

demonstrated that the tirilazad lipid emulsions had excellent physical stability over the 

study period of 16 months (51).  

1.3.3.3 Biodistribution of Lipid Nanospheres 

The lipid emulsions that have been used for parenteral nutrition  have a composition 

and droplet size distribution that are much like those of chylomicrons, the endogenous 

aggregates that distribute lipids in the blood stream. Although the mean droplet size of 

LN and chylomicrons is similar, the droplet size distribution is wider for chylomicrons. 

In both the systems phospholipids are the emulsifiers. It is generally agreed that 

parenteral lipid emulsion is taken up along similar routes as natural chylomicrons. 

However, more detailed studies show differences in the molecular mechanisms of 

elimination from the bloodstream. In chylomicrons, the triglyceride substrate is cleared 

by two processes: removal of triglyceride from the particle through lipolysis, and then 

removal of the particle itself. For emulsions, the second route is somewhat predominant 

(52).  

When LN are administered, not all of the contents remain with the carrier LN and a 

moderate amount of the drug actually escapes. The rate of drug escape from the carrier 

LN mainly depends on its lipophilicity and the amount incorporated. Therefore, the 

pharmacokinetics of each ingredient incorporated in LN must be determined. The 

desired properties of a LN formulation are as follows (37). 
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1. Drugs incorporated into LN must have good therapeutic activity  

2. The required dose of the drug must be dissolved in lipid phase 

3. The drug loss from the LN after administration must be small 

1.3.3.4 Factors Influencing the Biodistribution of Lipid Nanospheres 

The components, size and surface charge of the LN influence their biodistribution. In 

addition, specific ligands anchored on the surface of these nanospheres leads to the 

targeting to specific sites. 

1.3.3.4.1 Lipids Used in the Formulation 

Lipids and phospholipids used in the formulation of LN and liposomes influence their 

distribution in the body. Atsushi et al. (53) reported that LN prepared with 

polyoxyethylene-60-hydrogenated castor oil are more stable to lipoprotein lipase and 

showed low uptake by RES organs. It also has long circulation in the plasma and high 

distribution in tumours compared with conventional lecithin stabilized LN. Liposomes 

containing spingomyelin were taken up by the liver and spleen to a greater extent than 

those prepared from phosphatidyl choline – cholesterol (54). 

1.3.3.4.2 Particle Size 

It has been found that small unilamellar vesicles clear less rapidly than large 

multilamellar ones (55). The small–globule emulsions resulted in a long retention and 

the large–globule emulsions led to a relatively short retention (56). The uptake 

clearance of large–globule size emulsions in the liver and spleen is much larger than 

those of small–globule size emulsions (53, 57). A reduction in size and coating with 

egg sphingomylin on the surface of the droplets resulted in avoidance of the 

reticuloendothelial system uptake (58).  

1.3.3.4.3 Surface Charge of Nanospheres 

Surface charge can influence the biodistribution of LN formulations. Its value is 

dependent on component(s) present in the formulation. Washington and Davis (45)  

reported that the absolute value of the zeta potential increased according to the amount 

of oleic acid added. Takamura et al. (39) reported that absolute value of zeta potential 

increases with pH, resulting in a more stable system. The zeta potential of the LN 
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decreased with increasing emulsifier concentration and then levelled off at more than 

1.2% (w/w) (38).  

Piemi et al. prepared positively and negatively charged LN using stearylamine or 

deoxycholic acid, respectively (59).  Negatively charged liposomes are not taken up by 

the phagocytes. The lipids, phosphatidyl serine, phosphatidyl inositol and dicetyl 

phosphate are used to give negative charge around the LN (60). Positively charged 

liposomes were found to have greater apparent volume of distribution in the body than 

that of neutral and negatively charged liposomes (61).  Tatyana et al., reported that 

cyclosporin A incorporated in positively charged oil globules was preferentially taken 

up by the rat mucosal cells due to enhanced electrostatic interaction than that of 

cyclosporin A incorporated in negatively charged oil globules (62). Schwendener et al., 

reported that the degree of liposomal cell interaction with macrophages can be 

improved by increasing the degree of positive charge using stearylamine (63). A stable 

positively charged LN system was prepared with phospholipids, poloxamer 188 and 

stearylamine and  found to have good stability (64). 

1.3.3.5 Future Trends  

One of the major problems of using LN as a DDS is its rapid uptake by liver, spleen 

and other RES. For drug delivery purposes, it may be necessary to control and modify 

the uptake of the droplets. Adding PEG derivatives to stabilize an emulsion can prolong 

the circulation time. Preparation of small particles with negative charge also improves 

the circulation time of the nanospheres. Positively charged LN may be used for drug 

targeting to RES. A continuing challenge is to tailor the surface properties of LN to 

achieve the desired biodistribution. Incorporating targeting potential using targeting 

ligands could endow LN with targeting properties, a line of research that has been 

prompted by liposomes.  

Results of various studies carried out with LN reveal the fact that it can be used for 

drug delivery as well as for drug targeting (Table 1.3). The success of developing a 

desired LN drug delivery system of a particular drug depends on how best one tailors 

LN size and surface properties. Commercially available LN formulations are shown in 

Table 1.4.  
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Table 1.3 Drugs formulated as lipid nanospheres 

Category Drug Observations Reference

Anticancer Paclitaxel Preferred tumour distribution (32) 
 

Camptothecin LN and liposomes with 
improved drug stability and 
activity  

(33) 
 

Etoposide Enhanced tumour uptake and 
anticancer activity 

(65, 66) 

9-oxo-15–hydroxy-
delta- 7,10,13-
prostatrienoic acid 
methyl ester 

Enhanced antitumour activity 
than free drug 

(67) 

Rhizoxin Enhanced tumour delivery and 
anticancer activity 

(57) 

Anti-
inflammatory 

Indomethacin 1.5 times more potent than 
free indomethacin, 

(68) 

Corticosteroids Stronger anti-inflammatory 
activity 

(69) 

Anti-
leishmanial  
 

Amphotericine B  Clinical experience with 
AmB-intralipid led to the 
conclusion that AmB in LN 
should reduce the toxicity and 
improve the therapeutic index 
of AmB. 

(70) 
 
 

Piperine Enhanced anti-leishmanial 
activity than free drug  

 
(71) 

Ophthalmic 3H-labeled 
hydrocortisone 17-
butyrate 21-propionate 
(HBP) 

LN were shown to deliver the 
drug to the anterior ocular 
tissues more efficiently than 
the ophthalmic suspension 

 
(72) 

Others Prostaglandin E1 
(PGE1) 
prostacycline (PGI2) 

Passive targeting to 
inflammatory sites and 
vascular lesions, favourable 
clinical results obtained 

(73, 74) 
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       Table 1.4 Commercially available lipid nanosphere drug delivery systems 

Drug Company Marketed name 

Dexamethasone 

palmitate 

Green Cross Limethasone 

Flurbiprofen axetil Green Cross Lipfen 

Flurbiprofen axetil Kaken Ropion 

Prostaglandin E1 Green Cross Liple 

Prostaglandin E1 Taisho Palux 

Diazepam  Kabipharmacia Diazemuls 

Propofol Pharmacia, Dumex 

Zeneca, ICI 

Diprivan 
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1.3.4 Nanocrystal Suspensions  

The number of poorly soluble drugs is steadily increasing from the drug discovery 

process. There are many approaches available to formulate these poorly soluble drugs 

(e.g. use of solvent mixtures, complexing with cyclodextrins, liposomes, lipid 

nanospheres and micelles) (75). The principle limitation of these approaches is that the 

drug needs to possess certain physiochemical properties (e.g. solubility in lipids) or 

suitable molecular size to fit into cyclodextrins (76). Ideally a common formulation 

approach could be applied to any poorly soluble drug. Using nanocrystal suspensions 

(NS) is such an approach (77).  

Nanocrystals are drug particles containing a few hundred to a few tens of thousands of 

atoms which are arranged orderly, following the crystalline structure. Nanocrystals 

demonstrate special physical and chemical properties being different to the bulk 

materials. The main properties of drug nanocrystals are increased saturation solubility 

and increased surface area, both leading to an increase the rate of dissolution. 

Nanocrystals are therefore useful in increasing the oral bioavailability where drug 

dissolution is the rate limiting step (Biopharmaceutics Classification System (BCS) 

class II drugs). Advantages of nanosuspensions are given in Table 1.5.  

NS can be defined as colloidal dispersions of nano-sized drug particles produced by 

nanonization methods and stabilized by GRAS (Generally regarded as safe) listed 

stabilizers (1, 78) . The dispersion can be in water, aqueous solutions or non-aqueous 

solutions (Table 1.6). Surfactants and/or polymeric stabilizers are used for the 

stabilization of NS (Table 1.6). The stabilizer character and concentration play an 

important role in creating a stable formulation. It must be capable of wetting the surface 

of the drug crystals and providing a steric or ionic barrier. Too little stabilizer induces 

agglomeration or aggregation and too much stabilizer promotes Ostwald ripening.  

Cellulosics, poloxamers, polysorbates and povidones are acceptable stabilizers for 

nanocrystal suspension (79). Amphiphilic amino acid copolymers are also an effective 

class of materials for stabilization of drug nanocrystals (80). Ionic and non-ionic cloud 

point boosters are both effective heat stabilizers for NS to undergo the steam 

sterilization, such as polyalcohols and sugars (81). 

 

- 20 - 
 



Chapter 1....Literature Review 

 

 

 

    
   Table 1.5 Potential benefits of nanosuspension, modified from ref (1) 

Nanosuspension Potential benefits 

Increased drug amount in 
administration without 
harsh vehicles 

Intravenous - reduced toxicity, increased efficacy 

Increased drug dissolution  Oral – increased absorption and bioavailability 

Drug in solid state Increased stability - increased resistance to 
hydrolysis and oxidation 

Particulate dosage form Intravenous – potential for intravenous sustained 
release via monocyte phagocytic system 
targeting, reduced toxicity, increased efficacy. 
Oral – potential for reduced first-pass metabolism 

 

     

 
 

    

    Table 1.6 Various components used in nanosuspension 

Components Examples 

Dispersants Aqueous – water, glycerin-water 

Non-aqueous – propylene glycol, glycerin 

Stabilizers Surfactants – tween 80, pluronic F-68 
(poloxamer 188), pluronic F-127 (poloxamer 
407), lecithins, poly vinyl pyrrolidine, poly vinyl 
alcohol 
 
Polymeric – hydroxy propyl cellulose, hydroxy 
propyl methyl cellulose 
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This technology can meet the  drug development  industry requirements, such as 

increasing solubility of poorly water soluble drugs; easily transferable to the production 

scale; cost effective and with little or no regulatory hurdles (82).  

1.3.4.1 Properties of Nanocrystals and Formulation Theory 

Nanocrystals can be formed by building drug particles up from the molecular 

dimensions as in precipitation, or by nanonizing the micron sized particles down as in 

milling (1). In either case, a new surface area ΔA, is created, and also is free energy 

(ΔG). ΔG = γs/l .ΔA, in which γs/l is the interfacial tension. The system prefers to reduce 

this increase in surface area by either dissolving incipient crystalline nuclei, in the case 

of precipitation, or by agglomerating nanosized particles.  

This tendency is resisted by addition of surface-active agents, which reduce the γs/l and 

therefore the free energy of the system. Surface active agents are more effective when 

present at the time of creation of the new, fresh surface than if added afterwards. 

Nanocrystals are stabilized by two classes of surface-active agents; charged or ionic 

surfactants, which effect an electrostatic repulsion among the particles; and non-inonic 

polymers, which confer a steric repulsion i.e., they resist aggregation (1).  

Nano-sizing of drugs results in increased dissolution velocity and saturation solubility. 

Dissolution velocity is an important parameter affecting the oral bioavailability of 

drugs.  Poor water solubility correlates with slow dissolution rate (dc/dt), and 

inherently lower bioavailability. According to the Noyes whitney equation: dc/dt = D.A 

(Cs-C)/h, where, dc/dt is the dissolution velocity and it is proportional to the surface 

area (A) of the particle and saturation solubility (Cs). Saturation solubility is a 

compound specific constant and depends on the temperature and properties of 

dissolution medium. However, for a particle below 1-2 µm, the saturation solubility is 

also a function of particle size (83). Nano-sizing increases the saturation solubility 

because the dissolution pressure (dissolving molecules) increases due to the strong 

curvature of the particles (Figure 1.3) (78, 84).  Both enlarging the surface area (A) and 

increasing the saturation solubility (Cs) can improve the drug dissolution rate. Oral 

nanosuspensions have been specifically used to increase the rate and extent of drug 

absorption (85).  
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Figure 1.3 Dissolution velocity (dc/dt) and saturation solubility Cs as a function of the 
size of drug particles ranging from macro to nanosize (78). 
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In such an example, a comparison between a danazol NS (average particle size 169 nm) 

and a conventional danazol suspension (particle size 10 µm) was made. The NS 

showed higher Cmax and AUC values in a pharmacokinetic study conducted in dogs. 

The bioavailability of the NS was equivalent to that of a cyclodextrin solution 

formulation indicating that the dissolution rate limited bioavailability observed with the 

10 µm suspension had been overcome (86).  

1.3.4.2 Preparation of Nanocrystal Suspension  

There are several production techniques to manufacture NS. Typically, drug 

nanocrystals can be produced by precipitation or disintegrating process and stabilized 

by surfactant (s) or polymer (s).  Owing to their small particle size, the NS can be given 

by different routes of administration. In addition NS can be converted into solid dosage 

forms intended for oral delivery (tablets, pellets or granules containing capsules) for 

increased patient convenience.  

Precipitation and disintegration are so called bottom up and top down technologies in 

nanocrystal production. In a precipitation method the drug is dissolved in one solvent, 

which is subsequently poured into a non-solvent. There are two phases involved in 

precipitation process, the initial creation of nuclei and their subsequent growth into 

nanocrystals (1). Examples of this technique are hydrosols developed by Sucker 

(Novartis, previously Sandoz) (87).  

The basic advantage of the precipitation technique is that they use relatively simple, 

low cost equipment. Scale-up is relatively easy using static blenders or micromixers. 

Disadvantages are the use of organic solvents and difficulty in avoiding growth from 

nanocrystal to microcrystal dimensions during precipitation. In addition, drugs should 

be soluble in all organic solvents to produce nanocrystals (88). As a result of the 

disadvantages addressed, this method hasn’t been widely used by the pharmaceutical 

industry. 

Commonly used methods for NS formation are disintegration processes, which are top 

down techniques. Drugs are disintegrated using two basic disintegration technologies; 

pearl milling or high pressure homogenization principles.  
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1.3.4.2.1 Pearl Milling  

In pearl milling, the milling chamber is charged with the milling media, water, drug and 

stabilizer. The milling medium is composed of pearls of glass, zirconium oxide or 

highly cross-linked polystyrene resin (77). The milling media rotate at high shear rates. 

The high energy and shear forces generated as a result of the impaction of the milling 

media with the drug supply the energy input to break the microparticle drug into nano-

sized particles. An important problem of pearl milling is the potential erosion of 

material from the milling media leading to product contamination (89). This erosion 

has been reduced to a great extent with the use of very hard polystyrene resin-based 

milling media. 

This is the basic technology developed by Liversidge et al. (90) and owned by the 

company Nanosystem (presently acquired by Elan Drug Delivery). The first products 

based on this technique to reach the market were Rapamum and Emend launched in 

2002 and 2003 respectively, followed by Tricor (2004) and Megace ES (2005).  

1.3.4.2.2 High Pressure Homogenization 

The second most frequently used disintegration method is high pressure 

homogenization. The two existing homogenization methods applied are 

microfluidisation and piston-gap homogenization. In microfluidisation, the suspension 

is sprayed with high velocity into specially designed homogenization chamber. Where, 

the flow of the suspension stream changes its direction a few times leading to particle 

collision and shear forces. A disadvantage of the technique is a relatively large fraction 

of microparticles in the final product thus losing the benefits of a homogenous 

suspension.  

An alternative to pearl milling and the microfluidisation is the piston-gap type high 

pressure homogenizers (e.g. Avestin, APV Gaulin, Stansted). DissoCubes® technology 

(trade name currently owned by Skye Pharma) was developed by Muller et al. (91) 

using a piston-gap homogenizer.    

The initial drug suspension contained in a cylinder of diameter about 3 mm, passes 

suddenly through a very narrow homogenization gap of 25 μm. During 
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homogenization, the fracture of drug particles is brought about by cavitations, high 

shear forces and the collision of the particles against each other, breaking the 

microcrystals into nanocrystals (77). The implosion forces are sufficiently high to break 

down the drug microparticles into nanoparticles. Additionally, the collision of the 

particles at high speed helps to achieve nano-sizing of the drug.  

Low temperature manufacturing is preferred. The addition of viscosity enhancers is 

advantageous in certain cases as increasing the viscosity increases the powder density 

within the dispersion zone (homogenization gap) (77). The high pressure homogenizer 

can be operated at pressures varying from 100 to 2000 bars. A number of 

homogenization cycles usually 3, 5 or 10 cycles can be carried out to obtain the 

nanosized drug. However, the drug should be pre-milled to get the particle size below 

25 µm in order to prevent blocking of the homogenization gap. 

1.3.4.3 Characterization Tests 

A prerequisite for the development of optimized NS is characterization techniques.  A 

NS must have a minimal tendency for the agglomeration of particles. A suspension 

with slow sedimentation rate is preferable, provided the product is re-suspendable and 

homogeneous. In addition, NS products must be free from toxicity or irritation. A NS 

given by parenteral route must also be isotonic and non-pyrogenic.  

1.3.4.3.1 Particle Size Distribution and Charge  

Particle size growth is mainly responsible for agglomeration. Precise sizing techniques 

can give useful information about the particle size distribution in NS. The frequently 

used techniques are laser diffraction and photon correlation spectroscopy (PCS), which 

are based on different operating principles to measure the particles size. Laser 

diffraction is fast and suitable for screening large numbers of samples, acquiring data in 

the useful range of 0.02-2,000 µm (92). However, input of the refractive index (RI) of 

the samples is required. PCS is also rapid, but only covers the range of 0.02-3 µm (93).  

The determination of the zeta potential of a suspension is essential as it gives an idea 

about the physical stability of the nanosuspensions. Both the stabilizer and the drug 

govern the zeta potential of a nanosuspension (94).  

 

- 26 - 
 



Chapter 1....Literature Review 

 

1.3.4.3.2 Particle Morphology and Crystalline State  

The particle morphology assessment helps in understanding the morphological changes 

that a drug might undergo when subjected to nanosizing. In order to get an actual idea 

of particle morphology, scanning electron microscopy (SEM) can be applied  (77). 

It is essential to investigate the extent of amorphous drug nanoparticles generated 

during the production of NS. The change in the physical state of the drug particle as 

well as the extent of the amorphous fraction can be determined by X-ray diffraction 

analysis and can be supplemented by differential scanning calorimetry (DSC) (95).  

DSC can detect the presence of crystallinity phase. Compared to the sharp melting peak 

of the drug crystal, the nanocrystals present a broader peak with a markedly lower 

maximum of temperature. Moreover, a decrease of the temperature maximum related to 

the nanocrystal melting peak is observed when the nanocrystals size decreases. The 

amorphous phase does not show any thermal event. Powder X-ray diffraction (PXRD) 

can detect the structure of solid nanocrystalline powder.  

1.3.4.3.3 In Vitro Dissolution to Assess the In Vivo Performance 

The bioavailability of a NS given by any route of administration depends on the 

dissolution of the drug. In vitro dissolution testing in a bio-relevant medium is very 

important to predict the drug in vivo performance (bioavailability and 

pharmacokinetics) of the drug (96, 97). Dissolution velocity of the nanocrystal can be 

affected by pH and the nature of the polymorph, which can inturn affect 

pharmacokinetics (1).  

Poor solubility is generally associated with poor dissolution rate and thus poor oral 

bioavailability. Nanosized drug can undergo faster dissolution than the un-milled drug 

because of enhanced surface area, thus increasing a drugs bioavailability. Hecq et al. 

Showed the enhanced dissolution rate through the nanosizing of nifedipine, 95% of the 

nanosized nifedipine was dissolved in 60 min compared to 5% for the un-milled 

nifedipine (98). The absolute bioavailability in fasted male beagle dogs of 

nanocrystalline danazol was found to be about 82.3%. However, the bioavailability of 

an aqueous suspension of conventional danazol particles was found to be just 5.1% 
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(86). The increased dissolution and oral bioavailability resulting from nanosizing a 

drug can enhance the pharmacological activity of the drug. Kaysers et al. reported 

better efficacy  with a nanosuspension compared to a liposomal formulation of 

amphotericin B (99). About 23% reduction in Leishmania donovani was achieved after 

oral administration of amphotericin B nanosuspension, but a 0% reduction was 

observed after oral administration of the lipsomal dosage form. It has been 

demonstrated in rats that reducing drug particle size decreased the gastric irritation and 

increased the rate of absorption by about four-fold following oral administration of 

naproxen (100). 

1.3.4.4 Potential Applications of Nanosuspension 

The effect of bioavailability enhancement of NS can be attributed to the enhanced 

surface area, improved saturation solubility, increased dissolution velocity and 

increased concentration gradient of the drug NS. This improvement in bioavailability 

leads to a subsequent reduction in drug dose and rendering the therapy cost-effective 

(77). Compounds with poor water solubility normally exhibit variable oral 

bioavailability; nanocrystalline particles can reduce the absorption variability resulting 

from the presence or absence of food.   

NS for parenteral administration seem to be an ideal choice with improved tolerable 

dose because drug particles are directly nanosized, no solvent, co-solvents, or potential 

toxic excipients are required (77).  The advantages include: 

• Higher dose loading with smaller dose volume    

• No organic solvents or pH extremes    

• Capability for sterile filtering    

• Longer dose retention in blood and tumours for some compounds             

1.3.4.5 Nanocrystal Technology: Advantages and Disadvantages 

NS provide a convenient remedy for administering high doses of drug without the risks 

routinely associated with conventional formulations containing co-solvents (101). In 

addition to increased saturation solubility and dissolution this technology displays 

many merits. 

• Easy scale up from bench to industrial scale 
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• Allows aseptic production of nanosuspensions for parenteral administration 

Similar to many novel formulation techniques, NS still have some limitations to 

overcome. Transferring poorly water-soluble drugs into drug nanocrystals is not the 

universal solution. Some drugs are still poorly absorbed from the gut even in a 

nanocrystalline form. For example, oral administration of cyclosporine NS leads to 

extremely low bioavailability, whereas cyclosporine incorporated into solid lipid 

nanoparticles leads to a sufficient bioavailability within the therapeutic range (78). 

Formulating compounds into NS will not be valuable when metabolic related issues 

affect bioavailability.  

1.3.4.6 Future Trends 

Nanocrystal technology is of particular benefit for new drugs with poor aqueous 

solubility. The process is also useful for moderately soluble drugs when a high 

concentration of drug in a low volume of fluid is desired (102). Preparation of drugs in 

the form of NS is shown to be a technically simpler to yield a physically stable product 

due to the simple manufacturing process. Furthermore, if the dissolution velocity of the 

drug particles is low enough in vivo, the NS will have passive targeting advantages 

because the drug particles are taken up by macrophages (103). Altered pharmacokinetic 

profiles have become appreciated insofar as they improve safety and efficacy of drugs. 

There are many products produced by nanocrystal technology in clinical development 

or already marketed (Table 1.7). Further studies will focus on the second generation of 

stealth NS anchored with functionalized surface coatings or ligands with the capability 

of eliciting passive or active targeting. 
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Table 1.7 Overview of nanosuspension based formulations of drugs in the market and 
in different clinical phases, modified from ref (1) 

Drug Indication Drug Delivery 
Company 

Route Status 

Paclitaxel Anti-cancer American BioScience Intravenous Phase III 

Undisclosed 
multiple 

Anti-infective Baxter NANOEDGE Oral, intravenous Preclinical to 
Phase II 

Undisclosed Anticancer Baxter NANOEDGE Intravenous, oral Preclinical to 
Phase II 

Rapamune 
(sirolimus) 

Immuno-
suppressant 

Elan Nanosystems Oral Marketed 

Emend 
(aprepitant) 

Anti-emetic Elan Nanosystems Oral Marketed 

Cytokine 
inhibitor 

Crohn’s disease Elan Nanosystems Oral Phase II 

Diagnostic 
agent  

Imaging agent Elan Nanosystems Intravenous Phase I/II 

Thymectacin Anticancer 
agent 

Elan Nanosystems Intravenous Phase I/II 

Budesonide Asthma Elan Nanosystems Pulmonary Phase I 

Tricor 
(fenofibrate) 

Lipid lowering  Abbott Laboratories  Oral Marketed 

Fenofibrate  Lipid lowering SkyePharma Oral Phase I 

Busulfan Anticancer  SkyePharma Intrathecal  Phase I 

Megace ES 
(megestrol) 

Weight gain Elan Nanosystems Oral Marketed 

Insulin Diabetes BioSante Oral Phase I 

Calcium 
phosphate  

Mucosal 
vaccine 
adjuvant for 
herpes 

BioSante Oral Phase I 
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1.3.5 Drugs Evaluated – Chlorambucil and Asulacrine 

Toxic effects are very common with current anticancer drugs in clinical use. Drug 

delivery limitations pose additional challenges as new drug candidates emerging from 

the drug development program are often associated with poor physicochemical 

properties. CHL and ASL were selected for this study basing on their poor aqueous 

solubility and poor pharmacokinetic properties (short hal-life, high volume of 

distribution and rapid clearance) and aimed to develop LN and NS formulations, 

respectively. The following sections will provide an overview of the drugs.  

1.3.6 Chlorambucil Drug Profile 

CHL is a bifunctional alkylating agent of the nitrogen mustard derivative that has been 

used clinically against chronic lymphocytic leukemia (CLL), lymphomas, and 

advanced ovarian and breast cancers (104, 105). It was first synthesized by Everett et 

al. and is known chemically as 4-[(bis(2-chloroethyl) amino phenyl] butyric acid 

(Figure 1.4) (106). 

1.3.6.1 Physicochemical Properties 

CHL is a white crystalline powder. It has molecular weight of 304.21 and melting point 

of 64ºC to 66ºC. The log P (octanol-water partition coefficient) and pKa values are 1.7 

and 5.75 respectively (107, 108). CHL is poorly soluble in water but soluble in acidic 

or alkali media (108). It undergoes hydrolysis in aqueous and alkaline solutions to 

produce the hydroxyl form and is sensitive to oxidation.  

1.3.6.2 Mechanism of Action 

The nitrogen mustards are bifunctional alkylating agents which can cause intrastrand 

linking and cross linking of the DNA strands, impairing activity.  The basic formula of 

the nitrogen mustard is R-N-bis-(2-chloroethyl). The 2-chloroethyl side chain present in 

the nitrogen mustard derivative of the CHL undergoes an intramolecular cyclisation 

with the release of chloride ion (5). The highly reactive ethylene immonium derivative 

so formed can interact with DNA strands and impair it. 
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Figure 1.4 Structure of chlorambucil. 
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1.3.6.3 Pharmacokinetics 

Oral absorption of CHL is adequate and reliable. After a single oral dose of 0.6 to 1.2 

mg/kg, peak plasma concentration (Cmax) reached within 1 h, and the elimination half-

life (t1/2) in plasma was approximately 1.5 h. CHL undergoes rapid metabolism in the 

liver to phenyl acetic acid mustard (6, 109).  CHL and its metabolites are extensively 

bound to plasma and tissue proteins.  It is 99% bound to plasma proteins, particularly 

albumin.  

1.3.6.4 Dose and Administration 

CHL is available as oral tablets (Leukeran®, Glaxo Wellcome) (5). Each film coated 

tablet contains 2 mg of CHL along with excipients. The usual oral dose is 0.1 to 0.2 

mg/kg body weight daily for 3 to 6 weeks. This usually amounts to 4 to 10 mg per day 

for an average patient. The entire daily dose may be given at one time. Patients with 

Hodgkin’s disease usually require 0.2 mg/kg daily, whereas patients with other 

lymphomas or chronic lymphocytic leukemia usually require only 0.1 mg/kg daily (5).  

1.3.6.5 Potential of a New Formulation Development for Chlorambucil 

CHL has been indicated in various carcinomas. However, its usage is limited by its 

toxic side effects such as myelotoxicity, and neurotoxicity (110). A promising approach 

to circumvent the toxic effects is to incorporate the CHL in a nanosized carrier 

(liposomes, LN or polymeric nanoparticles) and targeted to tumours. Other expected 

advantages of this type of approach are enhanced half-life of the drug in the plasma and 

preferable tissue distribution (15, 111).  

Few approaches have been reported in the literature for CHL.  Serum albumin-drug 

conjugates have been prepared to improve the anticancer activity of the CHL (112). 

Besides the fact that albumin conjugates exhibit a significant uptake in tumour tissue 

(16), albumin bound CHL conjugates can be passively targeted. Cytotoxicity of free 

CHL and the respective albumin conjugates in the MCF-7 mamma carcinoma and 

MOLT-4 leukemia cell line using a propidium iodide fluorescence assay has been 

reported (112). In which CHL bound to albumin through an ester bond was not as 

active as free CHL. In contrast, the conjugate in which CHL bound to albumin through 

carboxylic hydrazone bonds was equal or more active than free CHL in both cell lines.   
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To address stability and solubility issues, CHL has been conjugated to putrescine and 

spermidine based scaffolds bearing one, two, and four persulfated cholic acid units 

(113). Those conjugates bearing two or four sterols show improved hydrolytic stability 

and water solubility relative to CHL. In vitro studies indicated that these conjugates 

possess modest to moderate activity against certain human lymphoblastic leukemia and 

human colon carcinoma cells. The poor water solubility of the CHL is improved by 

forming inclusion complexes with cyclodextrins. Liu, Y.Y. et al., have shown the 

enhanced release of  CHL from the poly(N-isopropylacrylamide) hydrogels in presence 

of β-cyclodextrin moieties (114).  

The above approaches were aimed at improving the poor physicochemical properties of 

CHL or enhancing the anticancer activity of CHL without great success. In this study, 

CHL was incorporated in LN formulation, in an attempt to alter its pharmacokinetics 

properties (short half-life, rapid clearance and high volume of distribution) and improve 

anticancer activity. Chapter 2 and Chapter 3 describe the formulation development and 

evaluation of LN, respectively. 

1.3.7 Asulacrine (SN 21407, FB) Drug Profile 

ASL is a derivative of 9-aminoacridine synthesised by the Auckland Cancer Society 

Research Centre (ACSRC), The University of Auckland, New Zealand (115, 116).   It 

is chemically known as 9-[2-methoxy-4-methylsulphonylamino)phenylamino]-N,5-

dimethyl-4-acridinecarboxamide (SN 21407)  (Figure 1.5). ASL is active against breast 

and lung cancers (117, 118). It is an inhibitor of topoisomerase II, like amsacrine, a 

precursor in ASL synthesis (119). The action is mediated through  both the DNA 

breakage and the formation of DNA protein cross-links leading to cell death (117, 118).   

1.3.7.1 Physicochemical Properties 

ASL is a yellow crystalline solid. It has a molecular weight of 465.54 and melting point 

of 280 to 282ºC. The log P (octanol-water partition coefficient) and pKa values are 2.41 

and 6.4 respectively. It is practically insoluble in water but sparingly soluble in 

methanol. However, the isethionate salt of ASL is moderately soluble in water. The 

compound is relatively easy to oxidise and should be protected from oxidising agents.  

 

- 34 - 
 



Chapter 1....Literature Review 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

N
H

CH3 CONHCH3

HN

NHSO2CH3H3CO

 

Figure 1.5 Structure of asulacrine (SN 21407, free base). 
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1.3.7.2 Mechanism of Action 

ASL induces both DNA breakage and the formation of DNA protein cross-links (117).  

DNA inducing effects appear to be mediated, as with amsacrine and drugs such as 

etoposide, by interaction with the enzyme DNA topoisomerase II. It has been 

hypothesized that the electron donating character of the side chain of ASL contributes 

to forming a stable ternary complex with topoisomerase II and DNA, causing DNA 

damage and cell death (118).  

1.3.7.3 Pharmacokinetics 

ASL is extensively bound to plasma proteins (120). Like amsacrine, ASL displayed 

dose-dependent pharmacokinetics in mice. Following a dose of 57.7 µmol/kg, the 

plasma half-lives of ASL and amsacrine were found to be 1.2 h and 0.3 h respectively. 

The free drug fraction for ASL in mice was 0.006, as compared with 0.07 for 

amsacrine. It was concluded that for a given free drug fraction in plasma, that the 

uptake of ASL into tumours was more efficient for ASL than for amsacrine (121).   

The pharmacokinetics of ASL was studied over a range of 13-270 mg/m2/day in 16 

patients during phase I trial. The peak plasma concentration ranged between 3.4 and 86 

µM and correlated with dose. The half-life of ASL was 0.46 h. Plasma protein binding 

was very high in humans with a free-drug concentration of less than 0.1%. The 

combination of low free-drug fraction and short half-life contributed to the high 

maximum tolerated dose of 270 mg/m2 administered daily for three days (122, 123). 

1.3.7.4 Dose and Administration 

Phase I and early Phase II trials of ASL have shown activity against lung and breast 

cancer (Source: Brochure for Investigators by Prof. Bruce C. Baguley, ACSRC, The 

University of Auckland).  During initial studies, the drug (isethionate salt of ASL) 

given by oral route had shown inadequate and variable bioavailability (<65%). 

Therefore, during the Phase I/II trails ASL was administered in the form of IV infusion. 

For IV infusion, isethionate salt of ASL dissolved in 5% dextrose solution was used.  
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The total dose of 648 mg/m2 divided over 3-5 days, repeated every 3-4 weeks is 

recommended as an optimal schedule.  Infusion time per dose of 4 h is considered 

optimal, as the theoretical time required to saturate the tumour tissue is about 2 h. 

Infusion times less than this should be considered sub-optimal. ASL has an advantage 

over etoposide and doxorubicin in that it overcomes P-glycoprotein mediated multidrug 

resistance. 

1.3.7.5 The Potential of a Novel Delivery System for Asulacrine 

ASL has the potential to be effective against breast and lung cancers. Phase I/II clinical 

trials used an IV infusion of the drug in its salt form (ASL isethionate), but toxicity of 

the IV infusion to the veins (phlebitis) was the main limitation.  

Taking into consideration ASL’s potential anticancer activity, it was selected for 

formulation development. ASL free base was developed into nanocrystal suspension 

(nanosuspension, NS) for IV administration. Chapter 4 and Chapter 5 describe the 

formulation development and evaluation of NS, respectively. 

 



 

2 DEVELOPMENT AND CHARACTERIZATION 
OF CHLORAMBUCIL LIPID NANOSPHERES 

2.1 Introduction 

Chlorambucil (CHL) has been used clinically in the treatment of cancer (104, 105). 

However, CHL usage is limited by its toxic side effects, including myelotoxicity and 

neurotoxicity (110). A promising approach to circumvent such side effects is to 

incorporate the CHL in a nanosized carrier (lipsomes, LN or polymeric nanocarriers) 

and to selectively target tumours. Other expected advantages of this type of approach 

are enhanced biological half-life of the drug in the plasma and reduced tissue 

distribution. The pharmacological and physicochemical properties of CHL are 

described in Chapter 1. 

As seen from its physicochemical properties, CHL (log P 1.7) is a lipophilic anticancer 

drug and soluble in lipids. Therefore it is possible to encapsulate CHL into lipid based 

DDS. Liposomes and lipid nanospheres (LN) are examples of lipid based DDS. 

However,  the target product profile (TPP) of LN have been  chosen over liposomes 

considering LN’s greater stability and high drug loading efficiency for poorly soluble 

drugs (37).  

A LN with a mean particle diameter of 200 nm can solubilise considerable amounts of 

lipophilic drugs in the high volume fraction of the oil phase (liquid triglyceride) and is 

believed as better approach for highly lipophilic anticancer drugs (67). LN are 

heterogeneous liquid dispersion of oil and water, where the internal phase exists as oil 

droplet in the nanometer range, typically with a hydrodynamic diameter of less than 

200 nm (124). LN properties have been reviewed in Chapter 1.  

In this study, CHL was formulated as LN with sub-micron particle size (<200 nm) and 

surface characteristics (PEG-modification) to improve its pharmacokinetic profile 

(short biological half-life and readuce clearance) and anticancer activity. The process 

and formulation variables were optimized to obtain the stable LN formulations. In 

addition, PEG-modified LN were prepared to enhance the residence time of LN in the 

blood circulation, which is expected to further improve the pharmacokinetic profile. As 

part of preformulation, parameters including CHL compatibility with excipients, CHL
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 solubility, and partitioning behaviour in lipids were evaluated. Further, LN 

formulations were characterized for their particle size, zeta potential, morphology, drug 

encapsulation efficiency, drug release and long-term stability. 

2.2 Materials and Methods 

2.2.1 Materials 

Drug and excipients used for formulation development are shown in Table 2.1 and 

were used as received. Chemicals and reagents used for the preparation of buffers, 

analytical solutions, and other general experimental purposes are shown in Table 2.2. 

Equipment used at various stages of the project are listed in Table 2.3. Miscellaneous 

items and small equipment are listed in Table 2.4. 
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Table 2.1 Drug and excipients used for the project 

Drug/Excipient Manufacturer/Supplier 

Chlorambucil Sigma-Aldrich Pvt. Ltd., USA 

Cholesterol    Sigma-Aldrich Pvt. Ltd., USA 

Distearyl phosphatidyl ethanolamine- 

Polyethylene glycol   (PEG2000DSPE)  

Lipoid GmbH, Germany 

Egg lecithin (Lipoid E 80) Lipoid GmbH, Germany 

Glycerol  Sigma-Aldrich Pvt. Ltd., USA 

Olive Oil Sigma-Aldrich Pvt. Ltd., USA 

Polysorbate 80  Sigma-Aldrich Pvt. Ltd., USA 

Soybean oil Sigma-Aldrich Pvt. Ltd., USA 

Soy lecithin (Lipoid S 75) Lipoid GmbH, Germany 

Squalene Sigma-Aldrich Pvt. Ltd., USA 

 

Table 2.2 Chemicals and reagents used for the project 

Chemicals/Reagents Manufacturer/Supplier 

Acetic acid glacial, HPLC grade Scharlau Chemie S.A., Spain 

Acetonitrile, HPLC grade Ajax Fine Chemicals, Australia 

Chloroform AG Scharlau Chemie S.A., Spain 

Dipotassium hydrogen phosphate, AG Scharlau Chemie S.A., Spain 

Hydrochloric acid , AG Scharlau Chemie S.A., Spain 

Methanol, HPLC grade Ajax Fine Chemicals, Australia 

Ortho phosphoric acid, AG Scharlau Chemie S.A., Spain 

Potassium chloride, AG Scharlau Chemie S.A., Spain 

Potassium dihydrogen phosphate, AG Scharlau Chemie S.A., Spain 

Sodium chloride, AG Scharlau Chemie S.A., Spain 

Sodium dihydrogen phosphate, AG Scharlau Chemie S.A., Spain 

Sodium hydroxide, AG Scharlau Chemie S.A., Spain 

Water (Milli-Q) Millipore, USA 

Water for injection Pfizer, Australia  
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Table 2.3 Equipment used for the project 

Equipment Manufacturer/Supplier 

Bath sonicator (Sonorex) Bandelin, Germany 

Centrifuge (Benchtop) Sigma Laborzentrifugen, Germany 

Differential Scanning Calorimeter Shimadzu, Japan 

Electronic weighing balance Sartorius AG, Germany 

Franz diffusion cells   Logan Instruments Corp., USA 

Freeze dryer Labconco Coporation, USA 

HPLC (Agilent 110 series) Agilent Corporation, Germany 

Magnetic stirrer Hot plate, Semco Scientific Manufacturing Ltd.,  

New Zealand 

Master sizer 2000 Malvern Instruments, UK 

Microscope (Leica DMR)   Leica Microsystems, UK 

Osmometer (model 3D3) Advanced Instruments, Inc., USA 

pH meter (Mettler Toledo)  Mettler-Toledo GmbH, Switzerland 

Rota evaporator (Loborota 4000) Heidolph, Germany 

Stability chambers (Binder) Binder GmbH, Germany 

Transmission Electron Microscope – JEOL 

100-X 

Peabody, USA 

Ultrasonic processor, UP200S Hielscher, GmbH,  Germany 

Zetasizer     Malvern Instruments, UK  

 
Table 2.4 Miscellaneous items used for the project 

Items Manufacturer/Supplier 

Dialysis membrane    (Pore Size: 2.4 nm,  

Molecular weight cut off  between: 12000-

14000)                  

Sigma-Aldrich Pty. Ltd., USA 

Centrisort filters (Molecular weight Cut 

off: 10,000 & 20,000) 

Sartorius Limited, Germany 

Filters Minisart (pore size 0.22, 0.45 µm) Sartorius, AG, Germany 

Micro pipettes Eppendorf Research, USA 

Nylon filter, pore size 0.45 µm Alltech Associates, Inc., IL 
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2.2.2 Methods 

2.2.3 Analytical Method 

 A previously reported (125), a simple and rapid reverse phase high performance liquid 

chromatography (RP-HPLC) method was adopted and partially validated in the 

laboratory. This method was employed for the estimation of CHL in LN samples. The 

HPLC method and validation are described in following sections.  

2.2.3.1 Chromatographic Conditions 

An Agilent series LC comprising quaternary pump, a thermostatic column 

compartment, an autosampler, an online degasser and photodiode array detector were 

used for the analysis of CHL. For instrument control, data acquisition and processing, 

the chromatographic system was interfaced to Chemstation software (Agilent 

Corporation, Germany). Chromatographic separation was performed using a Gemini 

C18 analytical column (250 × 4.6 mm, particle size 5µm) from Phenomenox, USA and 

a C18 precolumn of the same packing (12.5 × 4.6mm). Mobile phase comprising 

acetonitrile and 0.2% dilute acetic acid solution (65:35 v/v) was used at an isocratic 

flow rate of 1ml/min.  Before use, the mobile phase was always filtered through 0.45 

μm nylon filters (Millipore, USA). The volume of samples injected was 50 μl and 

analysis was carried out at a wavelength of 258 nm. Autosampler temperature was 

maintained at 10°C. 

2.2.3.2 Calibration Curve of Chlorambucil 

A stock solution was prepared by dissolving 10 mg of accurately weighed CHL in 

acetonitrile in a volumetric flask, to give a concentration of 1.0 mg/ml. The working 

standard solution of CHL was obtained by diluting the stock solution with acetonitrile 

to give 100 µg/ml. Seven calibration standard solutions of CHL (0.1, 0.5, 1.0, 5.0, 10, 

20 and 30 µg/ml) were prepared in triplicate by further diluting the working standard 

with mobile phase (acetonitrile: 0.2% diluted acetic acid solution, 65:35 v/v). A 50 µl 

volume of each standard was injected into HPLC for analysis. A calibration curve was 

constructed as linear plot of peak area versus CHL concentration using SigmaPlot 10.0.  
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2.2.3.3 Method Validation 

The HPLC method was validated for the quantification of CHL in samples. Intra-day 

and inter-day accuracy and precision were determined by analysis of three 

concentrations (0.1, 15 and 30 µg/ml). The overall precision of the method was 

expressed as relative standard deviation (RSD) and the accuracy of the method was 

expressed in terms of relative error. 

2.2.4 Preformulation   

Good references (126, 127) are available listing formulation excipient in various 

marketed parenteral dosage forms  and also from the FDA.  The information in these 

publications is invaluable in designing a stable parenteral dosage form. The following 

studies were conducted as part of preformulation protocol to select suitable excipients 

for a parenteral formulation with the goal of designing stable LN with particle size 

below 200 nm. CHL solubility and partition coefficient in various lipids and its 

compatibility with various excipients were evaluated.  

2.2.4.1 Solubility of Chlorambucil in Various Lipids 

The solubility of CHL in various triglyceride lipids was evaluated according to the 

method of Higuchi and Connors (128). Saturated solutions of CHL in soybean oil, olive 

oil, castor oil and squalene were prepared by adding excess amounts of CHL to 1 ml of 

oil and shaken on the shaking water bath at 25 ± 0.5°C for 24 h. After this period, the 

solutions were centrifuged (10,000 rpm, 15 min), the aliquot was diluted with 

acetonitrile and assayed by HPLC. Determinations were carried out in triplicates.  

2.2.4.2 Partitioning Behaviour of Chlorambucil in Various Lipids 

For comparision, partitioning behaviour of CHL was studied by dissolving 10 mg of 

CHL in 1 ml of oil (soybean oil, olive oil, castor oil and squalene) and thoroughly 

mixed with equal amount of water in a glass vial. The samples were kept undisturbed 

for 24 h at room temperature, and then centrifuged (10, 000 rpm, 15 min) to separate 

the oil layer. A 50 µl oil phase aliquot, after appropriate dilution with acetonitrile was 

injected into the HPLC for analysis.  
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2.2.4.3 Drug-excipient Compatibility Studies  

In this study, differential scanning Calorimetry (DSC) and HPLC were employed to 

evaluate the drug-excipient interactions. The DSC and HPLC analysis are described in 

following sections.  

2.2.4.3.1 Characterization by Differential Scanning Calorimetry 

DSC was performed using Shimadzu DSC (Shimadz, Japan). The instrument was 

calibrated with Indium (calibration standard, purity >99.999%) for melting point and 

heat of fusion. A heating rate of 5°C/min was employed in the range of 25-200°C. 

Standard aluminum sample pans (40 µl) were used. An empty pan was used as 

reference. Samples of around 10 mg were analyzed. Samples consisting of CHL, 

cholesterol and PEG2000DSPE were analyzed individually. Analysis was also made of 

physical mixtures of CHL and cholesterol (CHL/CH), and CHL and PEG2000DSPE 

(CHL/PEG-DSPE) in the same ratio. 

2.2.4.3.2 Characterization by HPLC Analysis 

Alternatively, drug-excipient compatibility was assessed by incubating CHL with 

various excipients at 0.2% (w/w), and analyzing the amount of CHL in the incubated 

mixture by HPLC.  Mixtures of 1) CHL and soybean oil (CHL-SO) 2) CHL, soybean 

oil and egg lecithin (2.0%) (CHL-SO-EL) and 3) CHL, soybean oil and cholesterol 

(0.2%) (CHL-SO-CH) were prepared and incubated at 25 and 50°C for a period of 4 

weeks. At the end of this period CHL was extracted from the samples using acetonitrile 

and its concentration was determined by HPLC analysis.  

2.2.5 Formulation Development 

The process variables and formulation optimization in the development of CHL 

incorporated LN formulations are discussed in the following sections. 
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2.2.5.1 Optimization of Process Variables: General Processes in the Preparation 
of Lipid Nanospheres 

The LN were prepared by homogenization, followed by high energy ultrasonication. 

Aliquots of CHL, soybean oil and egg lecithin/soy lecithin dissolved in chloroform, 

were dispensed into a glass vial. This constituted the lipid phase component of the 

formulation. After evaporation of the chloroform with nitrogen, the aqueous phase 

consisting of glycerol at 50°C was added to the resulting lipid film. A coarse emulsion 

was prepared with an ultra-turrax homogenizer (IKA Werke GmbH & Co., Germany).  

The resulting oil-in-water coarse emulsion was subjected to high energy ultrasonication 

(Ultrasonic processor UP200S (Sonotrode – S1/Microtip 1), Hielscher, GmbH, 

Germany) to form the nanosized LN. The temperature of the sample was controlled by 

keeping the sample in a cold bath (2-4°C). Finally, the volume of the LN was adjusted 

to 5 ml with water, passed through 0.22 µm Minisart filters (Sartorius, AG, Germany) 

for filter sterilization, and then dispensed into vials and sealed.  

2.2.5.2 Effect of Homogenization Time on Particle Size 

A composition of 10% (w/v) soybean oil, 1.2% (w/v) egg lecithin was used for process 

optimization. Coarse emulsions were prepared using a probe homogenizer (Ultra-

Turrax Homogenizer, IKA Werke GmbH & Co., Germany) at 6000 rpm. Samples were 

collected at 1, 2, 3, and 4 min. The effect of homogenization time on particle size was 

studied by measuring the diameter of 100 globules with a calibrated microscope. 

2.2.5.3 Effect of Ultrasonication Time on Particle Size  

In order to get the nanosized emulsion, the coarse emulsion formed by homogenization 

at 6000 rpm for 1 min was subjected to ultrasonication. Samples were collected after 5, 

10, 15, 20, 30, 40, 50 and 60 min of ultrasonication. During ultrasonication, 

formulations were protected from over heating using a cold bath (2-4°C). Particle size 

distribution of the LN was determined using a Mastersizer 2000 (Malvern Instruments, 

UK).   
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2.2.6 Formulation Optimization 

In a series of experiments, the optimum formulation composition was evaluated with 

respect to type and concentration of primary emulsifier, co-emulsifier and stabilizer in 

the formulations.  

2.2.6.1 Primary Emulsifier Type and Concentration 

Egg lecithin (Lipoid E 80) and soy lecithin (Lipoid S 75) were evaluated for use in the 

LN formulation as a primary emulsifier. In initial experiments, 1.2 % w/v of each 

lecithin concentration was employed. The other components of the formulation were 

0.2% w/v CHL and 10% w/v soybean oil. Particle size and drug encapsulation 

efficiency of these formulations were evaluated to identify the optimum primary 

emulsifier. After selecting a primary emulsifier, a series of experiments with 1.2, 1.4, 

1.6, 1.8 and 2.0 % w/v of selected lecithin were conducted to identify the concentration 

to be used in the formulation for maintaining the physical stability of formulation.  

Formulations were evaluated for particle size, drug encapsulation efficiency and short-

term physical stability by storing at room temperature and 4°C for 1 month. 

2.2.6.2 Co-emulsifier Type and Concentration 

Polysorbate 80 was evaluated as a co-emulsifier to achieve enhanced physical stability 

and reduced particle size. To evaluate the effect of the proportion of co-emulsifier in 

the system (CHL 0.2% w/v, soybean oil 10% w/v, egg lecithin 1.8% w/v), a series of 

samples was prepared with 0.25, 0.5 and 1.0% w/v of polysorbate 80 and studied for 

particle size, drug encapsulation efficiency and physical stability.  

2.2.6.3 Stabilizer Concentration 

Cholesterol was employed to enhance the stability of the system. Cholesterol at 0.2 % 

w/v was used in the formulation. Particle size, drug encapsulation efficiency and 

physical stability were evaluated. 
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2.2.6.4 Preparation of the Chlorambucil Lipid Nanospheres (CHL-LN)   

After a series of experiments in formulation optimization, a final LN composition 

containing CHL was obtained. An optimized process used in the preparation of CHL-

LN is described here.  CHL (20 mg, 0.2% w/v), soy bean oil (1 g, 10% w/v), egg 

lecithin (180 mg, 1.8% w/v), and cholesterol (20 mg, 0.2% w/v) were dissolved in 

chloroform and placed in a glass vial. Nitrogen gas was blown in the sample to allow 

the chloroform to evaporate and a lipid film to form. The aqueous phase, consisting of 

glycerol (221 mg, 2.21% w/v) and water for injection, was added to the lipid film at 

50oC. The hydrated lipid film was homogenized for 1 min at 6,000 rpm using an ultra-

turrax homogenizer to produce the coarse oil-in-water emulsion. The coarse emulsion 

was further homogenized with a high energy ultrasonic processor (Ultrasonic processor 

UP200S) at amplitude of 30% in continuous cycles for 20 min. Finally the volume was 

adjusted to 10 ml with water for injection. The blank LN were prepared in a similar 

manner but without CHL. CHL-LN and blank LN were filled in 10 ml injection vials 

and filter sterilized using 0.22 µm filter.  

2.2.6.5 Preparation of the Chlorambucil PEGylated Lipid Nanospheres (CHL-
PEG-LN) 

 PEG modified LN were prepared using various concentration (0.2, 0.3 and 0.4% w/v) 

of polyethyleneglycol-distreaoylphosphatidylethanolamine (PEG2000DSPE). All other 

formulation components remained similar to CHL-LN formulation, with PEG2000DSPE 

included in the lipid phase. CHL-PEG-LN were prepared similarly as CHL-LN.  

PEGylated LN were labelled as CHL-PEG-LN (0.2%), CHL-PEG-LN (0.3%) and 

CHL-PEG-LN (0.4%). Blank PEG-LN was prepared without drug. All formulations 

were filled in 10 ml vials and filter sterilized using 0.22 µm filters. 
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2.2.7 Characterization of Lipid Nanospheres 

2.2.7.1 Measurement of Particle Size  

The particle size analysis of LN was determined using a Zetasizer (Malvern 

Instruments, Malvern, UK) and Mastersizer 2000 (Malvern Instruments, UK). The LN 

formulation for particle size analysis using the Zetasizer was diluted with double-

distilled water before analysis. The average particle size and the polydisperisty index 

(PDI) of three batches of each sample were determined.  

Size distribution of LN during the process optimization and for stability samples was 

determined using a Mastersizer 2000. When using the Mastersizer 2000, LN samples 

were added to the small sample dispersion unit containing water as a dispersant, and the 

laser obscuration range was maintained between 10 and 20%. The RI of 1.46 was used 

in the analysis. The average diameters reported were calculated for three batches of 

each sample using volume distribution.  

The volume particle size, d(v; 0.5) (size of the particles for which 50% of the sample 

volume contains particles smaller than d(v; 0.5), the other particles being larger than 

d(v; 0.5)), was used as characterization parameter.  

2.2.7.2 Measurement of Zeta Potential  

The zeta potential values of blank and drug-containing LN were measured with the 

Zetasizer. To determine the zeta potential, LN samples were diluted with double-

distilled water and placed in an electrophoretic cell. The mean zeta potential value was 

calculated based on electrophoretic mobility using the Smoluchowski equation. 

2.2.7.3 Morphology of Lipid Nanospheres by Transmission Electron Microscopy 

For transmission electron microscopy (TEM) analysis, the LN samples were placed on 

a Formwar-coated copper specimen holder (Electron Microscopy, Science, Hatfield, 

PA). The samples were then negatively stained with 50 µl of 1.0% (w/v) 

phosphotungstic acid or 1.0% (w/v) uranyl acetate, the staining process was allowed to 

proceed for 10 min at room temperature. Excess liquid was drained off with Whatman 
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filter paper and the LN samples were observed with a JEOL 100-X transmission 

electron microscope (Peabody, MA). 

2.2.7.4 Osmolality and pH Measurement 

Measurement of the LN osmolality was based on the freezing-point method as 

described in the user’s manual (Advanced Instruments, Inc., USA). Briefly, after 

calibration of the Osmometer (Model 3D3, Advanced Instruments, Inc., USA) with 

reference standards (100 and 3000 mOsm/kg, Advanced Instruments), the osmolality of 

0.25 ml of sample was recorded. The osmolality of the LN was adjusted with glycerine. 

The pH was measured using a pH meter (Mettler Toledo, Mettler-Toledo GmbH, 

Switzerland). 

2.2.7.5 Drug Assay  

The LN formulation (0.1 ml) was assayed for CHL by diluting to 1 ml with acetonitrile 

and then further dilutions (0.1 ml diluted to 1 ml; approximately 20 μg/ml) were made 

using the mobile phase. A 50 µl aliquot was injected into the HPLC for CHL 

measurement. An appropriate standard curve was used to estimate the CHL in the LN 

samples. 

2.2.7.6 Encapsulation Efficiency of the Lipid Nanospheres 

The drug encapsulation efficiency of the LN formulations was determined by an ultra-

filteration method (129). Ultra-filteration was performed using Centrisart tubes 

(Sartorius, AG, Germany), which consists of a filter membrane (molecular weight cut-

off 20,000 Da) at the base of the sample recovery chamber. About 1 ml of undiluted 

sample of CHL loaded LN was placed in the outer chamber and the sample recovery 

chamber placed on top of the sample. The unit was centrifuged at 3500 rpm for 15 min. 

The LN along with encapsulated drug remained in the outer chamber while the aqueous 

phase moved into the sample recovery chamber through the filter membrane. The 

concentration of the CHL in the aqueous phase was estimated using HPLC.  
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2.2.7.7 In vitro Release of Chlorambucil 

The in vitro drug release was studied using Franz diffusion cells (Logan Instruments 

Corp., USA). The assembly contains upper donor compartment and lower recipient 

compartment. A cellulose membrane (molecular weight cut-off between 12000 – 14000 

Daltons, pore size 2.4 nm) was soaked in distilled water overnight and was placed on 

the lower compartment and held with clips by placing the upper donor compartment on 

the lower compartment. Throughout the experiment, the assembly was undisturbed and 

stirring was done with the help of a small magnetic bead in the lower compartment. A 

0.5 ml sample of LN was placed in the donor compartment and 12 ml of 0.5% (w/v) 

polysorbate 80 in phosphate-buffered saline (PBS, pH 7.4) was placed in the recipient 

compartment and maintained at 37°C.  The sealed assembly was kept in a water bath on 

a magnetic stirrer. Samples (12 ml) were collected at predetermined time intervals up to 

4 h and an equal volume of PBS was added each time after sampling to maintain 

constant volume in the recipient compartment. The amount of drug in the samples was 

measured using HPLC. 

2.2.7.8 Stability of Lipid Nanospheres with Encapsulated Chlorambucil 

2.2.7.8.1 Effect of Diluents 

The physical stability of LN (CHL-LN and CHL-PEG-LN) was examined in three 

different types of diluting fluids as per the reported method (130). LN samples were 

diluted to 1000 times in distilled water, PBS (0.017M Na2HPO4,  0.0014M KH2PO4, 

and 0.137M NaCl,   pH 7.4), or 2.21% (w/v) glycerine solution in water and the particle 

size changes were determined using the Mastersizer 2000 (Malvern Instruments, UK) 

after 1, 4, 6, 24, and 48 hours. The volume particle size, d(v; 0.5) was used as 

characterization parameter.  

2.2.7.8.2 Effect of Storage Conditions 

Stability upon storage was studied by incubating the formulations (CHL-LN and CHL-

PEG-LN) at 4-8 and 25°C for up to 6 months. Periodically, samples were removed and 

the particle size was measured using Mastersizer 2000. The volume particle size, d(0.5) 

was used as characterization variables. In addition, CHL stability in the LN was 

examined by determining the amount of parent drug remaining after specific storage 

period by HPLC assay. CHL peak purity was monitored using the PDA detector.  
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2.2.8 Data Analysis 

Results are reported as mean ± standard deviation (SD) from at least three independent 

experiments and the differences between the test variables were tested using student’s 

t-test. Results were considered statistically significant at 95% confidence interval (i.e., 

p<0.05). 

2.3 Results and Discussion 

2.3.1 Analytical Method 

The RP-HPLC method developed by Ahmed et al. (125) was adopted in the laboratory. 

It was further optimized to provide a good performance and resolve the CHL from 

excipients present in the formulations. Figure 2.1 shows a representative chromatogram 

of CHL obtained from the analysis. The retention time (~ 6.1 min) observed allows 

rapid determination of CHL, which is important for routine analysis. Validation of the 

analytical method for CHL in selected conditions proved that the chosen method was 

precise and accurate with linear responses from 0.1-30 µg/ml. Intra- and inter-day 

precision was 1.8% and 4.5%, respectively, and intra- and inter-day accuracy was 5% 

and 10%, respectively (Table 2.5).  

2.3.1.1 Calibration Curve of Chlorambucil 

A calibration curve for CHL was prepared with six concentration levels in triplicate. 

Peak area (y) and concentration (x) was subjected to regression analysis to calculate the 

calibration equation and correlation coefficient. The regression equation obtained was; 

y = 145.11x – 10.36. The calibration curve of CHL was linear over the concentration 

range of 0.5 to 30 µg/ml and the mean correlation coefficient (r2) was 0.9999.   
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Figure 2.1 A representative chromatogram of chlorambucil (5 µg/ml). 
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Table 2.5 Precision and accuracy for the determination of chlorambucil by HPLC assay 

Concentration Added 
(µg/ml) 

Concentration Measured 
(µg/ml) 

Precision 
(%) 

Accuracy 
(%) 

Intra-day precision (n=5)    

0.1 0.095 ± 0.002 2.2 -5.0 

15 15.2 ± 0.1 0.7 1.3 

30 30.3 ± 0.4 1.3 1.0 

Inter-day precision (n=5)    

0.1 0.11 ± 0.005 4.5 10 

15 15.4 ± 0.3 1.9 2.6 

30 30.5 ± 0.4 1.3 1.7 

 Data are shown as mean ± SD, n=5 
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2.3.2 Preformulation   

Excipients are integral components of any DDS. Successful formulation of a stable and 

effective parenteral formulation depends on careful selection of the excipients. As part 

of pre-formulation studies, CHL solubility and partitioning behavior in various lipids 

and its compatibility with various excipients were determined. 

2.3.2.1 Solubility and Partitioning Behaviour of Chlorambucil 

The amount of drug which goes into the lipid based system is determined by its lipid 

solubility. Lipid solubility of CHL was determined to identify a suitable lipid for use as 

an oil phase in the LN formulation for optimum drug loading. Table 2.6 shows 

chlorambucil solubility in various lipids. Higher solubility of CHL was observed with 

soybean oil. 

The retention rate of drug in lipid carriers is the function of partitioning behaviour of 

the drug between oil and aqueous phase. Higher partitioning of drug into lipid is better 

for lipid based DDS, and inturn gives good encapsulation efficiency. CHL is a 

lipophilic anticancer drug and has an oil to water (n-octanol to water) partition 

coefficient (log P) of 1.7. Partitioning behaviour of CHL in different lipids was 

estimated to select the suitable lipid as an oil phase for the formulation (Table 2.7). 

Higher partition coefficients were observed with soybean and olive oils. Soybean oil 

was selected for the preparation of LN as this is the preferred oil in parenteral 

emulsions. Soybean oil, which is rich in linolenic acid, an omega-6 polyunsaturated 

fatty acids, has been used safely for the last 40 years in development of lipid emulsions 

for nutritional supplementation (131, 132).  

2.3.2.2 Drug-excipient Compatibility Studies  

Figure 2.2 shows DSC curves of CHL and other excipients. The melting peak of CHL 

was observed at 66°C. The melting point of CHL did not change when it was present in 

a mixture containing other excipients. This suggests that CHL was stable and 

compatible with the excipients used in the development of the LN formulation. In 

addition, the data from HPLC analysis confirmed that CHL was stable with the 

excipients used in the formulation. As seen from the Figure 2.3, more than 94% of 

CHL was recovered from the mixtures incubated at 25°C and 50°C. 
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                  Table 2.6 Solubility of chlorambucil in various lipids 

Lipid Type Solubility 
(mg/ml) 

Solubility 
(%) 

Soybean oil 44.4 ± 0.6 4.4 

Olive oil 36.1 ± 1.1 3.6 

Castor oil 5.0 ± 1.2 0.5 

Squalene 6.2 ± 0.9 0.6 

                      The values are shown as mean ± S.D., n=3 
   

 

 

                  Table 2.7 Partitioning behaviour of chlorambucil in various lipids 

Lipid Type Partition 
Coefficient 

Log P 
(Oil to Water) 

Soybean oil 2656.6 ± 71.7 3.4 

Olive Oil 2325.9 ± 255.8 3.3 

Castor Oil 540.7 ± 147.4 2.7 

Squalene 602.3 ± 4.1 2.7 

                   The values are shown as mean ± S.D., n=3 
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Figure 2.2 DSC thermograms: A) PEG2000DSPE (PEG-DSPE), chlorambucil (CHL) 
and cholesterol (CH) alone, B) Physical mixture of chlorambucil and cholesterol 
(CHL/CH), C) Physical mixture of PEG2000DSPE and chlorambucil (PEG-DSPE/CHL). 
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Figure 2.3 Chlorambucil recovery from drug-excipient mixture stored at 25 and 50°C. 
The legend depicts CHL in soybean oil (CHL-SO), CHL in soybean oil and egg lecithin 
(CHL-SO-EL) and CHL in soybean oil and cholesterol (CHL-SO-CH). Data shown as 
mean ± SD, n=3. 
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2.3.3 Optimization of Process Variables 

Methods of LN preparation have been described in detail (65, 133-135). A coarse 

emulsion (with globule size < 10 μm) can be subjected to ultra-sonication to reduce the 

globule size to the range of 200-800nm (136). In this study, ultra-turrax homogenizer 

was employed to obtain a coarse emulsion. After 2 min of homogenization with an 

ultra-turrax homogenizer, the coarse emulsion had an average particle size of 6.93 ± 0.3 

µm. Further increasing the homogenization time did not improve the particle size 

(Table 2.8).  

The coarse emulsion obtained from the ultra-turrax homogenization was subjected to 

ultra sonication process to obtain the nanosized LN. Table 2.9 shows the effect of 

ultrasonication process time on the particle size. When the high energy ultrasonication 

conditions used at 30% amplitude with continuous cycle and the formulation was 

sonicated for 20 min, the diameter d(v; 0.5) of the oil droplet was reduced to below 250 

nm, with a relatively narrow size distribution. A prolonged sonication or increased 

energy did not improve this result as noted previously (134). Therefore, these 

conditions were used for the preparation of LN formulations.  

The ultrasonication system employed for LN preparation was consisted of a generator, 

a converter, and a sonotrode 1. The high energy generated (24 kHz) is converted into 

mechanical vibration and then transmitted this motion to the sonotrode tip, which was 1 

mm in diameter and could vibrate at peak-to-peak amplitude. Consequenctly, 

cavitations were created in the coarse emulsion where the sonotrode tip was immersed 

(two-third) causing emulsion droplets disruption. The normal trend in size is a decrease 

in size of the droplets by increasing the energy input during emulsification, as long as 

there is enough emulsifier to cover and stabilize the new droplets broken down from 

the larger ones (137). This could be the reason after certain energy (30% amplitude) or 

sonication time (20 min), the particle size was not further decreased (Table 2.9). 
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                            Table 2.8 Effect of homogenization time on particle size 

Homogenization Time 
(min) 

Avgerage Size  
(nm) 

1.0 8700 ± 600 

2.0 6930 ± 300 

3.0 7923 ± 250 

4.0 8210 ± 590 

           The values are shown as mean ± SD, n=3 

 

 

                            Table 2.9 Effect of ultrasonication time on particle size 

Ultra-sonication 
(min) d(v; 0.5) ± SD (nm)  

5.0 1053 ± 1.4 

10.0 700 ±  0.5 

15.0 650 ± 0.5 

20.0 243 ± 1.0 

30.0 248 ± 1.0 

40.0 254 ± 1.2 

50.0 244 ± 0.9 

60.0 250 ± 0.9 
                                   - The values are shown as mean ± SD, n=3 
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2.3.4 Formulation Optimization 

LN have been proposed as parenteral carriers of poorly soluble anticancer drugs (32, 

65, 67). They are liquid dispersions of oil and water, where the internal phase is an oil 

droplet stabilized by an emulsifying agent (138). Their versatility is based on the 

selection of different types of edible oils, the ratio of oil and water phase, the choice of 

emulsifying agents used for stabilization, and surface modification with hydrophilic or 

cationic polymers. LN are stable and suitable for encapsulating the lipophilic drugs. 

CHL (log P 1.7) is a lipophilic anticancer drug and exhibits high solubility with a high 

partition coefficient in soybean oil. Soybean oil was therefore selected for preparation 

of the LN. In a series of experiments, the composition of LN was evaluated with 

respect to emulsifier and stabilizer concentration, particle size, drug encapsulation 

efficiency and stability. The compositions evaluated are given in Table 2.10.  

The amphiphilic phospholipids allow for stabilization of the LN due to adsorption of 

these agents at the oil-water interface and subsequent lowering of the interfacial tension 

(50). At least 1.2% w/v of lecithin is required to prepare an emulsion (38). In initial 

experiments, a 1.2% w/v of lecithin (soy lecithin and egg lecithin) was employed to 

emulsify 10% w/v of soybean oil. The particle size for these formulations was found to 

be larger than 200 nm. In these formulations the soy lecithin containing emulsion 

showed an average size of 384 ± 1.2 nm, compared to 330 ± 0.9 nm with the egg 

lecithin containing LN. Drug encapsulation efficiency (>95%) was found to be same 

with both formulations. However, there was significant change in particle size after 1 

month of storage at 25°C (p<0.05).  

In further studies, egg lecithin was chosen over soy lecithin, because of the smaller 

particle size obtained with the egg lecithin containing LN. In order to improve the 

stability and to obtain smaller particle size, various concentrations of egg lecithin were 

evaluated. The emulsion containing 1.8% w/v of egg lecithin showed reduced particle 

size i.e., 183 ± 1.9 nm and enhanced stability.  

Further reduction in the particle size was achieved by incorporating polysorbate 80 in 

the formulation as a co-emulsifier. Polysorbate 80 significantly reduced the particle 

size and an average particle size of 163 ± 0.9 nm was obtained with addition of 1% w/v 

of polysorbate 80. However, polysorbate 80 promoted drug leakage from the oil core, 
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as a consequence low drug encapsulation efficiency (<80%) was noted in this particular 

system. The micellar formation due to the polysorbate 80 in aqueous phase might be 

promoting the drug partioning from the oil phase to the aqueous pahse. 

The use of 1.8% w/v egg lecithin produced a stable LN along with the 0.2% w/v 

cholesterol that imparts some rigidity to the phospholipid monolayer. Phospholipids are 

weak emulsifiers (134), and therefore using cholesterol in the formulation can enhance 

the stability of the LN due to formation of a more rigid monolayer with phospholipids 

(65). Cholesterol has been used in liposome preparation to impart rigidity to the 

phospholipid bilayer (139). It has been reported that cholesterol can enhance the drug 

loading capacity of parenteral emulsions (65). However, a large amount of free 

cholesterol (22%) and phospholipids (23%) in the lipid emulsion can delay the lipolysis 

of the emulsion droplets while causing rapid clearance from the blood (140). In our LN 

formulation, a very low amount of cholesterol (0.2% w/v) was used to increase the 

rigidity of phospholipid monolayer, to enhance the stability of the formulation.  

Based on particle size, high encapsulation efficiency and good stability, final 

formulations were prepared (Table 2.11).  The optimized CHL-LN consisted of 0.2% 

w/v CHL, 10% w/v soybean oil as an oil core, 1.8% w/v egg lecithin as an amphiphilic 

phospholipid emulsifier and 0.2% w/v cholesterol as a stabilizer. Glycerol (2.21% w/v) 

was added to maintain the isotonicity of the formulation for parenteral administration. 

The required osmolality for parenteral preparations is 285-310 mOsm/kg, and the 

osmolality of the LN was maintained between 303.1 ± 1.3 and 307.8 ± 1.1 mOsm/kg 

using 2.21% w/v glycerine (Table 2.12). The pH of the diluted samples ranged from 6.8 

± 1.1 to 7.2 ± 0.1 (Table 2.12).  

PEG modification of nanoparticles improves the circulating times in vivo and affords 

greater availability to the tumour site due to the enhanced permeability and retention 

effect (141-143). In this study, the surface of the oil droplets of the LN was modified 

with PEG2000DSPE. PEG modified LN (CHL-PEG-LN, Table 2.11) were prepared 

adding various concentration (0.2, 0.3 and 0.4% w/v) of PEG2000DSPE into the oil 

phase. All other components remained the same as CHL-LN (Table 2.11).  
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                 Table 2.10 Various compositions evaluated for the development of lipid nanospheres formulations 

Composition Soybean Oil Egg  Lecithin 
(Lipoid E 80) 

Soy Lecithin 
(Lipoid S 75) 

Polysorbate 
80 Cholesterol Glycerol 

A 1.0 - 0.12 - - 0.221 

B 1.0 0.12 - - - 0.221 

C 1.0 0.18 - - - 0.221 

D 1.0 0.18 - 0.025 - 0.221 

E 1.0 0.18 - 0.05 - 0.221 

F 1.0 0.18 - 0.10 - 0.221 

G 1.0 0.18 - - 0.02 0.221 

- Amounts are in g 
- 0.020 g of chlorambucil was present in each formulation 
- Final volume of the each composition made up to 10 ml with double distilled water 
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                Table 2.11 Optimized compositions of the lipid nanospheres for the parenteral delivery of chlorambucil 

LN 
Formulation Chlorambucil Soybean Oil Egg  Lecithin 

(Lipoid E 80) PEG2000DSPE Cholesterol Glycerol 

Blank LN - 1.0 0.18 - 0.02 0.221 

CHL-LN 0.02 1.0 0.18  0.02 0.221 

Blank PEG-LN - 1.0 0.18 0.02 0.02 0.221 

CHL-PEG-LN 
(0.2%) 0.02 1.0 0.18 0.02 0.02 0.221 

CHL-PEG-LN 
(0.3%) 0.02 1.0 0.18 0.030 0.02 0.221 

CHL-PEG-LN 
(0.4%) 0.02 1.0 0.18 0.04 0.02 0.221 

- Amounts are in g 
- 0.020 g of chlorambucil was present in each formulation 
- Final volume of the each composition made up to 10 ml with double distilled water 
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2.3.5 Characterization of Lipid Nanospheres 

2.3.5.1 Measurement of Particle Size  

Measurement of nanosphere size in the nanometer range is relatively difficult. The 

fastest and the only routine method presently applicable to determine particle size is 

photon correlation spectroscopy (PCS). PCS determines the hydrodynamic diameter of 

the nanospheres via Brownian motion. For this reason, the measured size is influenced 

by the interaction of the particles with the surrounding liquid medium, and 

consequently the exact viscosity of the medium must be known.  

While in earlier works only the mean and a somewhat dubious dispersity index could 

be calculated, modern correlators and computer software allow the determination of the 

size distribution and of multimodal distributions. The precision of size distribution 

measurements can be further improved using scattering factors derived from the Mie 

theory or a suitable approximation. Calculation of Mie factors requires knowledge of 

the refractive index (RI) of the particles, which may differ from the bulk RI of the 

polymer.  

Analysis of the particle size distribution of CHL-LN, CHL-PEG-LN and respective 

blank LN was performed using a Malvern Zetasizer, which is based on the principle of 

PCS at a fixed angle of 90° and a temperature of 25°C. The field strength used was 29 

V/cm. Samples for PCS measurement must consist of a well dispersed phase in a 

suspending medium. When the samples look milky, the concentration is too high, and 

the best procedure is to dilute the sample to the 50-200 KCPS range. Therefore the 

dilution factor was optimized for the size analysis. Samples were diluted with double 

distilled water and subjected to size and charge analysis. The polydispersity index 

(PDI) measures the size distribution of the nanospheres population. The average 

particle size of LN formulations is given in Table 2.12. During the process optimization 

and for stability samples analysis, Mastersizer 2000 was used, which is based on the 

principle of laser diffraction method.  
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The size and surface characteristics of the LN are important factors in determining its 

in vivo disposition (57, 144). The larger colloidal particles given by an intravenous 

route are rapidly taken up by RES (144), whereas small particles (< 400 nm) can 

significantly extravasate into tumour due to enhanced permeability of the tumour 

vasculature (145). Smaller particle size (<200 nm) of LN formulations could allow for 

more favourable biodisposition. Moreover, the pegylation of LN provides longer 

circulation times and enhanced accumulation at the tumour site. 

2.3.5.2 Measurement of Zeta Potential 

The zeta potential was measured by the Malvern Zetasizer. The principle in 

determining the zeta potential was described here. Electrokinetic phenomena depend on 

the nature of the electrical double layer, and the information which is accessible from 

electrokinetic studies is related to the properties at a surface of a shear between the two 

parts of the double layer. The electric potential at this surface of shear is called 

electrokinetic or zeta potential. If the dispersion is subjected to an electric field, the 

droplets, in consequence of their charge, will migrate to one or another of the 

electrodes, a phenomenon termed as electrophoresis. The rate of particle migration is 

measured by direct microscopic observation of droplets or by means of moving 

boundary apparatus. The Smoluchowski equation which is valid for the phenomenon of 

electrophoresis is most commonly used to calculate zeta potential. 

Zeta potential (Z.P) = 6πυη/εx 

Where  Z.P. is in volts 

  υ= migration velocity cm/sec 

  η= viscosity of the medium in poise 

  ε= dielectric constant of the external medium 

  x= potential gradient V/cm 
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Samples were diluted with double distilled water for the measurements. The pH of the 

diluted samples ranged from 6.8 to 7.0. Zeta potential measurements were done at 25°C 

and the electric field strength was around 23.2 V/cm. The zeta potentials of different 

LN formulations are listed in Table 2.12. Emulsions made with pure phosphatidyl 

choline (PC) showed zeta potential values of –30mV, whereas stable emulsions from 

purified lecithin admixed with negatively charged minor components exhibited values 

of –45 to –57 mV (146). As a matter of fact, at least a complete monolayer should be 

formed before this stabilization mechanism can be active thus explaining the higher 

lecithin dose required in this LN formulation.  

The egg lecithin used in the preparation of LN consists of 80% phosphatidylcholine 

(PC) as the major component apart from other phospholipids like 

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidyl glycerol (PG) 

and sphingomyelin (source: product information brochure from Lipoid GmbH). The PC 

and PE are neutral at the physiological pH range while other phospholipids are ionized 

at pH 7, leading to LN with high negative zeta potential. This negative zeta potential is 

responsible for the stability of LN and prevents coalescence of droplets upon random 

collisions (147). 

2.3.5.3 Morphology of Lipid Nanospheres by Transmission Electron Microscopy 

As shown in Figure 2.4, the TEM analysis confirms that the oil droplets were spherical 

and uniformly distributed. Higher resolution TEM image (Figure 2.4B) clearly shows 

the encapsulated oil droplet with the phospholipids uniformly surrounding the droplet. 

Figure 2.5 shows representative TEM images of CHL-LN and CHL-PEG-LN.   
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                     Table 2.12 Properties of lipid nanospheres formulations 

LN Formulation Average 
Diameter (nm) 

Polydisperisity 
Index 

Zeta Potential 
(mv) 

Osmolality 
mOm/Kg pH 

Blank LN 208 ± 1.2 0.15 -37.3 ± 1.0 303.4 ± 2.5 6.8 ± 1.2 

CHL-LN 183 ± 1.9 0.19 -35.2 ± 1.1 305.7 ± 2.3 6.8 ± 1.1 

Blank PEG-LN 177 ± 1.2 0.51 -36.3 ± 0.4 305.8 ± 1.1 7.0 ± 0.5 

CHL-PEG-LN 
(0.2%) 

187 ± 1.8 0.35 -34.3 ± 0.3 303.1 ± 1.3 7.1 ± 0.5 

CHL-PEG-LN 
(0.3%) 

170 ± 0.9 0.25 -32.2 ± 1.2 305.4 ± 1.5 7.2 ± 0.3 

CHL-PEG-LN 
(0.4%) 

183 ± 0.8 0.22 -35.6 ± 1.9 307.8 ± 1.1 7.2 ± 0.1 

                         The values are shown as mean ± SD, n=3 
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Figure 2.4 TEM images of lipid nanospheres. The lower magnification image (A)
shows the droplets approximately 50-200 nm in diameter. The higher magnification
image (B) shows the phospholipids layer on the surface of the oil droplet. 

Figure 2.5 TEM images of lipid nanospheres. A. CHL-LN and B. CHL-PEG-LN. 
Scale bar shows 500 nm. 
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2.3.5.4 Entrapment Efficiency of the Lipid Nanospheres 

The encapsulation efficiency of CHL was around 97% or higher in all of the LN 

systems (Table 2.13). Due to the relative hydrophobicity of the drug (i.e., log octanol-

water partition coefficient of 1.7), CHL remained in the oil phase of the LN.  

2.3.5.5 In vitro Release of Chlorambucil from Lipid Nanosphere Formulations 

The in vitro release obtained from the LN formulations is shown on Figure 2.6. 

Maximum of 8.3%, 8.4%, 8.5% and 8.1% of CHL was released in 4 h from CHL-LN, 

CHL-PEG-LN (0.2%), CHL-PEG-LN (0.3%) and CHL-PEG-LN (0.4%), respectively 

(Table 2.14).  Thereafter, no drug release was observed. However, CHL release was 

similar with all the LN formulations (P>0.05). The small percent of drug released from 

the LN formulations indicating high drug retention capacity of the system.  
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Table 2.13 Drug assay and encapsulation efficiency of lipid nanospheres formulations 

LN 
Formulation 

Chlorambucil 
(mg/ml) 

Encapsulation 
Efficiency (%) 

CHL-LN 2.0 ± 0.9 97.9 ± 1.2 

CHL-PEG-LN 
(0.2%) 

1.9 ± 1.8 96.8 ± 1.2 

CHL-PEG-LN 
(0.3%) 

2.1 ± 0.7 98.7 ± 1.3 

CHL-PEG-LN 
(0.4%) 

1.9 ± 0.7 97.0 ± 2.1 

                          The values are shown as mean ± SD, n=3 
 
 
 
 
 
 
 
 
 
  Table 2.14 In vitro release of chlorambucil from lipid nanospheres formulations 

Time 
(h) 

Cumulative Amount Released (%) 

CHL-LN CHL-PEG-LN 
(0.2%) 

CHL-PEG-LN 
(0.3%) 

CHL-PEG-LN 
(0.4%) 

0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

0.5 5.3 ± 0.2 5.2 ± 0.1 5.8 ± 0.3 5.5 ± 1.0 

1.0 7.1 ± 0.4 7.3 ± 0.4 7.0 ± 0.5 7.2 ± 0.4 

2.0 8.3 ± 0.1 8.2 ± 0.5 8.3 ± 0.8 8.1 ± 0.9 

4.0 8.3 ± 0.7 8.4 ± 0.6 8.5 ± 0.7 8.2 ± 0.7 

   The values are shown as mean ± SD, n=3 
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Figure 2.6 Chlorambucil release in 0.5% polysorbatephosphate buffered saline media. 
The legend depicts: Chlorambucil loaded lipid nanospheres (CHL-LN) and 
chlorambucil loaded PEG-modified lipid nanospheres (CHL-PEG-LN). Error bars 
shows mean ± S.D., n=3. 
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2.3.5.6 Stability of Lipid Nanospheres and Encapsulated Chlorambucil 

The stability of LN formulations was examined upon dilution in three different types of 

fluids. The results showed no significant change in the average particle size of LN 

under any of these conditions for up to 48 h (Table 2.15).  

The physical stability of LN was evaluated at 4 and 25°C for 6 months (Table 2.16). 

Even though the LN were stable at 4°C, coalescence was observed, but the emulsion 

became clear upon shaking. Moreover, there was small increase in particle size. 

Stability of parenteral emulsions is mainly described in terms of maintaining the 

dispersed phase particle size distribution, the main physical property. Safety of 

application is also to a high degree dependent on the dispersed phase particle size 

distribution, since particles larger than 5 μm given intravenously can lead to emboli in 

vivo (148).  

Furthermore, the stability of encapsulated CHL was examined using an HPLC assay. 

CHL peak purity was monitored using PDA detector. There were no interfering peaks 

with CHL in the stability sample determined. As shown in Table 2.17, the drug stability 

in these liquid formulations was significantly improved when stored at 4°C as 

compared to 25°C. For instance, more than 96% of parent CHL remained in the LN 

formulations for up to 6 months when stored at 4°C. 
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Table 2.15 Effect of diluting fluids on particle size of lipid nanosphere formulations 

Time  

(h) 

Double Distilled 

Water 
Glycerol PBS 

0.0 198.7 ± 4.7 201.7 ± 3.0 204.7 ± 7.5 

1.0 201.4 ± 2.1 204.2 ± 4.7 206.0  ± 3.1 

2.0 207.1 ± 6.9 217.3 ± 4.4 209.3  ± 5.3 

4.0 219.5 ± 3.1 215.9 ± 3.7 212.9  ± 2.6 

6.0 210.4 ± 2.4 211.5 ± 3.8 215.2  ± 2.8 

24.0 216.7 ± 2.7 216.7 ± 3.4 217.7 ± 2.4 

48.0 219.3 ± 3.7 214.5 ± 2.6 219.2  ± 3.6 

       The values are shown as particle size d(v; 0.5) ± SD (nm), n=3 
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Table 2.16 Influence of time and temperature on the mean particle size of LN formulations stored at different conditions and time intervals 

LN Group 

Particle Size d(v; 0.5) ± SD (nm)  
4°C 

Particle Size d(v; 0.5) ± SD (nm)  
25°C 

0 Month 1 Month 3 Month 6 Month 0 Month 1 Month 3 Month 6 Month* 

CHL-LN 208 ± 1.2 226 ± 2.2 235 ± 4.5 259 ± 3.1 208 ± 1.2 203 ± 3.1 233 ± 3.1 - 

CHL-PEG-LN 
(0.2) 201 ± 1.8 216 ± 2.9 231 ± 5.5 261 ± 1.9 201 ± 1.8 198 ± 0.9 228 ± 0.9 - 

CHL-PEG-LN 
(0.3%) 193 ± 0.8 218 ±  3.9 235 ± 4.5 251 ± 2.1 193 ± 0.8 177 ± 1.2 217 ± 1.2 - 

CHL-PEG-LN 
(0.4%) 197 ± 0.9 228 ± 3.2 242 ± 6.1 268 ± 3.3 197 ± 0.9 217 ± 1.8 247 ± 1.8 - 

    -  *Not measured 
     - The values are shown as mean ± SD, n=3 
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Table 2.17 Influence of time and temperature on the chemical stability of chlorambucil in LN formulations stored at different conditions and 
time intervals 

LN Group 

Amount of  Chlorambucil (% Initial Amount) 

4°C 

Amount of  Chlorambucil (%  Initial Amount) 

25°C 
0 Month 1 Month 3 Month 6 Month 0 Month 1 Month 3 Month 6 Month 

CHL-LN 99.4 ± 1.0 98.9 ± 1.7 97.4 ± 1.5 96.8 ± 2.1 99.4 ± 1.0 71.3 ± 2.3 9.5 ± 0.9 0.0 ± 0.0 

CHL-PEG-LN 
(0.2) 

104.0 ± 0.1 96.5 ± 2.0 100.9 ± 1.4 96.4 ± 1.6 104.0 ± 0.1 76.8 ± 2.0 5.7 ± 0.4 0.0 ± 0.0 

CHL-PEG-LN 
(0.3%) 

101.1 ± 0.8 98.5 ± 1.9 97.9 ± 1.2 97.6 ± 1.0 101.1 ± 0.8 80.6 ± 1.3 6.1 ± 0.4 0.0 ± 0.0 

CHL-PEG-LN 
(0.4%) 

108.2 ± 1.2 98.4 ± 1.1 103.5 ± 1.9 95.7 ± 2.6 108.2 ± 1.2 50.4 ± 1.2 4.7 ± 0.1 0.0 ± 0.0 

The values are shown as mean ± SD, n=3 
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2.4 Conclusion 

In conclusion, preformulation aspects played an important role in excipient selection to 

formulate LN.  The analytical method was simple and rapid in quantifying the CHL in 

stability samples.  

In the present study, LN were formulated using soybean oil as the internal oil phase, 

and phospholipids as surfactants, to encapsulate CHL. The results of this study showed 

that stable LN, with an average particle size of less than 200 nm, can be effectively 

formulated with high energy ultra-sonication method. The concentration of egg lecithin 

(1.8%) and cholesterol (0.02%) as an emulsifier and stabilizer, respectively, played a 

role in maintain the LN long-term stability. 

A PEG-modified LN was also prepared to see the effect of PEGylation on bio-

disposition of the LN carrier. CHL encapsulation efficiency was found to be >96%. The 

high encapsulation efficiency was important to control premature leakage of the drug 

from LN in the blood circulation.  The smaller particle size (<200 nm), high drug 

encapsulation efficiency and physical stability of LN suggest that LN could be an 

effective parenteral carrier for chlorambucil delivery.  
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3 IN VITRO AND IN VIVO EVALUATION OF 
CHLORAMBUCIL LIPID NANOSPHERES 

3.1 Introduction 

Chlorambucil (CHL), a lipophilic alkylating agent that binds with DNA to prevent cell 

replication was incorporated in lipid nanospheres (LN) formulation, in an attempt to 

alter its pharmacokinetics and improve anticancer activity. Despite several dose-

limiting toxicities (110, 149), CHL remains the first-line drug of choice for treatment of 

chronic lymphocytic leukaemia and second-line choice for advanced ovarian and breast 

cancer therapy (104, 105). Using soybean oil, water, and phospholipids-based 

surfactants, we have reproducibly formulated LN with different surface properties, 

described in Chapter 2. Based on significant advances in phospholipid chemistry for 

liposomal formulations, we have opted to use these as stabilizers in our LN systems 

(150, 151). Using specific phospholipids, the surface of the oil droplets were modified 

with PEG and cationic charge to evaluate the potential cytotoxicity effects in tumour 

cells (152). PEG-modification of nanoparticles improves the circulating times in vivo 

and affords greater bioavailability to the tumor site due to the enhanced permeability 

and retention effect (14, 16). 

The aim of this study was to assess the advantages of LN systems for CHL delivery. In 

the in vitro studies described here, SKOV-3 human adenocarcinoma cells were used as 

a model to evaluate the cellular uptake, cytotoxicity, and pro-apoptotic activity of CHL 

encapsulated in LN formulations. The pharmacokinetics and tissue distribution of CHL 

incorporated LN formulations were investigated in C57 BL/6 mice. Anticancer activity 

was evaluated in C57 BL/6 mice bearing the solid tumour colon-38 adenocarcinoma. 

3.2 Materials and Methods  

3.2.1 Materials 

Chlorambucil, cholesterol, and 3-[4, 5-dimethyl thiazolyl]-2, 5-diphenyl tetrazolium 

bromide (MTT), glycerol, praziquantel (internal standard, I.S.) and soybean oil were 

purchased from the Sigma Chemicals (St. Louis, USA). The phospholipids 1,2-

distearoyl-sn-Glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] 
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(ammonium salt) (PEG2000DSPE) and egg lecithin (Lipoid® E 80)  were kindly received 

from the Lipoid GmbH (Ludwigshaffen, Germany).  The cationic phospholipid 1,2-

dioleoyl-3-trimethylammonium-propane (DOTAP) was purchased from Avanti Polar 

Lipids, Inc. (Alabaster, AL, USA). The hydrophobic fluorophore, 1,1’-dioctadecyl-

3,3,3’3’-tetramethylindodicarbocyanine perchlorate (DiD oil) and Alexa®-488 

conjugated Annexin-V were obtained from Invitrogen (Carlsbad, CA, USA). 

ApoONE® Homogenous Caspase-3/7 Assay kit and the DeadEnd™ Colorimetric 

Apoptosis Detection System (TUNEL assay) were purchased from Promega (Madison, 

WI, USA). SKOV-3 human ovarian adenocarcinoma cells were purchased from 

American Type Culture Collections (ATCC, Manassas, VA, USA). All the other 

chemicals and reagents were of analytical grade and were used as received. Water for 

injection was used for preparation of all aqueous solutions.  

3.2.2 Methods 

3.2.3 In Vitro Evaluation of Chlorambucil Incorporated Lipid 
Nanospheres 

In vitro studies of LN formulations on SKOV-3 tumour cells were carried out at the 

Northeastern University, Boston, USA. These studies include cellular uptake, 

cytotoxicity, and pro-apoptotic activity of CHL present in LN formulations (153), see 

Appendix. The aim of this study was to assess the LN ability to act on the rapidly 

proliferating tumour cells. For these studies, the Microfluidizer was used to obtain the 

LN formulations (CHL-LN and CHL-PEG-LN). In addition, cationic LN formulation 

(CHL-DOTAP-LN) was also prepared for in vitro evaluation. The method to obtain LN 

formulations using Microfludizer and their subsequent characterization has been 

described, in the following sections.  

3.2.3.1 Preparation of Lipid Nanosphere Formulations by Microfluidizer 
Processor 

Aliquots of CHL (0.2% w/v), soybean oil (10% w/v), cholesterol (0.2% w/v), and egg 

lecithin (1.8% w/v) in chloroform, were dispensed into a glass vial. After evaporation 

of the chloroform with nitrogen, an aqueous phase consisting of glycerol (2.21% w/v) 

at 50°C was added to the resulting lipid film. The hydrated lipid film was homogenized 

for 1 min at 6,000 rpm using a Silverson® homogenizer to produce the coarse oil-in-
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water emulsion. The coarse emulsion was further homogenized with a Microfludizer® 

processor M-110EH (Microfludics Corporation, Newton, MA) at 12500 PSI 

homogenization pressures for 30 sec to form nanosized LN. PEG- and cationic lipid-

modified LN were prepared similarly except PEG2000 DSPE and DOTAP at 0.3% (w/v) 

and 0.05% (w/v), respectively, were also included in the lipid phase. 

3.2.3.2 Characterization of the Lipid Nanospheres prepared by Microfludizer 
Processor 

The particle size and the polydispersity index (PDI) of different batches of the LN 

formulations were measured by Brookhaven Instrument’s 90Plus (Holtsville, NY) 

particle size analyzer at a 90o fixed angle and at 25°C temperature. The samples were 

diluted with deionized distilled water before analysis. The surface charge values (zeta 

potential) were measured with Brookhaven Instrument’s ZetaPALS. To determine the 

zeta potential, LN samples were diluted with deionized distilled water and placed in an 

electrophoretic cell. The mean zeta potential value was calculated based on 

electrophoretic mobility using the Smoluchowski equation.  

In addition, the CHL encapsulation efficiency was measured using Centrisart tubes. LN 

sample was placed in the outer chamber of the Centrisart and the unit was centrifuged 

at 3500 rpm for 15 min. The non-encapsulated drug moved into the sample recovery 

chamber through the filter disc was estimated using HPLC assay.  

3.2.3.3 Cellular Uptake and Intracellular Distribution 

3.2.3.3.1 Cell Culture Conditions 

SKOV-3 Human ovarian adenocarcinoma cells, purchased from ATCC, were grown in 

fetal bovine serum-supplemented RPMI-1640® (Mediatech, Manassas, VA, USA) in a 

humidified 95% O2/5% CO2 environment at 37oC. For the subculture, cells growing as 

monolayer were detached from the tissue flasks by treatment with 0.05% 

trypsin/EDTA. The viability and cell count were monitored routinely using Trypan blue 

dye exclusion method. 
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3.2.3.3.2 Preparation of Fluorescent Lipid Nanospheres 

For evaluation of intracellular LN uptake in SKOV-3 cells, the formulations were made 

with DiD oil as a hydrophobic fluorescent marker. The control, PEG-, and cationic 

lipid-modified LN were prepared similar to the procedure described above except that 

they contained a minute concentration [0.005% (w/v)] of DiD oil. 

3.2.3.3.3 Fluorescence Microscopy 

 For studying LN uptake and distribution by fluorescent microscopy, SKOV-3 cells 

were grown on circular glass cover-slips placed in six-well microplates. The different 

types of DiD oil-containing LN were added at a concentration of 200 μl/ml per well 

and supplemented to 2 ml with serum-free medium. The microplates were incubated for 

2 h and the cover-slips were collected after washing with sterile phosphate buffered 

saline (PBS, pH 7.4) and mounted on glass slides using Fluoromount-G® mounting 

medium (Southern Biotechnology Associates, Bimingham, AL). Differential 

interference contrast (DIC) and epi-fluorescent images were acquired at 10x 

magnification using Nikon TE-2000 U (Melville, NY) scanning fluorescence confocal 

microscope. 

3.2.3.3.4 Cytotoxicity of Chlorambucil in Solution and Lipid Nanospheres  

The cell viability measurements upon treatment with control and drug-containing LN 

formulations were performed with the MTT assay. For this study, same stock 

concentrations (0.25, 0.5, 1.5, 2.5, 5, 15, 25 and 25 mM) of CHL dissolved in 

dimethylsulfoxide (DMSO) or encapsulated in LN were prepared. These stocks were 

further diluted with RPMI media to obtain the graded concentrations (0.5, 1, 3, 5, 10, 

30 and 50 µM) of CHL. LN were assayed for CHL amount prior to these dilutions. 

Approximately 3,000 cells per well were seeded into 96-well plates and allowed to 

adhere overnight. These exponentially growing cells were incubated with graded 

concentrations of CHL solution and LN formulations (CHL-NE, CHL-PEG-NE and 

CHL-DOTAP-NE). Controls included all of the blank LN formulations that did not 

have any drug. Treatment with serum-supplemented medium was used as a negative 

control (0% cell death) and treatment with 50 μg/ml poly(ethyleneimine) (MW 10 

kDa), a cationic cytotoxic polymer, was used as a positive control (100% cell death). 

Four wells were used for each experimental condition by varying the drug 

concentrations and the incubation period for up to 2 days. At the end, 100 μl MTT (1.0 
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mg/ml in RPMI) reagent was added to each well and the plates were incubated for 4 h 

at 37ºC.  The MTT is reduced by viable cells to an insoluble formazan dye. The 

supernatant medium was carefully removed and the formazan dye crystals were 

solubilized by adding 100 μl DMSO. The absorbance of the control and the CHL-

treated cells were read at 560 nm using a microplate reader (Synergy HT, Bio-Tek 

Instruments, Winooski, VT). The percentage viable cells were determined relative to 

untreated cells as a control. Additionally, cells treated with 0.2% (v/v) DMSO in media 

and the respective blank LN were also compared. Inhibitory concentrations (IC50) on 

SKOV-3 cells were calculated using Graphpad prism software by sigmoidal curve 

fitting method. 

3.2.3.3.5 Quantitative and Qualitative Apoptotic Analysis 

3.2.3.3.5.1 Caspase-3/7 Activity Measurements 

SKOV-3 cells were seeded in 96-well microplates at a density of 20,000 cells/well and 

a final volume of 100 µl. Drug additions were done on the basis of IC50 level of effect 

as calculated from the composite dose-response curves mentioned in MTT assay. 

Caspase-3 and -7 enzyme activities were detected after 10 h incubation period with the 

Apo-ONE® Homogenous Caspase-3/7 Assay (Promega, Madison, WI). This assay 

employs a pro-fluorescent substrate that is selectively cleaved by caspases 3 and 7. 

Untreated cells and those treated with blank LN formulations were used negative 

controls. The fluorescence was measured at an excitation wavelength of 490 nm and an 

emission wavelength of 520 nm using a Synergy HT microplate reader. Caspase 3/7 

activity was reported as percent activation relative to untreated control. 

3.2.3.3.5.2 Alexa® 488-Conjugated Annexin-V Assay 

 To examine the pro-apoptotic effect of CHL in LN formulations in SKOV-3 tumor 

cells, the percent of control and treated cells undergoing apoptosis were measured by 

flow cytometric assay using Alexa® 488-conjugated Annexin-V (Invitrogen, Carslbad, 

CA). For these studies, the SKOV-3 were grown in 6-well plates at a density of 50,000 

to 100,000 cells per well. Similar to cell viability studies described above, the cells 

were treated with control and drug-containing solution or LN formulations. The final 

concentration of CHL for the apoptotic activity was 10 μM. Following 10 h of 

incubation at 37oC, the cells were harvested with trypsin-EDTA and washed with 

sterile PBS. After centrifugation, the cell pellet was incubated with the Alexa®488-
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labeled Annexin-V conjugate. Cells were placed in a sheath fluid and were excited with 

a BD Bio-Sciences FACScaliber (San Jose, CA) instrument equipped with an argon 

488 laser. Cell populations were chosen and gated based on size and morphology. 

Within the gated region, at least 10,000 counts were recorded.  The FL1 channel 

(530/30 emission) was used to detect green positive cells and these were analyzed using 

CellQuest Pro software. 

3.2.3.3.5.3 TUNEL Assay 

 The enhancement in apoptosis upon administration of CHL solution and LN 

formulations was evaluated qualitatively by the terminal transferase dUTP nick end 

labeling (TUNEL) assay. The TUNEL reaction for labeling breaks in DNA strands was 

performed using the Promega’s DeadEnd Colorimetric Apoptosis Detection kit 

according to the manufacturer’s protocol. Briefly, the cells were incubated in serum 

free media overnight and then re-plated on cover slips and incubated for specified times 

in RPMI-1640 medium. Cells were then fixed with 4% paraformaldehyde in PBS for 

25 min and permeabilized with 0.2% Triton® X-100 for 5 min at room temperature. 

After washing with PBS, the cover slips were incubated with biotinylated nucleotide 

mixture with terminal deoxynucleotidyl transferase enzyme. The incorporated 

nucleotides were detected using diaminobenzidine and hydrogen peroxide, which 

resulted in the development of brown-colored stain in the apoptotic cell nuclei.  

3.2.3.4 Data Analysis 

The statistical analysis of differences between the control and test groups was 

performed using Student’s t-test. Results were considered statistically significant at 

95% confidence interval (i.e., p<0.05). 

3.2.4 In Vivo Evaluation of Chlorambucil Incorporated Lipid 
Nanospheres: Pharmacokinetics and Tissue Distribution 

The aim of this study was to evaluate whether the pharmacokinetics and tissue 

distribution could be improved by administering CHL in the LN formulations. 

Different LN formulations; CHL-LN and CHL-PEG-LN (0.3%) were used for this 

study. High energy Ultrasonic Processor was used in the preparation of these LN 

formulations, as described in Chapter 2. 

- 81 - 
 



Chapter 3....In vitro and In vivo Evaluation  

3.2.4.1 Bioanalytical Method 

A previously reported RP-HPLC method was used in the determination of CHL and IS 

present in plasma and tissue samples (125). An Agilent series LC 1100 (Agilent 

Corporation, Germany) comprising of a quaternary pump, an autosampler and 

photodiode array detector were used with data acquisition by Chemstation (Agilent 

Corporation, Germany). Analysis of CHL and I.S. was achieved with a Gemini C18 

analytical column (250 mm x 4.6 mm, particle size 5 µm) from Phenomenex, USA and 

a C18 precolumn of the same packing (12.5 mm × 4.6 mm).  A mobile phase consisting 

of acetonitrile and 0.2% v/v acetic acid solution (65:35, v/v) was used at a flow rate of 

1 ml/min to elute the compounds.  The mobile phase was filtered through 0.45 µm 

nylon filter (Millipore, USA) before use. Samples were injected at 50 μl of injection 

volume and analyzed at a wavelength of 258 nm. Autosampler temperature was 

maintained at 10°C. 

3.2.4.2 Preparation of Stock, Standards and Quality Control Samples 

A stock solution of CHL and IS were prepared by dissolving appropriate amounts in 

methanol to give concentration of 1.0 mg/ml. Working standard solutions of CHL (100, 

200, and 1000 µg/ml) and I.S. (1000 µg/ml) were obtained by further diluting the stock 

solutions with methanol. Calibration standards (0.5 to 20 µg/ml) were prepared by 

spiking the standards and I.S. (5 µg/ml) to the mouse plasma. Quality control (QC) 

samples at low, medium and high (0.5, 10, 20 µg/ml) for the determination of recovery, 

precision and accuracy were also prepared same as described above from the working 

standards.  Working standards for the QC samples were made from an independently 

prepared stock solution (1 mg/ml). All QC samples were prepared as a single batch and 

stored at -20°C. These QC samples were used for the HPLC method validation. 

3.2.4.3 Plasma Samples Processing  

To the mouse plasma (0.1 ml) in glass tubes, working standards and I.S. were added. 

Plasma protein precipitation was carried out by addition of 1 ml chilled acetonitrile. 

Each sample was vortexed for 1 min using VX100 Labnet vortex mixer (Labnet Int., 

NJ, US), then kept on ice for 30 min to precipitate any remaining protein present in the 

samples. Samples were centrifuged (Sigma Laborzentrifugen, Germany) at 3500 rpm 

for 15 min. Supernatants were then taken into the clean test tubes and vacuum dried 
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(Labconco Corporation, Kansas, US). Residues were reconstituted with mobile phase, 

and 50 µl injected into the HPLC for analysis.  

3.2.4.4 Tissue Samples Processing 

Mouse tissues (kidney, lungs, and heart) were homogenized (ultra-turrax homogenizer 

(IKS T10), IKA Werke GmbH & Co., Germany) in 1 ml of PBS pH 7.4. Calibration 

standards (0.5 to 20 µg/ml) and QC samples (0.5, 10, 20 µg/ml) were prepared by 

spiking the standards to the tissue homogenate. Tissue samples were processed asto 

plasma samples as described above. 

3.2.4.5 Preparation of Standard Curves in Mouse Plasma and Tissues 

CHL calibration curve was prepared in mouse plasma, liver, kidney, lungs, and heart. 

Six calibration standard of CHL (0.5, 1.0, 5.0, 10, 15 and 20 µg/ml) each in duplicate 

were prepared and processed as described above. A 50 µl volume of each standard was 

injected into HPLC for analysis. Standard curve was constructed as linear plot of peak 

area versus CHL concentration present in plasma or tissue matrix using SigmaPlot 

10.0.  

3.2.4.6 Bioanalytical Method validation 

The HPLC method was validated for the estimation of CHL in plasma and tissue 

matrices. In order to show the acceptable nature of the analytical method, the following 

protocol was implemented during the method validation. 

3.2.4.6.1 Recovery 

Recovery was performed by comparing the extracted QC samples (n=5 replicates) at 

low, medium and high concentrations with the unextracted reference standards 

containing the same amount of the analyte. With regard to the preparation of the 

unextracted reference standards, plasma was precipitated using acetonitrile, vortexed 

and centrifuged. Supernatant was drawn off, to which standard and I.S. were added 

(n=5), dried and reconstituted with mobile phase for analysis.   

3.2.4.6.2 Accuracy and Precision 

Intra-day accuracy and precision were determined by analysis of five replicates of QC 

samples, while inter-day accuracy and precision were determined by analysis of similar 

- 83 - 
 



Chapter 3....In vitro and In vivo Evaluation  

sequence of samples on three separate occasions. The overall precision of the method 

was expressed as relative standard deviation (%RSD) and the accuracy of the method 

was expressed in terms of relative error. 

3.2.4.7 Pharmacokinetics and Tissue Distribution Studies 

3.2.4.7.1 Animals 

Male mice (C57 BL/6) weighing 25-30 g were obtained from Vernon Jansen Unit, The 

University of Auckland, New Zealand. The animals were acclimatized for at least 1-2 

weeks before experimentation, fed with standard diet and allowed for water ad libitum. 

All animal experiments were evaluated and approved by the Animal Ethics Committee, 

The University of Auckland, New Zealand. 

3.2.4.7.2 Preparation of Chlorambucil Solution 

CHL solution was prepared according to the method reported by Lee et al (154). CHL 

(20 mg) was dissolved in 1 ml of acidified ethanol (4.8 ml of concentrated hydrochloric 

acid added to 95% v/v ethyl alcohol in a volume of 100 ml) and diluted to 10 ml with 

propylene glycol/dipotassium hydrogen phosphate buffer (20 gm of dipotassium 

hydrogen phosphate plus 450 ml propylene glycol diluting to 1 litre with water for 

injection), final pH 7.4. This was injected immediately by the IV route in a volume of 5 

ml/kg body weight.  

3.2.4.7.3 Pharmacokinetics of Chlorambucil Formulations 

Mice weighing 25-30 g were divided into three groups: group 1, 2, and group 3. Each 

main group was divided into sub groups comprised of 3 mice. Group 1 received CHL 

solution (CHL), group 2 and 3 received CHL-LN and CHL-PEG-LN (0.3%), 

respectively. A dose of 10 mg/kg, or the maximum tolerated dose was administered via 

tail vein with a 1CC Tuberculin syringe (Terumo Syringe, Laguna, Philippines) fitted 

with a 26 gauge needle. Control groups received the appropriate vehicles. At 

predetermined time points (5, 15, 30 min and 1, 2, 4, and 6 h), three mice at each time 

point from each group were anaesthetized with isoflurane.  Blood was collected from 

retro-orbital sinus into heparin (10μl, 500 IU/ml) treated tubes, and centrifuged at 3500 

rpm for 15 min for the isolation of the plasma. Plasma samples were stored at -20°C 

until analysis. Extraction procedure was followed as described in section 3.2.4.3.  
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3.2.4.7.4 Tissue Distribution of Chlorambucil Formulations 

Tissue samples were collected for studying tissue distribution of drug following IV 

administration of the formulations from above animals. At predetermined time points 

mice were sacrificed from each sub group of CHL, CHL-LN and CHL-PEG-LN by 

cervical dislocation and dissected. Liver, kidney, heart and lung tissues were collected 

and frozen at -20°C until analysis. Each tissue was weighed separately after blotting 

with a tissue paper and transferred in to glass test tubes. 1 ml of PBS (pH 7.4) was 

added to the tissue and homogenized with a tissue homogenizer until uniform 

homogenate was formed. To a 0.l ml of tissue homogenate were taken in test tubes and 

IS was added. Extraction procedure was followed as described in section 3.2.4.4.  

3.2.4.7.5 Pharmacokinetic and Statistical Analysis  

CHL pharmacokinetic parameters in mice were estimated using non-compartmental 

analysis (NCA) with WinNonlin version 5.0. The data were fitted to NCA with uniform 

weighing. The area under the concentration-time profiles (AUC) were calculated by the 

log-linear trapezoidal rule with extrapolation of the terminal slope to infinity by log-

linear regression. The mean residence time (MRT), the volume of distribution at steady 

state (Vss), total body clearance (CL) and plasma half-lives for the distribution (t1/2α) 

and elimination phase (t1/2β) were also calculated. 

The pharmacokinetic results were analyzed statistically using the one-way ANOVA 

and followed by Student’s t-test. The statistical differences between the groups were 

calculated by SigmaStat 3.5. In all analysis, a P value < 0.05 was considered 

statistically significant.   

3.2.5 Evaluation of Anticancer Activity of Chlorambucil Incorporated 
Lipid Nanospheres in a Colon-38 adenocarcinoma  

Anticancer activity was investigated in mice (C57 BL/6, male) subcutaneously 

inoculated with colon-38 tumour fragments from the donor mice and divided into 5 

groups, each group containing six mice. Group 1 served as control, Group 2, 3, 4, and 5 

were treated with of CHL, CHL-LN, CHL-PEG-LN, and vehicle control (VC, without 
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any drug), respectively. After the tumour volume reached 50 mm3, mice were 

administered an initial 10 mg/kg dose of CHL, CHL-LN or CHL-PEG-LN via the tail 

vein and a second similar dose 7 days later. The tumour diameters were measured two 

times a week with vernier callipers in two dimensions until tumours reached the end 

point (4000 mm3) or mice survived. Individual tumour volumes (V) were calculated 

using the following formula (155):  

 

                                               

Where, length (L) is the longest diameter and width (W) is the shortest diameter 

perpendicular to length. Tumour growth curves are presented as the mean volume 

relative to the values on the first day of the treatment. Percent tumour growth 

suppression rate (% T/C) was calculated using the following formula (156):  

 

Where, the Wc and Wt are the mean tumour volumes of the control and test group 

respectively. The % T/C was calculated on 20th day post-treatment. The anticancer 

activity results were analyzed using the one-way ANOVA. In all analysis, a P value 

<0.01 was considered statistically significant.   

3.3 Results and Discussion 

3.3.1 In Vitro Evaluation of Chlorambucil Incorporated Lipid 
Nanospheres 

3.3.1.1 Preparation and Characterization 

The LN formulations for in vitro studies were prepared using a Microfluidizer unit. 

Previous studies have shown that the Microfluidizer processing generates more stable 

sub-micron sized oil-in-water emulsions as compared to other manufacturing methods 
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(137, 157). In order to optimize the microfluidizer process, several microfluidizer 

conditions were tested. Table 3.1 shows the effect of microfluidizer homogenization 

pressure on the particle size of the LN. When the pressure was increased to 12,500 psi 

and the formulation was homogenized for 30 sec, the average particle size reduced to 

below 150 nm and with a relatively narrow size distribution. The particle size obtained 

with the microfluidizer was much smaller than with the high energy ultrasonication.  

Incorporation of CHL in the LN as well as surface modification with PEG2000DSPE and 

DOTAP did not significantly affect the particle size as shown in Table 3.2. The average 

surface charge (zeta potential) of the LN were generally between  -30 mV and -36 mV, 

except for the DOTAP-modified system, which had an average positive surface charge 

of 41.5 mV. In addition, the encapsulation efficiency of CHL was around 97% or 

higher in all of the LN formulations.  

3.3.1.2 Fluorescence Analysis of Cellular Uptake and Distribution 

Using DiD oil, a highly lipophilic fluorescent marker, the LN were formulated and 

incubated with SKOV-3 cells. The results in Figure 3.1 show efficient internalization of 

the fluorescent LN in SKOV-3 cells following 2 h of incubation at 37oC. However, the 

fluorescence analysis performed here did not differentiate the uptake of CHL-LN, 

PEG-modified LN, or the DOTAP-modified LN. 
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Table 3.1 Formulation optimization of the lipid nanospheres using the microfluidizer 
for 30 sec 

Homogenization Pressure  
(psi) 

Average particle size 
(nm) 

Pre-homogenization coarse 
emulsion 4940.6 ± 1.6 

5,000 753.4 ± 1.6 

7,500 368.3 ± 1.4 

10,000 230.4 ± 1.5 

12,500 145.9 ± 1.3 

The values are shown as mean ± SD, n=3 batches of samples 

 

 

 

 

 

Table 3.2 The properties of lipid nanospheres prepared using the microfluidizer 

Formulations 
Type 

Particle Size Distribution Zeta 
Potential 

(mv) 

Encapsulation 
Efficiency 

(%) 
Average 
diameter 

(nm) 

Polydispersity 
Index 

Blank LN 143.9 ± 1.4 0.2 -36.3 ± 0.6 --- 

CHL-LN 145.3 ± 1.2 0.1 -33.3 ± 0.6 99.7 ± 1.1 

CHL-PEG-LN 
(0.3%) 148.7 ± 1.3 0.2 -30.6 ± 1.2 99.4 ± 1.3 

CHL-DOTAP-LN 142.3 ± 1.4 0.3 + 41.5 ± 1.7 96.8 ± 1.2 

The values are shown as mean ± SD, n=3 
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3.3.1.3 In Vitro Cell Viability Assay 

The cytotoxic effect of CHL when administered in solution or in LN formulations was 

examined in SKOV-3 cells using the MTT assay. Poly(ethyleneimine) (Mol. Wt. 

10kDa, 50 µg/ml), a cytotoxic cationic polymer was used as a positive control. The 

results, shown in Figure 3.2 depict the percentage viable cells remaining as a function 

of CHL concentrations following 2 days of drug exposure at 37°C.  CHL solution 

produced 50% inhibition of cell growth (IC50) at 8.5 µM, whereas CHL encapsulated in 

LN produced similar effect at 5.2 µM (Table 3.3).  The average IC50 values of CHL-

LN, PEG-modified LN, and DOTAP-modified LN were 5.2, 5.4, and 3.6 µM, 

respectively. The higher cytotoxicity from the DOTAP-modified LN may be due to 

greater intracellular accumulation of the CHL-DOTAP-LN. 

3.3.1.4 In Vitro Apoptosis Analysis 

Apoptosis is a process in which cells activate an intrinsic suicide mechanism that 

systematically  destroys themselves. It proceeds through cleavage of native intracellular 

proteins. The proteases that mediate this execution are called caspases (Cysteinyl-

aspartic acid proteases). Caspases are activated by different apoptosis inducers. To 

confirm that the cytotoxicity observed with CHL solution and CHL incorporated LN 

formulations was due to enhancement in cellular apoptotic activity, qualitative and 

quantitative cellular apoptotic analysis was performed (Figure 3.3-3.5). Qualitative 

analysis of apoptosis was performed by staining nuclear fragmentation in the treated 

cells with TUNEL assay (Figure 3.3). Quantitative measurements were made by 

evaluating caspase 3/7 activity in control and treated cells (Figure 3.4), as well as 

Annexin V binding using Alexa 488 conjugate and fluorescence activated cell sorting 

(Figure 3.5). The results in Figure 3.3-3.5 clearly show enhancement in cellular 

apoptosis when the drug was administered in LN formulations relative to solution. In 

addition, the highest apoptotic activity was attributed to the cationic LN formulation 

made by modifying the LN with DOTAP.  
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Figure 3.1 Differential interference contrast (DIC), epi-fluorescence and overlay 
images of DiD oil-containing lipid nanospheres in SKOV-3 cells. The legend depicts 
untreated cells (Untreated Control), fluorescent lipid nanospheres (Control LN), PEG-
modified (PEG-LN) and cationic-modified (DOTAP-LN). 
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Figure 3.2 Percent cell viability of SKOV-3 cells as a function of chlorambucil 
concentrations when administered in solution (CHL Solution) and in lipid nanospheres. 
The lipid nanospheres were formulated as control (CHL-LN), PEG-modified (CHL-
PEG-LN), and cationic lipid-modified (CHL-DOTAP-LN). The results represent mean 
± SD, n = 4. 
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Table 3.3 The 50% inhibitory concentration values of chlorambucil in solution and in 
different lipid nanospheres 

Formulation Type 
50% Inhibitory 

Concentration (IC50) 
(µm) 

CHL-Sol 8.5 ± 1.2 

CHL-LN* 5.2 ± 0.6 

 CHL-PEG-LN* 5.4 ± 1.1 

 CHL-DOTAP-LN*,** 3.6 ± 0.5 

Data are mean ± SD, n = 4, *p< 0.05 versus CHL solution, **p< 0.05 versus plain CHL-LN 
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Figure 3.3 Qualitative pro-apoptotic analysis using TUNNEL staining in SKOV-3 cells upon treatment with chlorambucil in solution (CHL Sol) 
or in lipid nanospheres formulations. The lipid nanospheres were formulated as plain (CHL-LN), PEG-modified (CHL-PEG-LN), and cationic 
lipid-modified (CHL-DOTAP-LN). The Control cells were not treated with chlorambucil. The apoptotic cells show brown colored nuclei. 
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Figure 3.4 Quantitative pro-apoptotic analysis using ApoONE Caspase 3/7 activity 
measurements in SKOV-3 cells following chlorambucil treatment. The legend depicts 
chlorambucil in solution (CHL Sol), and the chlorambucil in lipid nanospheres (CHL-
NE), PEG-modified (CHL-PEG-NE), and cationic lipid-modified (CHL-DOTAP-NE). 
The mean value ± SD, n=4. 

 

 

Figure 3.5 Quantitative pro-apoptotic analysis using fluorescence activated cell sorter 
with Alexa®-488 conjugated Annexin-V in SKOV-3 cells following chlorambucil 
treatment. The legend depicts chlorambucil in solution (CHL Sol), and the 
chlorambucil in lipid nanospheres (CHL-LN), PEG-modified (CHL-PEG-LN), and 
cationic lipid-modified (CHL-DOTAP-LN).  
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3.3.2 Pharmacokinetics and Tissue Distribution of Chlorambucil 
Incorporated Lipid Nanospheres 

3.3.2.1 Bioanalytical Method 

The quantitation of CHL in biological samples has been studied extensively using RP-

HPLC method with UV detection (125, 158-162).  From these methods, a simple and 

rapid RP-HPLC method was adopted in the laboratory (125). It was further modified to 

provide a good performance and resolve the CHL from I.S.  

The method was partially validated according to guidelines for validation of 

bioanalytical methods for the estimation of CHL in biological samples (163, 164). No 

endogenous interfering peaks were visible in individual blank plasma at retention times 

of I.S. and CHL, thereby confirming the specificity of the analytical method. Both the 

I.S. and CHL were well separated with retention times of ~ 4.3 and ~ 6.2 min 

respectively (Figure 3.6). The ratio of peak area of CHL to that of I.S. was used for the 

quantification of CHL in plasma and tissue samples. The calibration curves in plasma 

and tissues were linear in the concentration range of 0.5-20 μg/ml. Intra- and inter-day 

precision was 8.8% and 8.1%, respectively and intra- and inter-day accuracy was 3.7% 

and 6.3%, respectively (Table 3.4). These values were within the limits (<15%) 

specified for inter and intra-day precision. CHL recoveries from the plasma and tissue 

(liver, kidney, heart and lungs) were 96.8% and 89.8% to 96.9%, respectively (Table 

3.5). 

3.3.2.2 Standard Curve of Chlorambucil in Mouse Plasma 

The calibration curve of CHL in mouse plasma was linear in the range of 0.5 to 20 

μg/ml. The regression equations obtained was; y = 0.145x – 0.035 with the mean 

correlation coefficient (r2) of 0.998.  

3.3.2.3 Standard Curves of Chlorambucil in Mouse Tissues 

In all tissues, CHL calibration curves were linear in the concentration range of 0.5 to 20 

μg/ml of tissue. The straight line equations of CHL in liver, kidney, heart and lungs 

were y = 0.134x – 5.03, r2 0.989; y = 0.139x – 0.01, r2 0.975; y = 0.145x – 0.014, r2 

0.998 and y = 0.140x – 0.01, r2 0.995, respectively. 
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Figure 3.6 A representative chromatogram of chlorambucil (5 µg/ml) and internal 
standard (5 µg/ml) 
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Table 3.4 Precision and accuracy for the determination of chlorambucil by HPLC assay 

Concentration Added 
(µg/ml) 

Concentration 
Measured (µg/ml) 

Precision 
(%) 

Accuracy 
(%) 

Intra-day precision (n=5)    

0.5 0.5 ± 0.04 8.8 0.1 

10 10.3 ± 0.5 4.8 3.7 

20 20.2 ± 0.6 2.9 2.5 

Inter-day precision (n=5)    

0.5 0.5 ± 0.02 6.2 1.9 

10 10.6 ± 0.9 8.1 6.3 

20 20.1 ± 0.8 3.9 0.5 

   Data values are shown as mean ± SD, n=5 

 
 
 
 
 
 

Table 3.5 Percentage recovery of chlorambucil from mouse plasma and tissues 

Tissue Average (%) 

Plasma 96.8 ± 1.9 

Liver 92.2 ± 2.0 

Kidney 90.1 ± 1.9 

Heart 96.9 ± 3.2 

Lungs 89.8 ± 4.9 

        Data values are shown as mean ± SD, n=5 
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3.3.2.4 Pharmacokinetics of Chlorambucil 

The plasma concentration-time curves for CHL after the administration of CHL 

solution, CHL-LN and CHL-PEG-LN are shown in Figure 3.7-3.8. CHL concentrations 

in the plasma were significantly (P<0.05) higher for CHL-LN and CHL-PEG-LN than 

CHL solution treated mice at all time points except at the initial 5 min point (P>0.05). 

In plasma, CHL in CHL-PEG-LN was detectable after 6 h, whereas CHL in CHL-LN 

was undetectable after 4 h of post injection and CHL levels in plasma following CHL 

solution was undetectable after 2 h of post injection. These observations show that 

CHL encapsulated in LN formulations remained in the blood for longer duration as 

compared to the CHL alone. The pharmacokinetic parameters of CHL solution, CHL-

LN and CHL-PEG-LN are given in Table 3.6.  

The plasma AUC0-∞ for CHL-LN (32.4 ± 0.1 µg.ml-1.h) and CHL-PEG-LN (45.5 ± 2.9 

µg.ml-1.h) was approximately 2-3 fold greater than that for CHL solution (16.9 ± 0.1 

µg.ml-1.h). This was in accordance with previous findings, where the lipophilic drugs 

were given in parenteral emulsions showed higher plasma concentration following IV 

administration than solution forms (65, 165, 166).  

Plasma profiles of CHL-LN, CHL-PEG-LN and CHL solution exhibited a rapid 

distribution phase (t1/2α) followed by a slower elimination phase (t1/2β) (Table 3.6). The 

elimination half-lives (t1/2β) were 1.83 ± 0.1, 2.3 ± 0.2 and 0.27 ± 0.02 h after CHL-LN, 

CHL-PEG-LN and CHL solution, respectively.  These results show 6.7-8.5 fold 

increase in elimination half-life of the CHL when it was given in LN formulations than 

the CHL alone (P<0.01). The longer half-life of CHL-LN and CHL-PEG-LN 

formulation was likely the result of increased volume of distribution and reduced 

plasma clearance.  
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The plasma clearance values of CHL-LN, CHL-PEG-LN and CHL solution were 309 ± 

16, 220.8 ± 1.4 and 591 ± 4 ml.h-1.kg-1, respectively (P<0.01). The volume of 

distribution of CHL-LN, CHL-PEG-LN and CHL solution were 409 ± 14.5, 338.5 ± 

53.3 and 180 ± 7 ml.kg-1, respectively. Overall after CHL-LN or CHL-PEG-LN, the 

total plasma CHL clearance was reduced to approximately 50% of the value after CHL 

solution, but with a significant increase in the volume of distribution.   

In general, CHL in LN showed altered CHL pharmacokinetic profile with increase in 

AUC, elimination half-life and distribution in comparison to CHL alone. The mean 

residence time (MRT) of CHL-LN increased 4.3 folds and CHL-PEG-LN increased 6.3 

folds with that of CHL solution (Table 3.6). These results show that the PEG-modified 

LN increased the circulation time of CHL in mice. The higher elimination half-life and 

residence time of CHL-PEG-LN as compared to CHL-LN were attributed to the 

pegylation of the LN. In comparison to PEG-modified LN (CHL-PEG-LN), plain LN 

(CHL-LN) showed a faster clearance.  

It has been shown that, on entering the plasma, the lipid emulsions rapidly acquire 

apolipoproteins from circulating lipoproteins and such interactions require hydrophobic 

surface on particles (167). Coating of liposome surface with PEG increase the 

hydrophilicity of the liposome surface such that the nonspecific interaction of 

liposomes with plasma proteins is reduced. Additionally, PEG sterically prevents the 

coating of opsonins to the liposomes, resulting in a reduced specific interaction with the 

RES cells (168). 

In case of CHL-PEG-LN, PEG forms the hydrophilic core around lipid particles and 

preventing the hydrophobic interactions there by preventing the removal of LN from 

the blood circulation. This might be the cause for prolonged circulation of CHL-PEG-

LN in comparison with that of CHL-LN.  
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Figure 3.7 Plasma concentration-time curves for chlorambucil solution (CHL), 
chlorambucil incorporated control lipid nanospheres (CHL-LN) and PEG-modified 
lipid nanospheres (CHL-PEG-LN) after 10 mg/kg chlorambucil IV in mice. Data are 
mean ± SD, n=3 mice. 
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Figure 3.8 Plasma log concentration-time curves for chlorambucil solution (CHL), 
chlorambucil incorporated control lipid nanospheres (CHL-LN) and PEG-modified 
lipid nanospheres (CHL-PEG-LN) after 10 mg/kg chlorambucil IV in mice. Data are 
mean ± SD, n=3 mice. 
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Table 3.6 Pharmacokinetic parameters after IV administration of CHL, CHL-LN and CHL-PEG-LN at a dose of 10 mg/kg of chlorambucil 

Group t½α 
(h) 

t½β 
(h) 

Cmax*** 
(µg.ml-1) 

AUC0-∞ 
(µg.ml-1 h) 

Cl 
(ml.h- kg-1) 

Vss 
(ml.kg-1) 

MRT 
(h) 

CHL 0.1 ± 0.03 0.3 ± 0.02 48.9 ± 0.4 16.9 ± 0.1 591 ± 3.5 179.9 ± 7.1 0.3  ± 0.01  

CHL-LN* 0.3 ± 0.05 1.8 ± 0.1 48.6 ± 2.6 32.4 ± 0.1 308.7 ± 16.2 409.1 ± 14.5 1.3 ± 0.04 

CHL-PEG-LN 

(0.3%)*, ** 0.5 ± 0.01 2.3 ± 0.2 50.3 ± 9.3 45.4 ± 2.9 220.8 ± 1.4 338.5 ± 53.3 1.9  ± 0.1 

- The values are shown as mean ± SD, n=3 

- t½α, distribution half life; t½β, elimination half life; AUC, area under the plasma–concentration–time curve; Cl, total body clearance; MRT, mean 
residence time; Cmax – Plasma peak concentration; Vss, volume of distribution at steady state. 

- *Statistically significant when the pharmacokinetic parameters of LN formulations compared with CHL at P<0.01. 

- **P<0.01 CHL-PEG-LN vs. CHL-LN. 

-  ***In case of Cmax, P > 0.05 was found among the groups. 

-  One way ANOVA with Turkey post test was applied to compare the results among the groups at CI 99% or 95% 

 
 
 
 

- 101 - 
 



Chapter 3....In vitro and In vivo Evaluation  

3.3.2.5 Tissue Distribution of Chlorambucil 

Tissue concentrations of CHL after administration of CHL solution or CHL 

incorporated LN were assessed in liver, kidney, heart and lungs. The tissue 

concentration-time curves are shown in Figures 3.9-3.12 and calculated tissue 

distribution kinetics in Table 3.7. 

CHL concentrations present in liver are shown in the Figure 3.9. Liver drug 

concentrations were significantly (P<0.05) smaller for CHL-LN and CHL-PEG-LN 

than CHL solution until 0.5 h, but at later time point (1 h) the concentrations became 

similar. The CHL concentration in the liver was in the order of CHL solution > CHL-

LN > CHL-PEG-LN. The liver AUC0-∞ of CHL-LN and CHL-PEG-LN was 

significantly smaller than that of CHL solution (Table 3.7). Liver is an RES organ. The 

lower concentration of CHL in the organs of the RES can be attributed to the 

composition of LN. However, since the LN injected directly into the blood space are 

foreign substances to the body, it could not be ruled out that LN are recognized by 

alternative pathways of complement activation and captured by macrophages in RES 

organs.  

It has been reported that, when lipid emulsions are administered by IV they are rapidly 

taken up by the RES in the liver and spleen (69, 144). Attempts have been made to 

avoid the trapping of lipid emulsion by the RES by using surface-modified lipid 

microspheres (169), small lipid microspheres (170) and negatively charged lipid 

microspheres (58). In the present study, PEG-modified LN (CHL-PEG-LN) showed 

lower liver concentration as compared to plain LN (CHL-LN). This may be due to low 

liver uptake of the PEG-modified LN (Table 3.7). The lower RES uptake of CHL-PEG-

LN can be explained as, PEG forms the steric barrier, which prevent the interaction of 

lipid particles with RES.  
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CHL concentration present in kidney (Figure 3.10), heart (Figure 3.11) and lungs 

(Figure 3.12) were significantly (P<0.05) lower for CHL-LN and CHL-PEG-LN than 

CHL solution at all time points. The CHL concentrations present in these tissues were 

in the order of CHL > CHL-LN > CHL-PEG-LN. The kidney, heart and lungs AUC0-∞ 

of CHL-LN and CHL-PEG-LN were significantly smaller than those of CHL (Table 

3.7).  

Overall, the tissue concentrations AUC0-∞ of LN formulations were smaller than those 

of CHL solution (P<0.01). Tissue distribution of LN was significantly different as 

compared to CHL solution (P<0.01). The lower tissue distribution of CHL in CHL-LN 

or CHL-PEG-LN was attributed to low uptake of LN by tissues. Also, when CHL was 

administered in the LN formulation, the drug circulated in the blood stream for a longer 

time compared with CHL solution.  
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Figure 3.9 Liver concentration-time curves after IV administration (10 mg/kg) of 
chlorambucil solution (CHL), chlorambucil incorporated lipid nanospheres (CHL-LN), 
PEG-modified lipid nanospheres (CHL-PEG-LN). Data are mean ± SD, n=3 mice. 
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Figure 3.10 Kidney concentration-time curves after IV administration (10 mg/kg) of 
chlorambucil solution (CHL), chlorambucil incorporated lipid nanospheres (CHL-LN), 
PEG-modified lipid nanospheres (CHL-PEG-LN). Data are mean ± SD, n=3 mice. 
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Figure 3.11 Heart concentration-time curves after IV administration (10 mg/kg) of 
chlorambucil solution (CHL), chlorambucil incorporated lipid nanospheres (CHL-LN), 
PEG-modified lipid nanospheres (CHL-PEG-LN). Data are mean ± SD, n=3 mice. 
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Figure 3.12 Lungs concentration-time curves after IV administration (10 mg/kg) of 
chlorambucil solution (CHL), chlorambucil incorporated lipid nanospheres (CHL-LN), 
PEG-modified lipid nanospheres (CHL-PEG-LN). Data are mean ± SD, n=3 mice. 
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Table 3.7 Comparison of tissue distribution of chlorambucil after IV administration of 
CHL, CHL-LN and CHL-PEG-LN at a dose of 10 mg/kg of chlorambucil 

Tissues 
                                      AUC0-∞  
                                    (µg g-1 h) Significance*

CHL CHL-LN CHL-PEG-LN 

Liver 8.2  ± 0.2 7.4  ± 0.02 5.1 ± 0.02 P<0.01 

Kidney** 11.1 ± 0.1 7.7 ± 0.03 7.6 ± 0.02 P<0.01 

Heart** 10.8 ± 0.1 8.2 ± 0.1 8.1 ± 0.1 P<0.01 

Lungs 12.7 ± 0.2 11.5 ± 0.2 10.6 ± 0.05 P<0.01 

- The values are shown as mean ± SD, n=3. 

- *Statistically significant when AUC of LN formulations compared with CHL in corresponding 
tissue at P<0.01. 

- **P>0.05 was found among the CHL-PEG-LN versus CHL-LN 
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3.3.3 Evaluation of Anticancer Activity of Chlorambucil Incorporated 
Lipid Nanospheres in a Colon-38 adenocarcinoma  

Evaluation of the antitumour activity of CHL using a colon-38 adenocarcinoma in mice 

showed a significantly (P<0.01) greater tumour growth suppression rate (%T/C) with 

CHL incorporated in LN compared to CHL solution treated mice (Figure 3.13-3.14). 

On the 20th day post-treatment, the %T/C was 78.6, 74.7% and 48.5% in CHL-PEG-

LN, CHL-LN and CHL solution treated mice, respectively. In addition, the life span of 

tumor-bearing mice was significantly increased by CHL-LN and CHL-PEG-LN 

treatment, with mice surviving over 40 and 48 days, respectively compared to 26 days 

with CHL treatment. Vehicle control (without any drug) did not show any effect on 

tumour weight and progression.  

 Toxic effects in CHL treated mice were evident, as 3 mice were removed from the 

study due to ulceration and severe dehydration before they reached the end point. These 

effects were not observed in any of the CHL-LN and CHL-PEG-LN treated mice. In 

addition, there was a slight decrease (less than 11.8%) in the body weight of CHL 

treated mice over the treatment period (Figure 3.15). Tumour-bearing mice treated with 

CHL-LN and CHL-PEG-LN did not show any appreciable loss in body weight over the 

period of this study. These results suggest that CHL incorporated in LN exhibited 

enhanced therapeutic efficacy and less toxicity over free CHL in this tumour model. 

In tumours, the permeability of capillary endothelium is enhanced comparatively with 

normal tissues and the lymphatic system is little developed (171). Tumour vasculature 

shown to be relatively leaky, less permeoselective and allows the penetration of 

particles up to 400 nm in diameter (167, 172). It has been shown that macromolecules 

accumulate to a greater extent and longer in tumour tissue than low molecular 

compounds and this phenomenon is referred to as enhanced permeation and retention 

(EPR) effect (15). To accomplish EPR, the plasma concentration of the drug must 

remain high for several hours (111).   
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Parenteral emulsions with particle size < 400 nm accumulates in the inflammatory area, 

injured vascular lesions and tumour cells (32, 173). The particle size of CHL-LN and 

CHL-PEG-LN were observed below 200 nm.  In addition, as shown in Table 3.6, both 

the formulations were improved the pharmacokinetics profile of the CHL. These 

properties may be the reasons for improved anticancer activity of CHL-LN and CHL-

PEG-LN.  

Among the LN formulations, PEG-modified LN (CHL-PEG-LN) showed higher 

anticancer activity than CHL-LN. This higher activity was may be due to the longer 

circulation time of the PEG-modified LN in the blood, as a consequence improved 

pharmacokinetic profile and enhanced activity. As seen from the Table 3.6, elimination 

half-life (t1/2β) of the CHL increased significantly when it is given in PEG-modified LN 

as compared to the CHL alone.  Clinical use of CHL is limited because of its toxicity 

(110). However, the improved antitumor activity and lesser toxicity obtained with LN 

formulations suggest that CHL can be used more effectively in this manner.  

 

 

 

 

 

 

 

 

 

 

 

- 108 - 
 



Chapter 3....In vitro and In vivo Evaluation  

 

CHL CHL-LN CHL-PEG-LN

%
 T

um
ou

r S
up

re
ss

io
n 

R
at

e

0

20

40

60

80

100

 

Figure 3.13 Effect of chlorambucil solution (CHL), chlorambucil incorporated plain 
lipid nanospheres (CHL-LN) and PEG-modified lipid nanospheres (CHL-PEG-LN) on 
the change of the percentage of tumour growth suppression rate of mice induced by 
chlorambucil. Data shown as mean ± SD, n=6. 
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Figure 3.14 Changes in tumour volume as a function of time in colon-38 
adenocarcinoma-bearing mice after chlorambucil (10 mg/kg, IV) treatment. The legend 
depicts chlorambucil solution (CHL), chlorambucil loaded plain lipid nanospheres 
(CHL-LN), PEG-modified lipid nanospheres and control (Control).  
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Figure 3.15 Change in body weight as a function of time in colon-38 adenocarcinoma-
bearing mice after chlorambucil therapy. The legend depicts chlorambucil solution 
(CHL), chlorambucil loaded plain lipid nanospheres (CHL-LN), PEG-modified lipid 
nanospheres and vehicle control (Control). Data shown as mean ± SD, n=6.  
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3.4 Conclusion 

The results of in vitro studies on rapidly proliferating SKOV-3 cells showed that the 

LN enhanced intracellular delivery of CHL. CHL given in LN was significantly more 

effective in terms of cytotoxicity than the CHL solution. In addition, the enhanced 

activity of CHL in LN was probably due to the augmentation in apoptotic activity of 

CHL upon DNA damage. The cationic modified LN (CHL-DOTAP-LN) showed the 

highest potency and pro-apoptotic activity relative to all the other LN formulations 

tested.  

In vivo evaluation showed that CHL in LN showed altered pharmacokinetic profile 

with increase in AUC, elimination half-life and reduced plasma clearance as 

comparison to CHL alone. A marked reduction in tissue distribution of CHL was 

observed when it is given in LN.  CHL incorporated in LN also demonstrated increased 

therapeutic activity than the free CHL in colon-38 tumour-bearing mice. These results 

suggest that the LN could be an effective parenteral carrier for CHL delivery.  

Overall, these results are very encouraging for the development of CHL incorporated 

LN systems for improvement of pharmacokinetics and anticancer activity of CHL. 

 



 

4 DEVELOPMENT AND CHARACTERIZATION 
OF ASULACRINE NANOSUSPENSION 

4.1 Introduction 

Asulacrine (ASL) was first synthesized in the Auckland Cancer Society Research 

Centre, and is a derivative of the anti-leukaemia drug amsacrine (115, 116). The early 

studies with ASL (isethionate salt of ASL), by oral route had shown inadequate and 

variable bioavailability (<65%). As a consequence, the Phase I/II trials were conducted 

with intravenous infusion of ASL and it showed potential against breast and lung 

cancers (116, 174). Phlebitis arising from the IV delivery was the main dose-limiting 

toxicity. It was hypothesized that the development of a new formulation may overcome 

this toxicity.  

Asulacrine free base was chosen for this study on the assumption that it could be 

encapsulated into lipidic carriers or developed into nanocrystals. Chapter 1 provides an 

overview of the pharmacological and physicochemical properties of ASL (SN 21407 

free base). It is poorly soluble in both water and lipids, therefore a size reduction 

approach (milling of drugs down to sub-micron size) using a high pressure 

homogenizer was selected to formulate the ASL into a nanocrystal suspension 

(nanosuspension, NS). Chapter 1 gives an overview of the physical characteristics of 

the NS. NS of drugs are sub-micron colloidal dispersions of pure particles of drug, 

which are stabilized by surfactants/and or polymeric stabilizers (1, 175). 

An important advantage of the NS is that they can be given by various routes of 

administration, such as oral (86), parenteral (103), ocular (176) and pulmonary (94), 

and have shown superiority over their traditional formulation counterparts.  

For NS, according to the Noyes-Whitney and Ostwald-Freundlich equations, particle 

size in the nanometer range can lead to increased dissolution velocity and saturation 

solubility (177, 178). This may enhance the bioavailability of drugs compared to other 

delivery systems (86, 100). In addition, due to the sufficiently small size and safe 
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composition, NS can be injected intravenously (78). Sometimes NS can show passive 

targeting properties like colloidal drug carriers (liposomes, LN, polymeric 

nanoparticles) through IV administration (103). Following modification on the surface 

with special stabilizers they can also exhibit active targeting property in vivo (1, 78). 

The objective of this study was to prepare an ASL NS formulation for intravenous 

administration using a high pressure homogenizer, and to investigate its effects on 

pharmacokinetics and tissue distribution as compared to solution form of the drug. 

Different process and formulation variables were investigated to obtain the stable NS 

formulations. NS formulations were characterized for their particle size, morphology, 

crystalline nature, saturation solubility and rate of dissolution. 

4.2 Materials and methods 

4.2.1 Materials 

Drug and excipients used for formulation development are shown in Table 4.1 and 

were used as received. Chemicals and reagents used for the preparation of buffers, 

analytical solutions, and other general experimental purposes are shown in Table 4.2. 

Equipment used at various stages of the project are listed in Table 4.3.  
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Table 4.1 Drug and excipients used for the project 

Drug/Excipient Manufacturer/Supplier 

Asulacrine (SN 21407 Free Base) Auckland Cancer Society Research 
Centre, The University of Auckland, 
New Zealand 

Egg lecithin (Lipoid E 80) Lipoid GmbH, Germany 

Glycerol  Sigma-Aldrich Pvt. Ltd., USA 

Hydroxy propyl methyl cellulose 

(Methocel E4, LV) 

Dow Chemicals, USA 

Poloxamer 188 (Pluronic F 68) BASF, USA 

Polysorbate 80 (Tween 80) Sigma-Aldrich Pvt. Ltd., USA 

 

 

Table 4.2 Chemicals and reagents used for the project 

Chemicals/Reagents Manufacturer/Supplier 

Acetic acid glacial, HPLC grade Scharlau Chemie S.A., Spain 

Acetonitrile, HPLC grade Ajax Fine Chemicals, Australia 

Dipotassium hydrogen phosphate, AG Scharlau Chemie S.A., Spain 

Dimethyl Sulfoxide, AG Scharlau Chemie S.A., Spain 

Hydrochloric acid, AG  Scharlau Chemie S.A., Spain 

Methanol, HPLC grade Ajax Fine Chemicals, Australia 

N-methylpyrrolidine, AG Scharlau Chemie S.A., Spain 

Ortho phosphoric acid, AG Scharlau Chemie S.A., Spain 

Potassium chloride, AG Scharlau Chemie S.A., Spain 

Potassium dihydrogen phosphate, AG Scharlau Chemie S.A., Spain 

Sodium chloride, AG Scharlau Chemie S.A., Spain 

Sodium dihydrogen phosphate, AG Scharlau Chemie S.A., Spain 

Sodium hydroxide, AG Scharlau Chemie S.A., Spain 

Water (Milli-Q) Millipore, USA 
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Table 4.3 Equipment used for the project 

Equipment Manufacturer/Supplier 

Bath Sonicator (sonorex) Bandelin, Germany 

Centrifuge Sigma Laborzentrifugen, Germany 

Differential Scanning Calorimeter Shimadzu, Japan 

Electronic weighing balance Sartorius AG, Germany 

Eppendorf Centrifuge 5810R Eppendorf AG, Hamburg, Germany 

Freeze dryer (Labconco) Labconco Corporation, USA 

Hanson SR8 Plus dissolution test station Hanson Research, CA, USA 

High Pressure Homogenizer 

(EmulsiFlex-C3) 

Avestin Inc. Canada 

HPLC (Waters series) Waters Corporation, USA 

Master Sizer 2000 Malvern Instruments, UK 

Microscope (Leica DMR)   Leica Microsystems, UK 

pH meter (Mettler Toledo)  Mettler-Toledo GmbH, Switzerland 

Refrigerated/Heating Circulator (Julabo) Julabo Labortechnique, GmbH, Germany 

Scanning Electron Microscopy (Philips 

XL30S FEG) 

Philips, Eindhoven, Netherlands 

Shaking water bath (Heto SBD 50 Bio 

Maxi Shake) 

Heto, Gyderang, Denmark 

Stability chambers (Binder) Binder GmbH, Germany 

Ultra-Turrax Homogenizer (IKA T10 

basic) 

IKA Werke GmbH & Co., Germany 

Ultrasonic processor, UP200S Hielscher, GmbH,  Germany 

X-ray Diffractometer, Brucker AXS, 

Model: D8 Advance 

Brucker AXS, Inc., Madison, USA 
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4.2.2  Methods 

4.2.3 Analytical Method 

A simple and rapid HPLC method was developed for the analysis of ASL. The method 

was subsequently validated and employed for the estimation of ASL. The HPLC 

method and validation are described in following sections. 

4.2.3.1 Chromatographic Conditions 

The HPLC analysis was performed on a Water® series LC comprising a binary pump, 

an autosampler, and a dual wavelength detector. For instrument control, data 

acquisition and processing, the chromatographic system was interfaced to Breeze 

software (Waters Corporation, USA). A mobile phase consisting of 0.01 M sodium 

acetate buffer, pH 4.0 adjusted with acetic acid and acetonitrile (55:45, v/v) was 

pumped through the Gemini C18 analytical column (250 × 4.6mm, particle size 5µm) 

from Phenomenox, USA and a C18 precolumn of the same packing (12.5 × 4.6mm). All 

samples were analysed under isocratic elution at a flow rate of 1 ml/min. Autosampler 

temperature was maintained at 10ºC. Samples were injected at 50 µl injection volume 

and analysed at a wavelength of 254 nm. Mobile phase was filtered through 0.45 µm 

nylon filter (Alltech Associates, Inc., Deerfield, IL) and degassed in an ultrasonic bath 

(Bandelin Electronics, Berlin, Germany) before use.  The HPLC method was validated 

for the estimation of ASL in samples. Intra-day and inter-day accuracy and precision 

were determined by analysis of the 0.5, 10 and 20 µg/ml concentrations. The overall 

precision of the method was expressed as relative standard deviation (%RSD) and the 

accuracy of the method was expressed in terms of relative error. 

4.2.3.2 Standard Curve of Asulacrine 

A stock solution was prepared by dissolving accurately weighed 10 mg of ASL in 
acidified methanol (0.1 ml of 12 N hydrochloric acid added to 100 ml of methanol) to 
give a concentration of 1.0 mg/ml. The working standard solution of ASL was obtained 
by diluting the stock solution with methanol to give 100 µg/ml. Six calibration standard 
solutions of ASL (0.1, 0.5, 1.0, 5.0, 10, and 20 µg/ml) each in triplicate were prepared 
by further diluting the working standard with methanol. A 50 µl volume of each 
standard was injected into HPLC for analysis. Calibration curve was constructed as 
linear plot of peak area versus ASL concentration using SigmaPlot 10.0.  
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4.2.4 Development of Asulacrine Nanosuspension Formulation 

The process variables and formulation optimization in the development of NS 

formulations are discussed in the following sections. 

4.2.4.1 Formulation Optimization 

NS are composed of the pure drug particles plus stabilizing agents in an aqueous 

medium. Other excipients such as buffers, antioxidants or preservatives can be added if 

required. Formulation optimization processes are described in the following section. 

4.2.4.1.1 Drug 

ASL at 0.5% (w/v) was used in the NS formulation. ASL free base has a molecular 

weight of 465.5. It is a crystalline compound with a melting point of about 280-282°C. 

The un-milled ASL has an average particle size of 39.6 µm, and is practically insoluble 

in water. These poor physicochemical properties of ASL make it an attractive candidate 

for particle size reduction using high pressure homogenization. The finely ground drug  

particles (drug nanocrystals) in an aqueous medium usually have a high tendency to 

agglomerate leading to the formation of larger aggregates (179). Aggregation of the 

particles lowers the stability of the NS, the problem being even more severe when the 

NS contains a high concentration of drug particles (83) and/or the particle size is in the 

nano-range. The use of stabilizing agents is therefore necessary to overcome the 

physical instability of NS. 

4.2.4.1.2 Stabilizing Agents 

Based on the several reports (98, 103, 180, 181), 1% (w/v) concentration of poloxamer 

188 (P188), egg lecithin, polysorbate 80 or hydroxy propyl methyl cellulose (HPMC) 

was used as the stabilizing agents in the NS formulations. Furthermore, the 

combinations of these stabilizing agents were explored to effectively stabilize the NS. 

The combinations used in the study were P-188 (1% w/v) with egg lecithin (0.5% w/v), 

P-188 (1% w/v) with polysorbate 80 (0.5% w/v) and P-188 (1% w/v) with HPMC (1% 

w/v). In a series of experiments, the optimum formulation composition was evaluated 

with respect to the type of stabilizer and particle size of the formulation. 
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4.2.4.1.3 Other Components 

The aqueous medium consisted of a stabilizing agent(s) dissolved in 25 ml of water for 

injection (WFI). As this NS was developed as a lyophilized product (dried-powder), 

neither antioxidants nor preservatives were incorporated.  

4.2.4.2 Optimization of Process Variables 

Typically, drug nanocrystals can be produced by two general methods: precipitation, or 

a disintegrating process. The resulting drug crystals are then stabilized by surfactant 

(s)/and or polymer (s) (1). The NS production process was optimized to obtain nano-

ranged particles with narrow size distribution. In this study, high pressure 

homogenization, and solvent precipitation followed by high pressure homogenization 

were employed to obtain the NS.  

4.2.4.2.1 High Pressure Homogenization Method 

The ASL nanosuspension was prepared by ultra-turrax homogenization, followed by 

high pressure homogenization. Stabilizer (250 mg) was dissolved in 25 ml of water to 

obtain the aqueous surfactant solution, which was poured on the ASL (125 mg) powder 

with continuous mixing. This slurry was then subjected to pre-homogenizer type ultra-

turrax homogenizer (IKA Werke GmbH & Co., Germany) at 15000 rpm for 15 min 

under low temperature (<10°C). This coarse suspension was then circulated for 10 

cycles at 500 bar pressure through the Emulsiflex-C3 high pressure homogenizer 

(Avestin Inc., Canada), followed by another 10 cycles at 1000 bar as a pre-milling. 

Finally, the suspension was homogenized for 20 cycles at 1500 bar until an equilibrium 

size was reached. A continuous cooling via heat exchanger (Refrigerated Circulator, 

Julabo Labortechnique, GmbH, Germany) was used during the homogenization process 

to maintain the product temperature between 2-4°C. Samples were withdrawn after the 

pre-homogenization and homogenization size-reduction steps for size distribution 

analysis. 

The various NS compositions explored using the high pressure homogenization method 

are shown in Table 4.5. Selected NS formulations (ASL-NS-P188 and ASL-NS-

P188/HPMC) are given in Table 4.7.  For the purpose of comparison, the control NS 

formulation (Control NS) without stabilizing agent was prepared and analyzed for 

particle size. 
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4.2.4.2.2 Development of Lyophilized Product 

After high pressure homogenization step, the resulting NS was dispensed into glass 

vials and frozen at -20°C for 12 h. This was then transferred to a freeze-dryer 

(Labconco, Labconco Corporation, USA), and dried for 48 h at -55°C and pressure 

0.133 mbar, with a secondary cycle of 5 h with the temperature adjusted to 25°C.  

Mannitol, a cryoprotector at 5% w/v was added in some NS formulations to form a 

lyophilized product. It was added to NS after the high pressure homogenization step but 

just before the freezing step. The lyophilized product was re-dispersed with the WFI. 

Mannitol, in addition to its cryoprotectant action, also serves as an isotonicity modifier 

for the purpose of IV administration. However, the lyophilized product of ASL-NS-

P188 which did not contain mannitol was dispersed with 2.21% (w/v) of glycerin in 

water prior to IV administration.  

4.2.5 Characterization of Nanosuspension 

4.2.5.1 Measurement of Particle Size 

Size and size distribution of the particles in NS following the different homogenization 

cycles, and in lyophilized state following re-dispersion of NS powder in water were 

deterimined with a Mastersizer 2000 (Malvern Instruments, UK). The NS samples for 

particle size analysis were added to the small sample dispersion unit containing water 

as a dispersant. A refractive index of 1.5 was used for measurements, and the laser 

obscuration range was maintained between 10 and 20%. Average values were 

calculated from three batches of each sample. The diameters reported were calculated 

using volume distribution. The volume particle size, d(v; 0.5) (size of the particles for 

which 50% of the sample volume contains particles smaller than d(v; 0.5), the other 

particles being larger than d(v; 0.5)), d(v; 0.1) and d(v; 0.9) were used as 

characterization variables.  

4.2.5.2 Morphology of Nanosuspension by Scanning Electron Microscopy 

Morphological evaluation of drug nanocrystals was conducted through the scanning 

electron microscopy (SEM). For SEM analysis, the lyophilized NS samples (ASL-NS-
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P188 and ASL-NS-P188/HPMC) were placed on a carbon specimen holder. The 

samples were then coated with platinum in a sputter coater (Polaron SC 7640) and 

observed with a scanning electron microscope Philips XL30S FEG (Philips, 

Eindhoven, Netherlands). 

4.2.5.3 Crystalline State Evaluation of Lyophilized Nanosuspension 

Crystalline evaluation of un-milled ASL and following size reduction process was 

conducted through DSC and powder X-ray diffraction (PXRD) to evaluate any 

transformation to the amorphous state during the high pressure homogenization 

process. 

4.2.5.3.1 Differential Scanning Calorimetry Analysis 

Thermal properties of the lyophilized NS samples were investigated with a Shimadzu 

differential scanning calorimeter (Shimadz, Japan). The instrument was calibrated with 

indium (calibration standard, purity >99.999%) for melting point and heat of fusion. A 

heating rate of 10°C/min was employed in the range of 25-300°C. Standard aluminum 

sample pans (40 µl) were used. An empty pan was used as reference. Samples of 

around 10 mg were analyzed. Thermograms of each of NS samples (ASL-NS-P188 and 

ASL-NS-P188/HPMC) and their individual excipients were recorded. 

4.2.5.3.2 Powder X-Ray Diffraction Analysis 

PXRD diffractograms of each of lyophilized NS samples (ASL-NS-P188 and ASL-NS-

P188/HPMC) and their individual excipients were recorded using a Brucker AXS 

diffractometer (Model: D8 Advance) with Cu line as the source of radiation. Standard 

runs using a 40 kV voltage, a 40 mA current and a scanning rate of 0.02°/min over a 2θ 

range of 2-40° were used.  

4.2.5.4 Drug Assay 

The NS formulation (0.1 ml) was assayed for ASL by diluting to 5 ml with acidified 

methanol (0.1 ml of 12 N hydrochloric acid added to 100 ml of methanol) and further 

dilutioned (0.1 ml diluted to 1 ml; approximately 10 μg/ml) with methanol. A 50 µl 

aliquot was injected into the HPLC for ASL measurement.  

- 120 - 
 



Chapter 4....Formulation and Characterization of Asulacrine Nanosuspension  

4.2.5.5 Saturation Solubility 

The saturation solubility deterimination of ASL in NS formulations (ASL-NS-P188 and 

ASL-NS-P188/HPMC) was carried out PBS pH 7.4 (Na2HPO4, 0.017 M; KH2PO4, 

0.0014 M; and NaCl, 0.1370 M) and 37°C. NS powder was dispersed into this medium 

and shaken on a shaking water-bath for 48 h. Samples were filtered through 0.22 µm 

filters, centifuzed (13 000 rpm, 20 min) and 50 µl volume of supernatant was injected 

into HPLC for analysis. The mean results of three batches of each sample and the 

standard deviation were reported. 

4.2.5.6 Dissolution Study 

A Hanson SR8 Plus dissolution test station (USP apparatus-II, paddle method) 

operating at a rotation speed of 100 rpm was used for in vitro testing of ASL 

dissolution. All dissolution tests were run in triplicate on an equivalent of 5 mg of ASL 

in nanosuspension. 1% tween 80 in PBS (pH 7.4) was used as the dissolution medium. 

The volume and temperature of the dissolution medium were 500 ml and 37 ± 0.5°C, 

respectively. At each sampling time, 2 ml was withdrawn using sampling port attached 

with 0.22 µm filter disc, and 2 ml blank medium was added back into the vessels 

through the sampling port. Samples were centrifuged, the resulting supernatant was 

diluted in a mobile phase and 50 µl volume was injected into the HPLC for analysis.  

4.2.5.7 Stability Study 

Physical stability was evaluated by storing the lyophilized NS samples (ASL-NS-P188 

and ASL-NS-P188/HPMC) at 4 and 25°C for up to 3 months. Periodically, samples 

were removed and the particle size was measured. In addition, ASL stability in the NS 

was determined by HPLC assay. The peak purity of the ASL in the stability sample 

analysis was monitored using a PDA detector. 

4.2.6 Data Analysis 

Statistical significance on differences between test parameters were analyzed by the 

Student’s t-test using SigmaStat 3.5 and was defined by P<0.05. Data are reported as 

the mean ± standard deviation (SD). 
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4.3 Results and Discussion 

4.3.1 Analytical Method 

An HPLC method was developed for the analysis of ASL (182). It was further 

optimized to provide good performance and resolve the ASL from excipients present in 

the NS samples. Figure 4.1 shows a representative chromatogram of ASL obtained 

from the analysis. The retention time (~ 4.3 min) observed allows rapid determination 

of ASL, which is important for routine analysis. Validation of the analytical method for 

ASL in selected conditions shows that the chosen method was precise and accurate 

with linear response from 0.1-20 µg/ml. Intra- and inter-day precision was 2.1% and 

4.3%, respectively, and intra- and inter-day accuracy was 10% and 4.1, respectively 

(Table 4.4).  

4.3.1.1 Calibration Curve of Asulacrine 

A calibration curve for ASL was prepared with six concentration levels in triplicate. 

The calibration curve of ASL was linear over the concentration range of 0.1 to 20 

µg/ml and the mean correlation coefficient (r2) was 0.9998. Calibration curves were 

prepared freshly before every analysis to avoid any inter-day variation during the 

analysis.  
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Figure 4.1 A representative chromatogram of asulacrine (5 µg/ml) 
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Table 4.4 Precision and accuracy for the determination of asulacrine by HPLC assay 

Concentration Added 
(µg/ml) 

Concentration Measured 
(µg/ml) 

Precision 
(%) 

Accuracy 
(%) 

Intra-day precision (n=5)    

0.5 0.5 ± 0.01 2.1 0.1 

10 11.0 ± 0.2 1.9 10 

20 21.3 ± 0.1 0.5 6.5 

Inter-day precision (n=5)    

0.5 0.5 ± 0.02 4.3 1.4 

10 10.4 ± 0.3 2.9 4.0 

20 20.5 ± 0.4 2.1 2.5 

 Data are shown as mean ± SD, n=5 
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4.3.2 Development of Asulacrine Nanosuspension Formulation 

4.3.2.1 Formulation Optimization 

NS are useful as injectable dosage forms for poorly soluble drugs (76). NS allows 

screening of pharmacologically potential of a new chemical entity independent of its 

solubility (76, 78). ASL is a very hydrophobic compound and practically insoluble in 

water. In this study, ASL was formulated into NS for IV administration using high 

pressure homogenization method.  

ASL at 0.5% (w/v) was used in the NS formulation.  The NS prepared without any 

stabilizer showed rapid agglomeration of drug nanocrystals immediately after 

preparation. The agglomeration of ASL nanocrystals is not only due to the attractive 

forces between the particles in the absence of significant energy barrier, but also it is a 

result of the so-called hydrophobic effect. The presence of hydrophobic particles or 

molecules in water causes distortion and re-arrangement of hydrogen bonding in the 

aqueous medium, therefore, greatly increasing the free energy of the system (183). As a 

result, these hydrophobic particles tend to agglomerate to reduce the system free 

energy. The addition of poloxamer 188 (stabilizer) at the concentration of 1% (w/v) 

resulted in a stable NS. NS showed good dispersion for at least 1 week and particle size 

was not affected during this period (Table 4.6). However, over the subsequent week, an 

increase in particle size was observed. This suggests that the poloxamer 188 was not 

able to prevent the particle agglomeration upon storage.  

Egg lecithin (0.5%, w/v), polysorbate 80 (0.5%, w/v) and HPMC (1%, w/v) were 

investigated as secondary stabilizers along with the poloxamer 188 (1%, w/v) to obtain 

a stable NS formulation. Different compositions explored to obtain the stable NS 

formulation are shown in Table 4.5. However, none of these combinations were able to 

maintain the physical stability of the NS beyond 1 week (Table 4.6). These stabilizers 

did not prevent particle agglomeration in the NS upon storage. Thus, the NS was 

transferred to a lyophilized (dried-powder) product. This could maintain both physical 

and chemical stability of the NS. The process optimization to obtain the NS using high 

pressure homogenization and subsequent conversion of NS into lyophilized product are 

discussed in the following sections. 
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The two NS compositions, ASL-NS-P188 and ASL-NS-P188/HPMC formed the best 

lyophilized products in terms of physical appearance and redisperibility, and therefore, 

were selected for further studies (Table 4.7). The first NS formulation, ASL-NS-P188, 

consisted of ASL at 0.5% (w/v), poloxamer 188 at 1% (w/v) as a stabilizer and water as 

an aqueous phase of the NS formulation.  

Poloxamers are amphiphilic non-ionic block polymers consisting of a central 

polyoxypropylene molecule, which is flanked on both sides by two hydrophilic chains 

of poly(oxyehtylene) (184, 185). Poloxamers have been shown to be quite successful in 

regard to nanoparticles stabilization (186). They adsorb strongly onto the surface of 

hydrophobic nanoparticles via their hydrophobic poly(oxypropylene) centre block 

(186).  This mode of adsorption leaves the hydrophilic polyoxyehtylene side chains in a 

mobile state because they extend outwards from the particle surface. These side chains 

provide stability to the particle suspension by a repulsion effect through a steric 

mechanism of stabilization (187, 188). 

The second NS formulation, ASL-NS-P188/HPMC consisted of ASL at 0.5% (w/v), 

poloxamer 188 at 1% (w/v) as stabilizer, HPMC at 1% (w/v) as a secondary stabilizer 

and water as an aqueous phase. In addition, mannitol at 5% (w/v) was used as a 

cryoprotectant in this formulation. Along with the poloxamer 188, HPMC helps in 

preventing the agglomeration of ASL nanocrystals during and after the homogenization 

process. The mechanism of stabilization by the HPMC is likely due to the formation of 

steric barriers. Steric barriers are produced when the adsorbed polymer extends its 

chain to the water phase, which helps maintaining the distance between closely 

approaching solid particles (183). 
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         Table 4.5 Various compositions evaluated for the development of asulacrine nanosuspension formulations 

Composition Asulacrine Poloxamer 188 Egg  Lecithin 
(Lipoid E 80) Polysorbate 80 HPMC 

A 0.125 - - - - 

B 0.125 0.25 - - - 

C 0.125 0.25 0.125 - - 

D 0.125 0.25 - 0.125 - 

E 0.125 - - - 0.25 

F 0.125 0.25 - - 0.25 

Amounts are in gm; Final volume of the each composition made up to 25 ml with water for injection; HPMC – Hydroxy propyl methyl cellulose 
(Methocel E4, low viscosity grade); Composition A (Control nanosuspension)  without  any stabilizer 
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Table 4.6 Particle size as a measure of physical stability for various nanosuspension 
compositions stored at 4°C 

Composition 
d(v; 0.5) ± SD (µm) 

0 week 1 week 2 week 

B 0.131 ± 0.04 0.147 ± 0.02 0.38 ± 0.01 

C 0.134 ± 0.1 0.136 ± 0.02 0.315 ± 0.03 

D 0.142 ± 0.01 0.157 ± 0.02 0.291 ± 0.02 

E 0.147 ± 0.002 0.163 ± 0.01 0.410 ± 0.1 

F 0.134 ± 0.002 0.137 ± 0.01 0. 315 ± 0.01 

The values are shown as mean ± SD, n=3. 
 

 

Table 4.7 Selected compositions of the nanosuspension for the intravenous delivery of 
asulacrine 

NS Components ASL-NS-P188 ASL-NS-P188/HPMC 

Asulacrine (0.5%) 0.125 0.125 

Poloxamer 188 (1%) 0.250 0.250 

HPMC (1%) - 0.250 

Mannitol (5%) - 1.250 

Water upto 20 ml upto 20 ml 

 
 
 
 
 
 
 
 
 
 
 

- 128 - 
 



Chapter 4....Formulation and Characterization of Asulacrine Nanosuspension  

 

4.3.2.2 Optimization of Process Variables 

4.3.2.2.1 High Pressure Homogenization Method 

A high pressure homogenization process using EmulsiFlex-C3 homogenizer was 

employed to obtain nanosized drug particles. Stabilization of the nanocrystals in a 

suspension form requires strong binding of surfactants onto the nanocrystal surface. 

Furthermore high energy is often required in the production of such nanocrystals. Both 

of these aspects require the drug to have a reasonably high melting point, so that the 

crystal surface does not experience phase transition that can inhibit the binding of 

surfactants (1, 179, 189).  

The un-milled ASL used in this study was characterized by relatively large particles 

size of 39.6 µm (d(v; 0.5)) as shown on Figure 4.2 with particles up to 55.3 µm (d(v; 

0.9)). Ultra-turrax homogenization and pre-milling at low-pressure homogenization for 

the initial size reduction were run before the high pressure homogenizing cycles. In 

order to be small enough to pass through the homogenization gaps which present 

relatively low openings at the high pressures used; i.e. 25 µm at 1500 bar (75), this 

initial size reduction process was necessary to avoid the blockage.   

The effect of different processing steps on the particle size of NS is shown in Figure 4.3 

and Table 4.8. The ultra-turrax homogenization was carried out at 15000 rpm for 15 

min. It reduced particle size to d(v; 0.5) of 0.4 µm and d(v; 0.9) of 7.5 µm. The pre-

milling low pressure cycles adopted were 10 cycles at 500 bar and 10 cycles at 1000 

bar. Pre-milling reduced particle size significantly with d(v; 0.5) of 0.23 µm and d(v; 

0.9) of 2.3 µm.  

High pressure homogenization was then finally applied for 20 cycles at 1500 bar to 

obtain the NS. During this process, the suspension passes through a very thin 

homogenization gap with an extremely high velocity. Prior to entering the gap, the 

suspension was contained in a cylinder with a relatively large diameter compared to the 

width of the homogenization gap. It narrows to about 25 µm when the suspension 

enters this homogenization gap. Bernoulli’s law states that the high velocity of the 
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suspension that results from flow past the constriction is compensated by a reduction in 

static pressure. This, in turn, causes bubbles of water vapour to form, which then 

collapse as they exit the valve. These cause cavitation forces, which break the 

microparticles to nanoparticles (75).  

The following high pressure homogenization cycles were shown to further decrease 

particle size, the size distribution being characterized by d(v; 0.5) of around 0.131 µm 

and d(v; 0.9) of around 0.76 µm of sub-micron particles. Besides particle size 

reduction, the high pressure homogenization processes allows rapid stabilization of the 

particles by facilitating contact and binding of the surfactants to the newly formed 

crystals surfaces (1, 179).  
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Figure 4.2 Particle size distribution curve of un-milled asulacrine. 

 

 

 

 

 

 

Figure 4.3 Influence of processing parameters on asulacrine particle size for asulacrine-
0.5% (w/v) and poloxamer-1% (w/v) suspension. 
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Table 4.8 Effect of processing parameters on particle size of asulacrine for asulacrine-
0.5% (w/v) and poloxamer-1% (w/v) suspension 

 d(v; 0.1) ± SD 
(µm) 

d(v; 0.5) ±SD 
(µm) 

d(v; 0.9) ± SD 
(µm) 

Ultra-Turrax Milling 0.107 ± 0.1 0.379 ± 0.1 7.535 ± 0.02 

5 cycles at 0 bar 0.108 ± 0.01 0.348 ± 0.02 7.544 ± 0.04 

10 cycles at 500 bar 0.077 ± 0.01 0.288 ± 0.01 7.123 ± 0.01 

10 cycles at 1000 bar 0.084 ± 0.02 0.230 ± 0.02 2.324 ± 0.01 

20 cycles at 1500 bar 0.067 ± 0.05 0.133 ± 0.02 0.702 ± 0.02 

The values are shown as mean ± SD, n=3 
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4.3.2.2.2 Development of Lyophilized Product 

Lyophilization can be used to overcome stability problems of NS formulations. In 

lyophilization, the nanosized drug can be converted into a dry form thus increasing a 

storage shelf-life (190). In this study, NS were lyophilized immediately after 

production. There are three main steps for the lyophilization process: freezing of the 

NS samples, preliminary drying, and secondary drying (elimination of adsorbed water) 

(191). During the lyophilization process, nanocrystals are likely to agglomerate and are 

not able to return to their original size upon reconstitution. Thus, the use of a 

cryoprotectant is crucial to protect nanoparticles from undergoing changes during 

lyophilization. Some examples of cryoprotectors include materials such as sugars 

(mannitol, glucose, trehalose), sugar alcohols (polyvinyl alcohol), low molecular 

weight polyvinyl pyrrolidone, and its derivatives (191). The lyophilization of NS 

involved in freezing of the sample for 12 h and then subjected to primary and 

secondary drying lasting for 48 and 5 h, respectively.  

In this study, poloxamer 188 at 1% (w/v) concentration in the ASL-NS-P188 

formulation was able to prevent agglomeration of ASL nanocrystals during the 

lyophilization process. The lyophilized product of ASL-NS-P188 was re-dispersed with 

2.21% (w/v) of glycerin in water prior to IV administration. Lyophilized ASL-NS-P188 

formulations could completely re-disperse, giving particle sizes close to their original 

size (P>0.05). As shown in Table 4.9, the NS containing 1% w/v poloxamer 188 had an 

particle size d(v; 0.5) of 131 nm before lyophilization, and particle size d(v; 0.5) of 131 

nm after re-dispersion of the lyophilized particles in 2.21% (w/v) glycerin in water 

solution. In ASL-NS-P188/HPMC formulation, mannitol at 5% (w/v) concentration 

was incorporated as a cryoprotector. As seen from the Table 4.10, particle size d(0.5) of 

139 nm after re-dispersion of the lyophilized product was close to the particle size 

d(0.5) of 134 nm before lyophilization process (P>0.05).  

Other formulations, compositions C and D were also lyophilized to obtain dried 

powder. In which 5% w/v mannitol was used as cryoprotector. The particle size 

analysis data for these formulations before and after lyophilization process is given 

Table 4.10. The lyophilized products of these formulations were not free-flowing. 

Moreover, the particle size was increased after the lyophilization process (P<0.01). 

Therefore these formulations were excluded from the further studies.  
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Table 4.9 Particle size of nanosuspension formulations before and after lyophilization 

NS Formulation 
d(v; 0.5) ± SD (µm) 

Before Lyophilization After Lyophilization 

ASL-NS-P188 0.131 ± 0.01 0.133 ± 0.01 

ASL-NS-P188/HPMC 0.134 ± 0.002 0.139 ± 0.01 

The values are shown as mean ± SD, n=3; P >0.05, particle size before and after lyophilization; Re-
dispersion was by manual shaking for 1 min, the re-dispersion volume being equivalent to the original 
volume of the nanosuspension.  

 

 

 

 

Table 4.10 Particle size of various compositions before and after lyophilization 

Composition 
d(v; 0.5) ± SD (µm) 

Before 
Lyophilization 

After 
Lyophilization 

Composition C  
(1% poloxamer 188 and 0.5% egg 
lecithin) 

0.133 ± 0.006 0.252 ± 0.1 

Composition D 
(1% poloxamer 188 and 0.5% 
polysorbate 80) 

0.141 ± 0.001 0.385 ± 0.02 

Composition E  
(1% HPMC) 0.144 ± 0.002 0.189 ± 0.1 

    The values are shown as mean ± SD, n=3  
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4.3.3 Characterization of Nanosuspension 

4.3.3.1 Measurement of Particle Size 

Analysis of the particle size distribution of NS formulations was performed using a 

Mastersizer 2000 (Malvern Instruments, UK), which is based on the principle of 

dynamic light scattering (DLS).  DLS is fast and suitable for screening large numbers 

of samples, acquiring data in the useful range of 0.02-2,000 µm (92). However, input of 

the refractive index (RI) of the samples is required. The refractive index at 1.5 was used 

for measurements, and the laser obscuration range was maintained between 10 and 

20%. An alternate approach is photon correlation spectroscopy (PCS) which is also 

rapid, but only covers the range of 0.02-3 µm (93). DLS measurements are essential for 

the full characterization of drug nanocrystals which means quantifying the proportion 

of microcrystals present, which is not possible by PCS. 

Due to unavailability of the Zetasizer, we could not carry out the particle size analysis 

based on the PCS technique as well as zeta potential measurements. The measurement 

of the zeta potential of NS provides an idea about the physical stability of the NS. Both 

the stabilizer and the drug govern the zeta potential of a nanosuspension (192). In this 

study, the NS formulations were prepared into lyophilized product to circumvent the 

stability issues. However, the zeta potential might play a role on the redispersed NS 

samples with 2.21% glycerol water prior to IV administration.  

Particle size analysis data of various NS compositions is shown in Table 4.11. The 

particle size reported was calculated using volume distribution. The volume distribution 

particle size, d(v; 0.1), d(v; 0.5) and d(v; 0.9) were used as characterization parameters. 

The selected compositions; ASL-NS-P188 and ASL-NS-P188/HPMC were obtained 

using high pressure homogenization method with the size d(v; 0.5) of 132 and 136 nm, 

respectively. It means 50% of the sample populations were consisting of particles 

below 136 nm. However, the size d(v; 0.9) obtained for these NS formulations were up 

to 759 and 917 nm, respectively.  
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Size is the important property of colloidal drug delivery systems that influences 

biodistribution (57, 144). In vivo characteristics of NS depend on the particle size (1). 

Drug particles that dissolve rapidly will show pharmacokinetic profile that is similar to 

solution form of the drug (181, 193). On the other hand, the drug particles that dissolve 

rather slowly will be cleared from the blood by the RES and may produce different 

pharmacokinetic profiles than when in solution form (181).  

4.3.3.2 Morphology of Nanosuspension by Scanning Electron Microscopy 

The particle morphology assessment by SEM helps in understanding the morphological 

changes that a drug might undergo when subjected to size reduction process (77). The 

SEM micrographs (Figures 4.4-4.5) show un-milled microcrystals of ASL.  

As seen from the Figures 4.6-4.7, the high pressure homogenization resulted in the 

formation of smaller ASL particles.  

As expected, nanocrystal agglomeration following the lyophilization process (water 

removal operation) was observed on SEM micrographs of Figures 4.6-4.7. Table 4.10 

shows the results of particle size analysis before and after lyophilization for ASL-NS-

P188; particle size was not affected by lyophilization. This could be explained by the 

particles covered by poloxamer 188 were somewhat loosely aggregated due the water 

removal, but upon addition of water the particles readily re-dispersed. 

 



Chapter 4....Formulation and Characterization of Asulacrine Nanosuspension  

          

 

 

 

 

 

Table 4.11 Particle size distribution data of various nanosuspension compositions 

 d(v; 0.1) ± SD  

(µm) 

d(v; 0.5) ±SD  

(µm) 
d(v; 0.9) ± SD 

(µm) 

Un-milled asulacrine 28.3 ± 0.3 39.6 ± 1.2 55.3 ± 1.3 

Composition A  
(without any stabilizer) 0.109 ± 0.01 0.168 ± 0.02 1.039 ± 0.1 

Composition B  
(1% Poloxamer 188) 0.067 ± 0.001 0.132 ± 0.01 0.759 ± 0.03 

Composition C (1% 
poloxamer 188 and 0.5% egg 
lecithin) 

0.067 ± 0.01 0.131 ± 0.01 0.718 ± 0.02 

Composition D (1% 
poloxamer 188 and 0.5% 
polysorbate 80) 

0.071 ± 0.02 0.141 ± 0.01 0.850 ± 0.01 

Composition E (1% hydroxy 
propyl methyl cellulose) 0.089 ± 0.01 0.148 ± 0.02 0.939 ± 0.01 

Composition F (1% poloxamer 
188 and 1% hydroxy propyl 
methyl cellulose) 

0.68± 0.01 0.136± 0.03 0.917± 0.02 

The values are shown as mean ± SD, n=3; Composition A – Control NS without any stabilizer; 
Composition B – ASL-NS-P188; Composition F – ASL-NS-      P188/HPMC;  Compositions C-E are 
trial compositions. 
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Figure 4.4 Scanning electron micrograph of un-milled asulacrine. 

 
 
 
 
 
 

 
Figure 4.5 Scanning electron micrograph of un-milled asulacrine.  
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Figure 4.6 Scanning electron micrograph of a lyophilized ASL-NS-P188 
nanosuspension. 

 
 
 
 
 

 
Figure 4.7 Scanning electron micrograph of a lyophilized ASL-NS-P188 
nanosuspension. 
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4.3.3.3 Crystalline State Evaluation of Lyophilized Nanosuspension 

The change in the physical state of the drug particle can be determined by DSC and 

PXRD analysis. DSC thermograms for excipients used in the NS formulation and 

lyophilized products of NS are shown in Figures 4.8-4.10. As shown on DSC 

thermograms of Figures 4.8-4.10A, both un-milled ASL and ASL nanocrystals (milled 

by high pressure homogenization) in NS are present as crystalline form. The peaks 

were found to be nearly identical, with the sharp melting point of 281°C. The only 

difference observed was a broadening of the ASL peaks in both NS formulations. This 

change may be attributed to the presence of excipients (polaxamer 188 and HPMC) in 

the formulations or the modification of crystalline surface of ASL nanocrystals. Figure 

4.8B and Figure 4.8D are the DSC thermograms for mannitol and poloxamer 188, and 

show the melting point at 167 and 50°C, respectively. HMPC is not a crystalline 

substance and did not show the peak (Figure 4.8C). 

PXRD diffractograms of Figures 4.11-4.13 shows that the high pressure 

homogenization process did not completly interfere with ASL crystalline state as the 

diffraction pattern for ASL was preserved for ASL nanocrystals. The only difference 

observed between the un-milled and ASL nanocrystals lies in peak intensities, which 

was found smaller for NS samples. Perhaps, this difference was due to the presence of 

excipients on the surface of ASL nanocrystals. The modification of crystalline surface 

of ASL nanocrystal during high pressure homogenization also contributes reductions in 

peak intensities. As seen from the Figure 4.12, peak intensities are in fact reduced for a 

ASL-NS-P188 formulation. ASL peak intensities are even further reduced for a ASL-

NS-P188/HPMC formulation, where polaxamer and HPMC combination is thought to 

be more evenly distributed around the ASL nanocrystals. These observations suggest 

that the reduction in peak intensities may be due to the presence of excipients on ASL 

nanocrystals or a little modification of ASL crystal surface during the process rather 

than any complete change in the crystallinity.  
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Figure 4.8 DSC thermograms for (A) un-milled asulacrine; (B) mannitol; (C) HPMC; 
and (D) polaxamer 188. Y-axis units - mw. 
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Figure 4.9 DSC thermograms for ASL-NS-P188 nanosuspension. (A) Asulacrine. Y-
axis units - mw. 
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Figure 4.10 DSC thermogram for   ASL-NS-P188/HPMC nanosuspension. (A) 
Asulacrine nanocrystals; (B) mannitol and (D) polaxamer 188. Y-axis units - mw. 
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Figure 4.11 PXRD diffractograms for: (A) un-milled asulacrine; (B) Polaxamer 188; 
(C) Mannitol; and (D) HPMC. 
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Figure 4.12 PXRD diffractograms for ASL-NS-P188 nanosuspension. 
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Figure 4.13 PXRD diffractograms for ASL-NS-P188/HPMC. 

- 144 - 
 



Chapter 4....Formulation and Characterization of Asulacrine Nanosuspension  

4.3.3.4 Dissolution Study 

Dissolution profiles for ASL-NS-P188 and ASL-NS-P188/HPMC after the ultra-turrax 

and high pressure homogenization steps are compared on Figure 4.14. Data for these 

dissolutions profiles are presented in Tables 4.12-4.13. As seen in Figure 4.14, only 

46% of drug dissolution was achieved in 1% polysorbate 80 containing PBS pH 7.4 

from the high pressure homogenized samples during 3 h.  However, this dissolution 

rate was 5 times higher than the ultra-turrax milled samples, where only 8% of drug 

dissolution was achieved.  

The in vivo characteristics of NS depend on the particle size and dissolution rate (1). 

Rapid dissolution of the particles is expected to produce a similar pharmacokinetic 

profile to the solution form of the drug (181, 193). However, the rather slowly 

dissolving particles would maintain prolonged blood concentration. These effects could 

be determined only after the in vivo evaluation of these NS formulations. 

4.3.3.5 Saturation Solubility 

Besides the obvious drug dissolution enhancement characteristics, NS formulations 

also showed some extent of increased saturation solubility when compared to the un-

milled drug. Un-milled ASL showed negligible solubility in PBS pH 7.4. In contrast, 

ASL nanoparticles showed enhanced solubility (42 ± 3 µg/ml), attributed to the nano-

sized ASL. As seen in Figure 4.15, the solubility of ASL was a function of particle size. 

When the particle size was decreased following successive size reduction steps, the 

solubility increased, with the highest solubility achieved with a particle size of d(v; 0.5) 

133 nm. However, as the solubility was found to be several folds higher than the 

expected. The presence of surfactant (poloxamer p188) could have contributed in 

enhancing the ASL solubility. 
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Figure 4.14 Dissolution profiles for ASL-NS-P188 and ASL-NS-P188/HPMC 
nanosuspension following ultra-turrax (UT) milling and high pressure homogenization 
(HPH) milling. 
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Table 4.12 In vitro dissolution of asulacrine in phosphate buffered saline media (pH 
7.4) for ASL-NS-P188 after ultra-turrax and high pressure homogenization 

Time 
(h) 

Amount Dissolved (%)  

Ultra-Turrax High Pressure Homogenization 

0.083 1.6 ± 0.2 12.1 ± 0.1 

0.25 2.1 ± 0.4 16.9 ± 1.1 

0.5 2.6 ± 0.3 22.0 ± 1.3 

1 3.3 ± 0.5 28.9 ± 3.9 

1.5 3.8 ± 0.7 33.0 ± 1.5 

2 4.1 ± 0.5 38.1 ± 3.3 

2.5 5.1 ± 0.9 41.9 ± 1.8 

3 7.2 ± 0.8 42.3 ± 3.0 

   The values are shown as mean ± SD, n=3 
 

Table 4.13 In vitro dissolution of asulacrine in phosphate buffered saline media pH 7.4 
for ASL-NS-P188/HPMC after ultra-turrax and high pressure homogenization 

Time 
(h) 

Amount Dissolved (%) 

Ultra-Turrax High Pressure Homogenization 

0.083 2.6 ± 0.1 12.7 ± 1.0 

0.25 3.4 ± 0.2 18.4 ± 1.0 

0.5 4.1 ± 0.3 24.1 ± 1.5 

1 4.3 ± 0.3 30.1 ± 1.3 

1.5 4.6 ± 0.2 37.2 ± 1.7 

2 5.0 ± 0.7 39.1 ± 1.4 

2.5 6.5 ± 0.6 44.8 ± 2.0 

3 8.0 ± 0.2 46.3 ± 3.7 

   The values are shown as mean ± SD, n=3 
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Figure 4.15 Solubility as a function of particle size following successive size reduction 
steps for asulacrine (ASL-NS-P188). Data are mean ± SD, n=3. 
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4.3.3.6 Stability Study 

An increase in particle size can affect both saturation solubility and dissolution rate due 

to the reduced surface area. Particle size also is important in safety aspects, as particles 

larger than 5 μm given intravenously can lead to emboli in vivo (148). The physical 

stability of lyophilized NS formulations was evaluated at 4-8°C and 25°C for 3 months. 

As seen from the particle size analysis data (Table 4.14), the particle size of the NS 

formulations remained close to the original particle size.   

Furthermore, the stability of ASL was examined using an HPLC assay during this 

storage period. The peak purity of ASL was also monitored during the stability sample 

analysis using a PDA detector. As shown in Table 4.15, the drug remained stable in 

these formulations. For instance, more than 98% of ASL remained in the NS 

formulations for up to 3 months when stored at 4-8°C and 25°C. 

These results suggest that the lyophilized product can maintain the physical as well as 

chemical stability of the NS formulations during the shelf-life.  
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Table 4.14 Influence of time and temperature on the particle size of lyophilized 
nanosuspension stored at different conditions and time intervals 

NS Group 

d(v; 0.5) ± SD (µm) 
4°C 

d(v; 0.5) ± SD (µm) 
25°C 

0 Month 1 Month 3 Month 0 Month 1 Month 3 Month 

ASL-NS-

P188 

0.134 ± 

0.03 

0.133 ± 

0.01 

0.133 ± 

0.04 

0.134 ± 

0.03 

0.136 ± 

0.03 

0.138 ± 

0.01 

ASL-NS-

P188/HPMC 

0.135 ± 

0.06 

0.138 ± 

0.01 

0.136 ± 

0.02 

0.135 ± 

0.06 

0.142 ± 

0.01 

0.146 ± 

0.05 

The values are shown as mean ± SD, n=3 
 

 

Table 4.15 Influence of time and temperature on the chemical stability of asulacrine on 
lyophilized nanosuspension stored at different conditions and time intervals 

NS Group 

Amount of  Asulacrine  

(Percent of Initial Amount) 

4°C 

Amount of  Asulacrine  

(Percent of  Initial Amount) 

25°C 
0 Month 1 Month 3 Month 0 Month 1 Month 3 Month 

ASL-NS-

P188 

102.4 ± 
3.0 

102.9 ± 
1.7 

99.4 ± 
3.5 

102.4 ± 
3.0 

98.4 ± 1.7 100.4 ± 
3.5 

ASL-NS-

P188/HPMC 

99.4 ± 0.4 100.5 ± 
2.0 

98.4 ± 
1.4 

99.4 ± 
0.4 

98.4 ± 3.0 101.4 ± 
1.3 

The values are shown as mean ± SD, n=3 
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4.4 Conclusion 

The purpose of this study was to develop an intravenously administrable 

nanocrystalline suspension of the poorly soluble anticancer drug ASL.  The NS 

formulations of ASL, with the smaller particle size, can be effectively produced with 

the high pressure homogenization method. The particle size obtained was suitable for 

IV administration. To overcome particle growth during long-term storage of NS 

formulations, lyophilization was carried out in order to assess the feasibility of 

transferring NS in a dry product. High pressure homogenization was shown to be a 

simple and adequate technique for drug particle size reduction and did not seem to alter 

the crystalline state of the drug, which should be highly relevant when considering drug 

stability during the storage. The nanosizing approach was enhanced both the 

dissolution and solubility profiles of the ASL.  

 

NS may give added value by allowing a reduction in either the dose or its frequency of 

administration. Moreover, a NS formulation may also reduce the risk of undesired 

adverse effects related to the initial plasma peak, without losing the high overall 

exposure. However, in vivo evaluation is needed to determine whether these 

formulations produce desired pharmacokinetic profile. The following chapter consist of 

in vivo evaluation of pharmacokinetic properties of NS formulation. 

 

 

 

 

 

- 151 - 
 



Chapter 5....Pharmacokinetics and Tissue Distribution  

5 PHARMACOKINETICS AND TISSUE DISTRIBUTION 
OF ASULACRINE NANOSUSPENSION 

5.1 Introduction 

 Asulacrine (ASL), like amsacrine, is an inhibitor of topoisomerase II (119), and its 

antitumour action is mediated through DNA breakage and formation of DNA protein 

cross-links leading to cell death (117, 118).  Despite the severe toxicity of ASL to veins 

at the site of administration, it has the potential to be effective against breast and lung 

cancers (116, 174). The reason for the toxicity is unclear, but may be due to a direct 

interaction with the endothelial cells of the veins causing severe inflammation. 

Therefore, in an effort to limit the toxicity, the free drug concentrations in the blood 

should be reduced. This requires the pharmacokinetic pattern of ASL to be modified.  

A drug delivery approach to alter the pharmacokinetics is to encapsulate the drug in a 

suitable nanosized parenteral carrier and to target tumours (22, 189).  

ASL is poorly soluble in water and lipids. Its poor biopharmaceutical properties limit 

development of oral and parenteral dosage forms. To overcome these limitations of 

ASL, explored a nanosizing approach, where the ASL particle size was reduced below 

150 nm using high pressure homogenization. The resulting ASL nanocrystals were 

stabilized by surfactant to form intravenously administrable nanosuspension (NS), 

described in Chapter 4.  

In NS form, drug nanocrystals are expected to maintain blood concentration for longer 

duration (1). There have been reports in the literature regarding the use of IV NS in 

order to change the pharmacokinetic profile to more closely resemble an extended 

release formulation (1).   

However, in vivo characteristics of NS strongly depend on three properties: 1) particle 

size, 2) dissolution rate and c) surface modification (1). Drug particles that dissolve 

rapidly will show a similar pharmacokinetic profile to a solution form of the drug (181, 

193). On the other hand, drug particles that dissolve slowly will be cleared from the 

blood by the RES and may produce a different pharmacokinetic profile than in solution 
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form (181). Surface modification of these particles using PEG might overcome the RES 

uptake as abserved in case of polymeric nanoparticles (194). 

The aim of this study was to assess whether the pharmacokinetics and tissue 

distribution of ASL could be altered through a nanosizing approach. The 

pharmacokinetics and tissue distribution of ASL-NS were investigated in C57 BL/6 

mice.  

5.2 Materials and Methods 

5.2.1 Materials 

Asulacrine (SN 21407, free base) and the corresponding ethylsulphonanilide analogue 

(SN 23305), for use as an internal standard (I.S.), were provided by the Auckland 

Cancer Society Research Centre. Anhydrous sodium acetate, dimethyl sulfoxide 

(DMSO) and propylene glycol (PG) were obtained from Scharlau Chemie (Spain). 

Dimethyl acetamide (DMA) was obtained from Acros Organics (USA). HPLC grade 

acetonitrile and methanol were obtained from Ajax Fine Chemicals (Australia).  Water 

purified on a Milli-Q system (Millipore, USA) was used.  All chemicals were of 

analytical grade. 

5.2.2 Methods 

5.2.3 Bioanalytical Method 

A simple and rapid HPLC method was developed for the determination of ASL in 

plasma samples (182), see Appendix, which was applicable to pharmacokinetic studies 

of the ASL-NS formulation in mice. The same method was for determination of ASL in 

tissue samples. The method was subsequently validated according to guidelines for 

validation of bioanalytical methods for the estimation of ASL in a biological matrix 

(163, 164).  
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5.2.3.1 Chromatographic Conditions 

A Water® series LC comprising of a binary pump, an autosampler, and dual wavelength 

detector were used for analysis of the ASL and I.S. Data acquisition was by Breeze 

software (Waters Corporation). HPLC separation was performed using a Gemini C18 

analytical column (250 × 4.6mm, particle size 5µm) from Phenomenox, USA and a C18 

precolumn of the same packing (12.5 × 4.6mm). The mobile phase consisted of 0.01 M 

sodium acetate buffer, pH 4.0 adjusted with acetic acid and acetonitrile (55:45, v/v). All 

samples were analysed under isocratic elution at a flow rate of 1ml/min. The 

autosampler temperature was maintained at 10ºC. Samples were injected at 50 µl 

injection volume and analysed at a wavelength of 254 nm. Mobile phase was filtered 

through a 0.45 µm nylon filter (Alltech Associates, Inc., Deerfield, IL) and degassed in 

an ultrasonic bath (Bandelin Electronics, Berlin, Germany) before use.  The pH meter 

used was Mettler Toledo (Mettler-Toledo GmbH, Switzerland).  

5.2.3.2 Preparation of Stock, Standards and Quality Controls 

A stock solution of ASL and I.S. were prepared by dissolving the appropriate amount 

in acidified methanol (0.1 ml of 12 N hydrochloric acid added to 100 ml of methanol) 

and methanol respectively, to give a concentration of 1 mg/ml. Working standard 

solutions of asulacrine (20, 100, 200, 1000, 1500 and 2000 µg/ml) and I.S. (1000 

µg/ml) were obtained by further diluting the stock solutions with methanol. Calibration 

standards (0.1 to 10 µg/ml) were prepared by spiking the standards and I.S. (5 µg/ml) to 

the mouse plasma. QC sample were prepared in the same way, with concentrations of 

0.5, 5, 10 µg/ml.   

5.2.3.3 Plasma Sample Processing 

Standards and I.S. were added to the mouse plasma (0.1 ml) present in glass tubes. 

Plasma protein precipitation was carried out by addition of 1 ml of chilled acetonitrile. 

Each sample was vortexed for 1 min using VX100 Labnet vortex mixer (Labnet Int., 

NJ, US), then kept on ice for 30 min to precipitate any protein remained. Samples were 

centrifuged (Sigma Laborzentrifugen, Germany) at 3500 rpm for 15 min, the 

supernatant was then drawn off into clean test tubes and vacuum dried (Labconco 
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Corporation, Kansas, US). Residues were dissolved in 1 ml of mobile phase. Aliquots 

of 50 µl were injected into HPLC for analysis.  

5.2.3.4 Tissue Samples Processing 

Tissues were homogenized (ultra-turrax homogenizer (IKA T10), IKA Werke GmbH & 

Co., Germany) in 1 ml of PBS pH 7.4. Standards (0.1 to 10 µg/ml) and QC samples 

(0.5, 5, 10 µg/ml) were prepared by spiking the standards to the tissue homogenate. 

These samples were processed similar to plasma samples as described above. 

5.2.3.5 Preparation of Standard Curves in Mouse Plasma and Tissues 

Asulacrine calibration curve was prepared in mouse plasma, liver, kidney, heart and 

lungs. Six calibration standard of ASL (0.1, 0.5, 1, 5, 8 and 10 µg/ml) each in duplicate 

were prepared and processed as described above. A 50 µl volume of each standard was 

injected into HPLC for analysis. Calibration curves were constructed as linear plots of 

peak area vs. ASL concentration present in plasma or tissue matrix using SigmaPlot 

10.0.  

5.2.3.6 Bioanalytical Method Validation 

An HPLC method for the determination of ASL in plasma was developed and 

validated. Some of the parameters used to establish the routine performance of the 

method are briefly described here. For detailed validation parameters, see Appendix. 

5.2.3.6.1 Recovery 

Recovery was determined by comparing the concentrations of three QC samples (0.5, 5 

and 10 µg/ml) with the unextracted reference standards containing the same amount of 

analyte.  

5.2.3.6.2 Accuracy and Precision 

Intra-day accuracy and precision were determined by analysis of QC samples, while 

inter-day accuracy and precision were determined by analysis of a similar sequence of 

QC samples on three separate occasions. The overall precision of the method was 

expressed as relative standard deviation (%RSD) and the accuracy of the method was 

expressed in terms of relative error. 
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5.2.4 Pharmacokinetics and Tissue Distribution Studies 

5.2.4.1 Animals 

Inbred mice (C57/BI/6, male) weighing 25-30 g were obtained from the Vernon Jansen 

Unit, The University of Auckland, New Zealand and used throughout these studies. The 

animals were acclimatized for at least 1-2 weeks before experimentation, fed with a 

standard diet and allowed water ad libitum. All animal experiment protocols were 

evaluated and approved by the Animal Ethics Committee, The University of Auckland, 

New Zealand.  

5.2.4.2 Preparation of Asulacrine Solution 

ASL is practically insoluble in water but soluble in organic solvents like DMSO and 

DMA. The ASL solution was prepared by dissolving ASL (30 mg) in 1 ml of DMA and 

then diluted it to 2 ml with PG.  This preparation was injected immediately by the IV 

route at a dose of 30 mg/kg body weight.  

5.2.4.3 Pharmacokinetics of Asulacrine Solution and Asulacrine Nanosuspension 

Mice weighing 25-30 g were divided into three groups: group 1, 2, and 3. Each main 

group was divided into sub groups comprised of 3 mice. Group 1 received an ASL 

solution (ASL), group 2 received an ASL NS (ASL-NS-P188), and groups 3 and 4 

received appropriate vehicle controls respectively. A dose of 30 mg/kg was 

administered via the tail vein with a 1CC Tuberculin syringe (Terumo Syringe, Laguna, 

Philippines) fitted with a 26 gauge needle. At predetermined time points (5, and 30 min 

and 1, 2, 4, 6, 8 and 13 h), three mice from each group were anaesthetized with 

isoflurane.  Blood was collected from the retro-orbital sinus into eppendorf tubes 

containing 10 μl of heparin solution (500 IU/ml). After blood collection, eppendrof 

tubes were centrifuged at 3500 rpm for 15 min and plasma was collected. Plasma 

samples were stored at -20°C until analysis. ASL was extracted from the plasma 

samples using the method described above and analyzed. 
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5.2.4.4 Tissue Distribution of Asulacrine Solution and Asulacrine 
Nanosuspension 

Tissue samples were collected to study tissue distribution patterns of drug following IV 

administration of the formulations. At predetermined time points mice were sacrificed 

from each group of ASL, NS and vehicle control by cervical dislocation and dissected. 

Liver, kidney, heart, and lung tissues were collected and frozen at -20°C until analysis. 

Each tissue was weighed separately after blotting with a tissue paper and then 

transferred to glass test tubes. PBS (pH 7.4) 1 ml was added to the tissue and 

homogenized with a tissue homogenizer until a uniform homogenate was formed. IS 

(µl) was added to 0.1 ml of tissue homogenate in test tubes. The extraction procedure 

was then followed as described above.  

5.2.4.5 Pharmacokinetic and Statistical Analysis  

Plasma pharmacokinetic parameters of ASL in mice were assessed using a non 

compartmental analysis (NCA) with the pharmacokinetic software program WinNonlin 

(version 5). The area under the concentration-time profiles (AUC) was calculated by 

the log-linear trapezoidal rule with extrapolation of the terminal slope to infinity by 

log-linear regression. The mean residence time (MRT), the volume of distribution at 

steady state (Vss), total body clearance (Cl), plasma distribution (t1/2α) and elimination 

half-life (t1/2β) were calculated. The areas under the tissue distribution curves and mean 

tissue residence time of ASL in liver, kidney, heart and lungs were also calculated 

using the log-linear trapezoidal method.  

The pharmacokinetic results were analyzed statistically using the Student’s independent 

sample t-test. The statistical differences were calculated by SigmaStat 3.5. In all 

analysis, a P value < 0.01 or 0.05 was considered statistically significant.   
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5.3 Results and Discussion 

5.3.1 Bioanalytical Method 

A relatively rapid HPLC method for ASL was developed, which allows the 

measurement of ASL as low as 0.1 µg/ml in plasma with acceptable accuracy (11.7%) 

and precision (7.1%) (182).  No interfering peaks were observed in individual drug-free 

plasma at retention times of ASL and I.S., thereby confirming the specificity of the 

analytical method. Both the ASL and I.S. were well separated with retention times of ~ 

4.7 and ~ 6.5 min, respectively (Figure 5.1). The ratio of peak area of ASL to that of 

I.S. was used for the quantitation of ASL in plasma and tissue samples.  

The calibration curves in plasma and tissues were linear over the concentrations range 

from 0.1-10 μg/ml. Intra- and inter-day precision was less than 7.1% and 7.8%, 

respectively and intra- and inter-day accuracy was less than 4.9% and 8.4%, 

respectively (Table 5.1).  

These values were within the limits (<15%) specified for inter and intra-day precision 

(163, 164). The recoveries of ASL from the plasma and tissue (liver, kidney, heart and 

lungs) were 102.8% and 95.1% to 101.2%, respectively (Table 5.2). 

5.3.1.1 Standard Curve of Asulacrine in Mouse Plasma 

The calibration curve of ASL in mouse plasma was linear in the range of 0.1 to 10 

μg/ml. The regression equation obtained was; y = 0.12x – 0.007 with the mean 

correlation coefficient (r2) of 0.998.  

5.3.1.2 Standard Curves of Asulacrine in Mouse Tissues 

In all tissues, the ASL calibration curves were linear in the concentration range of 0.1 

to 10 μg/ml of tissue. The straight line equations of ASL in liver, kidney, heart and 

lungs were y = 0.113x – 0.001, r2 0.995; y = 0.12x – 0.007, r2 0.998; y = 0.112x – 

0.009, r2 0.998 and y = 0.12x – 0.009, r2 0.999, respectively. 
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Figure 5.1 A representative chromatogram of asulacrine (5 µg/ml) and internal standard 
(5 µg/ml). 
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Table 5.1 Precision and accuracy for the determination of asulacrine by HPLC assay 

Concentration Added 
(µg/ml) 

Concentration 
Measured (µg/ml) 

Precision 
(%) 

Accuracy 
(%) 

Intra-day precision (n=5)    

0.5 0.5 ± 0.04 7.1 0.1 

5 5.2 ± 0.1 2.2 4.9 

10 10.3 ± 0.4 4.2 3.3 

Inter-day precision (n=5)    

0.5 0.5 ± 0.04 7.8 1.7 

5 5.4 ± 0.3 4.9 8.4 

10 10.5 ± 0.4 3.6 5.0 

    Data values are shown as mean ± SD, n=5 

 
 
 
 
 
 

Table 5.2 Percentage recovery of asulacrine from mouse plasma and tissues 

Tissue Average (%) 

Plasma 102.8 ± 2.5 

Liver 97.3 ± 2.9 

Kidney 101.2 ± 5.1 

Heart 95.1 ± 2.2 

Lungs 86.8 ± 1.9 

                                    Data values are shown as mean ± SD, n=5 
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5.3.2 Pharmacokinetics of Asulacrine 

An IV dose of 30 mg/kg of ASL was chosen for pharmacokinetics study based on its 

curative activity in Lewis lung-tumour bearing mice (116). There were no indications 

that the animals do not tolerate the ASL-NS formulation. The above described 

bioanalytical method was successfully employed to study the pharmacokinetics of ASL 

solution and ASL-NS in C57 BL/6 male mice.  

The corresponding plasma concentration-time profiles of ASL obtained after the 

administration of ASL solution and ASL-NS are shown in Figures 5.2 and 5.3. The 

concentrations of ASL in mouse plasma were significantly (P<0.01) higher for ASL 

solution compared to ASL-NS treated mice at all time points. In mouse plasma, ASL 

solution was detectable after 8 h, whereas ASL in ASL-NS was detectable even after 13 

h of post injection. These observations show that ASL in NS formulations remained at 

remarkably lower concentrations in the blood and for a longer duration compared to the 

ASL solution. The pharmacokinetic parameters of ASL solution and ASL-NS are given 

in Table 5.3.  

Following IV administration of ASL solution or ASL-NS, the peak plasma 

concentrations (Cmax) achieved were 18.3 and 12.2 µg/ml, respectively. The plasma 

AUC0-∞ for ASL-NS (18.7 ± 0.5 µg.ml-1.h) was approximately 2.5 fold lower than that 

for ASL solution (46.4 ± 2.6 µg.ml-1.h).  

Plasma profiles of ASL solution and ASL-NS exhibited a rapid distribution phase (t1/2α) 

followed by a slower elimination phase (t1/2β). The elimination half-life observed for 

ASL (2.7 ± 0.2 h) in this study with C57 BL/6 mice was somewhat longer than that 

previously reported for ASL in B6 D2F1 mice (121). In the latter study, the 

pharmacokinetics were observed to be non-linear with the half-life increasing from 0.6 

to 1.2 h over the dose range 7-26 mg/kg. The longer half-life in the present study may 

be partially due to the greater dose used and also perhaps to strain differences. 

However, the elimination half-live for ASL-NS was 6.1 ± 0.1 h. These results show a 

2.3 times increase in elimination half-life of the ASL when it was given in NS 

formulations compared to ASL alone (P<0.01). Similarly, mean residence time (MRT) 

for the ASL-NS formulation was increased 2.7 fold compared to the ASL solution.  
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The plasma clearance values of ASL-NS and ASL solution were 1.6 ± 0.04 and 0.63 ± 

4 ml.h-1.kg-1, respectively (P<0.01). The volume of distribution of ASL-NS and ASL 

solution were 15.5 ± 0.6 and 2.5 ± 0.1 ml.kg-1, respectively (P<0.01). Overall, after 

ASL was administered via the ASL-NS formulation, the total plasma clearance and 

volume of distribution of ASL were significantly increased to 2.5 and 6.2 folds, 

respectively.  

In general, all the plasma pharmacokinetics parameters of ASL when it was given in 

the NS formulation were significantly changed compared to the ASL solution. The in 

vivo properties of  NS strongly depends on the drug nanocrystal size, dissolution rate 

and nature and density of coatings (1). Particles that dissolve rapidly in the blood will 

show similar pharmacokinetic behavior to drug in solution form (189). For example, 

flurbiprofen NS had similar pharmacokinetic and tissue distribution as a flurbiprofen 

solution after IV administration in rats (193). This similarity between the NS and 

solution form was due to the rapid dissolution of the flurbiprofen nanocrystals in the 

blood.  

The in vitro dissolution profiles of ASL-NS in pH 7.4 media (described in Chapter 4) 

showed that nanocrystals dissolv slowly in the media. As per these results, ASL-NS 

could dissolve in the blood rather slowly and maintain concentrations for a longer 

duration. Because dissolution is not instantaneous, as it would be for a solution dosage 

form, there is less toxicity associated with NS, enabling high loading with safety (195). 

The initial peak plasma concentrations were less in case of ASL-NS, this might helps in 

reducing the dose-limiting toxicity of ASL. The toxicity was thought to be mediated by 

exposure of veins to the initial high drug concentration at the site of administration.  

However, the pharmacokinetic profile obtained from the mice after ASL-NS 

administration showed a rapid drop in plasma concentration (< 1 µg/ml) 0.5 h post 

administration (Figure 5.2-5.3).  The reduced plasma concentration (AUC) obtained in 

case of ASL-NS may be due to the rapid uptake of rather slowly dissolving ASL 

nanocrystals by the RES containing organs.  

It has been shown in the literature that slow dissolving nanocrystals are taken up by the 

phagocytic cells of the  mononuclear phagocyte system (MPS) (181, 196), primarily the 

Kupffer cells in the liver, spleen and lungs. As the phagocytized drug particles are 
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subjected to the reduced pH of phagolysosomes (197), their pH-dependent solubility 

profile might permit dissolution of the compound. Their lipophilic character might 

permit passage through the phagolysosomal membrane, and as a result they could leave 

the cellular vesicle, enter the cytoplasm, and then exit the cell by diffusing down the 

drug concentration gradient (1). This effect will result in a pharmacokinetic profile with 

significantly reduced Cmax, but quite prolonged t1/2. This can be very advantageous for 

certain drug classes, for which toxicity is mediated by peak plasma values, but for 

which efficacy is driven by AUC, as in the case of triazole antifungals (198).   

The ASL nanocrystals in the phagocytic cells might dissolve due to its low pH 

dependent solubility and diffuse into the blood circulation to maintain blood 

concentrations for a longer duration. This could be the reason that after ASL-NS is 

given to the mice, a low ASL concentration was observed for prolonged time. Higher 

plasma clearance and remarkably increased tissue concentrations could also support 

rapid clearance of ASL-NS from the blood circulation by the RES. Despite the rapid 

plasma clearance, a longer elimination half-life for ASL-NS was observed. The longer 

elimination half-life of ASL-NS formulation was likely the result of drug being slowly 

released back into the blood circulation from the tissues.  

PEG-modification of the surface of slowly dissolving drug crystals could reduce the 

macrophage uptake as observed with nanoparticles (194, 199). This would increase 

circulation time, and allow the particles to leak out of discontinuities in tumour 

vasculature. This enhanced accumulation via the EPR effect results in passive targeting 

(15, 200). The feasibility of PEG-modification of ASL nanocrystals is to be evaluated.  
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Figure 5.2 Plasma concentration-time curves for asulacrine solution (ASL) and 
asulacrine nanosuspension (ASL-NS) after 30 mg/kg asulacrine IV in mice. Data are 
mean ± SD, n=3 mice. 
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Figure 5.3 Plasma log concentration-time curves for asulacrine solution (ASL) and 
asulacrine nanosuspension (ASL-NS) after 30 mg/kg asulacrine IV in mice. Data are 
mean ± SD, n=3 mice. 
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Table 5.3 Pharmacokinetic parameters after IV administration of ASL solution and 
ASL-NS at a dose of 30 mg/kg of asulacrine 

 ASL ASL-NS Significance* 

Cmax  (µg.ml-1) 18.3 ± 1.0 12.2 ± 1.3  

AUC0-∞ (µg ml-1 h) 46.4 ± 2.6 18.7 ± 0.5 P<0.01 

MRT (h) 3.5 ± 0.2 9.6 ± 0.3 P<0.01 

t½α (h) 0.9 ± 0.16 0.1 ± 0.01 P<0.01 

t½β (h) 2.7 ± 0.2 6.1 ± 0.1 P<0.01 

Cl (L h- kg-1) 0.6 ± 0.04 1.6 ± 0.04 P<0.01 

Vss (L.kg-1) 2.5 ± 0.1 15.5 ± 0.6 P<0.01 

- Data are shown as mean ± SD, n=3.  

- Cmax – Plasma peak concentration; AUC, area under the plasma–concentration–time curve; MRT, 
mean residence time; t½α, distribution half life; t½β, elimination half life; Cl, total body clearance;  
Vss, volume of distribution at steady state.  

- *Statistically significant when the pharmacokinetics parameters of ASL-NS compared with ASL at 
P < 0.01  
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5.3.3 Tissue Distribution of Asulacrine 

Tissue distribution of ASL after administration of ASL solution and ASL-NS were 

determined in liver, kidney, heart and lungs. The tissue concentration-time curves are 

shown in Figures 5.4-5.7 and calculated tissue distribution kinetics in Tables 5.4-5.5. 

Tissue distribution of ASL in ASL-NS was different from that of the ASL solution. In 

all tissues, except in the heart, higher ASL concentrations were present in mice 

administered with ASL-NS formulation than that of ASL alone. ASL distribution 

kinetics in tissues are discussed in the following section.  

5.3.3.1 Liver 

ASL concentrations present in liver are shown in Figure 5.4. Liver drug concentrations 

were significantly higher for ASL-NS than ASL solution at all time points (P<0.01). 

The liver AUC0-∞ for ASL-NS (924 ± 27 µg.g-1.h) was approximately 12.5 folds higher 

than that for ASL solution (74.3 ± 1.1 µg.g-1.h). This may be due to high liver uptake of 

the ASL-NS. The high uptake of ASL-NS can be explained as the slowly dissolving 

ASL nanocrystals in the blood might be recognized as foreign bodies and rapidly 

cleared by phagocytic cells of MPS present in the liver. The liver MRT of ASL-NS and 

ASL solution were 18.7 ± 2 and 3.3 ± 0.2 h, respectively. There was a 5.7 times 

increase in MRT with ASL-NS suggesting that the ASL nanocrystals would stay in the 

liver tissue for a longer duration than the ASL solution without being metabolised. This 

approach can offer some promise as a way to target drugs to liver diseases. 

5.3.3.2 Kidney 

ASL concentrations present in kidney are shown in Figure 5.5. Kidney ASL 

concentrations were higher for ASL-NS than ASL solution at all time points. A 

statistically significant (P<0.05) difference in concentration was observed until the 1 h 

time point, however, concentrations at later time points didn’t show any significant 

difference.  The AUC0-∞ and MRT for ASL-NS (66 ± 8 µg.g-1.h and 2.3 ± 0.3 h) were 

1.5 and 1.2 fold higher than the ASL solution (43.8 ± 0.3 µg.g-1.h and 1.9 ± 0.3). These 

small increases may be due to the physical trapping of the larger ASL nanocrystals in 

the kidney tissue. As seen from the profiles, at later time points the concentrations 

became similar. This could be explained as, the trapped crystals dissolving and then 

being cleared from the kidney tissue. 
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5.3.3.3 Heart 

ASL concentrations present in the heart are shown in Figure 5.6. Heart ASL 

concentrations for ASL-NS were not detectable 1 h post injection and were 

significantly (P<0.01) lower than the ASL solution. The heart AUC0-∞ for ASL-NS (4.4 

± 1.1 µg.g-1.h) was approximately 6.2 folds lower than that for the ASL solution (27.1 

± 1.5 µg.g-1.h). Heart MRT for ASL-NS (0.6 ± 0.1 h) was 2.2 times lower than that for 

ASL solution (1.3 ± 0.1). These results show that heart was not exposed to the drug for 

a long duration. The NS approach might also be useful for drugs that exhibit cardio-

toxicity (anthracycline anticancer drugs eg., doxorubicin).  

5.3.3.4 Lungs 

ASL concentrations present in the lungs are shown in Figure 5.7. Lung ASL 

concentrations were significantly higher for ASL-NS than ASL solution at all time 

points (P<0.01). The lungs AUC0-∞ for ASL-NS (245.1 ± 3.2 µg.g-1.h) was 

approximately 2.2 fold higher than that for ASL solution (111.6 ± 9.8 µg.g-1.h). This 

was due to higher uptake of the ASL-NS by lungs. MRT of ASL-NS and ASL solution 

were 5.6 ± 0.4 and 3.7 ± 0.6 h, respectively. There was a 1.5 times increase in MRT 

when the ASL was given in NS formulation. ASL has shown potential against lung and 

breast cancer (116, 174). The higher AUC and MRT observed with ASL-NS in 

comparison to ASL solution could improve therapeutic efficacy against lung tumours.  

Overall, the tissue AUC0-∞ and MRT of the ASL-NS formulation was much higher than 

that of the ASL solution except in the heart. The higher liver and lung distribution of 

ASL in ASL-NS was attributed to high uptake of these tissues. For ASL-NS, the drug 

nanocrystals could circulate in the blood as submicron particles for a certain time 

period. Then the nanocrystals might be recognized as foreign matter and rapidly cleared 

by phagocytic cells of MPS which are abundant in tissues and organs, such as liver and 

lung (181, 196). It was shown that the uptake of nanoparticles by RES organs following 

IV administration might take anywhere from a few minutes to hours, depending on 

particle size and composition (201). Therefore the ASL nanocrystals in ASL-NS had a 

markedly higher concentration compared with ASL solution in these organs, 

meanwhile the drug concentration in kidney and heart decreased.  
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Figure 5.4 Liver concentration-time curves after IV administration (30 mg/kg) of 
asulacrine solution (ASL) and asulacrine nanosuspension (ASL-NS). Data are mean ± 
SD, n=3 mice. 
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Figure 5.5 Kidney concentration-time curves after IV administration (30 mg/kg) of 
asulacrine solution (ASL) and asulacrine nanosuspension (ASL-NS). Data are mean ± 
SD, n=3 mice. 
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Figure 5.6 Heart concentration-time curves after IV administration (30 mg/kg) of 
asulacrine solution (ASL) and asulacrine nanosuspension (ASL-NS). Data are mean ± 
SD, n=3 mice. 
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Figure 5.7 Lungs concentration-time curves after IV administration (30 mg/kg) of 
asulacrine solution (ASL) and asulacrine nanosuspension (ASL-NS). Data are mean ± 
SD, n=3 mice. 
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Table 5.4 Comparison of tissue area under the concentration-time profile of asulacrine 
after IV administration of ASL and ASL-NS at a dose of 30 mg/kg of asulacrine 

      Tissues 
                AUC0-∞  (µg g-1 h) 

Significance* 
ASL ASL-NS 

Liver 74.3 ± 1.1 924.4 ± 26.5 P<0.01 

Kidney 43.8 ± 0.3 65.5 ± 7.5 P<0.01 

Heart 27.1 ± 1.5 4.4 ± 1.1 P<0.01 

Lungs 111.6 ± 9.8 245.1 ± 3.2 P<0.01 

         Data are shown as mean ± SD, n=3 
       *Statistically significant when AUC of ASL-NS compared with ASL in corresponding tissue at P < 0.01 

 

 

Table 5.5 Comparison of tissue mean residence time of asulacrine after IV 
administration of ASL and ASL-NS at a dose of 30 mg/kg of asulacrine 

          Tissues                    MRT  (h) Significance* 
ASL ASL-NS 

Liver 3.3 ± 0.2 18.7 ± 2.0 P<0.01 

Kidney 1.9 ±  0.3 2.3 ± 0.3 P<0.01 

Heart 1.3 ± 0.1 0.6 ± 0.1 P<0.01 

Lungs 3.7 ± 0.6 5.6 ± 0.4 P<0.01 

           Data are shown as mean ± SD, n=3. 
         *Statistically significant when t1/2β of ASL-NS compared with ASL in corresponding tissue at P < 0.01 
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5.4 Conclusion 

ASL is an experimental new anticancer drug which showed toxicity at the site of 

injection. ASL was formulated into a nanosuspension to see if the pharmacokinetic 

properties of the drug could be altered. Pharmacokinetic evaluation clearly shows that 

the ASL-NS exhibited different pharmacokinetic and bio-distribution properties 

compared to the ASL solution. ASL-NS reduced the initial peak plasma concentration 

and AUC of the drug. Drug concentrations were remarkably reduced in the plasma after 

administration of ASL-NS compared to the ASL solution, therefore reducing systemic 

exposure to the higher drug concentrations. These effects can be very advantageous for 

ASL, for which toxicity is possibly mediated by peak plasma concentration.  

However, the greater tissue drug loading that resulted from the ASL-NS may be a 

limitation. As seen from the tissue distribution, remarkably higher ASL concentrations 

were obtained in liver, lungs and kidney. It was likely that the slowly dissolving ASL 

nanocrystals did not overcome the uptake process by RES. As a consequence ASL 

concentrations were escalated in these tissues.   

To overcome this limitation, surface modification of nanocrystals with hydrophilic 

polymers (PEG, polyethylene oxide) may reduce the RES uptake. Moreover, this would 

increase in circulation time and allow the nanocrystals to accumulate in tumour tissue 

via the EPR effect. However, the feasibility of nanocrystal surface modification using 

hydrophilic polymers is needs to be evaluated. 



 

6 GENERAL DISCUSSION AND FUTURE DIRECTIONS 

Nanoparticulate DDS provide the opportunity of improving both the pharmacokinetic 

and therapeutic properties of drugs given parenterally. Its applications in cancer therapy 

are already confirmed, with several formulations of anticancer drugs in clinical use. 

Apart from improving the pharmacokinetic and therapeutic profile, DDS can also 

provide some attractive options to the drugs that have poor physicochemical properties.   

In this study, two formulations approaches: lipid nanospheres (LN) and nanosuspension 

(NS) were investigated to deliver anticancer drugs that have poor physicochemical 

(poor water solubility) and poor pharmacokinetic (short biological half-life, rapid 

clearance and high volume of distribution) properties. It is evident from the literature 

that there have been major developments and advances with these nanoparticulate 

systems both at the preclinical and clinical phases.   

Firstly, chlorambucil, a clinically used anticancer drug was incorporated in LN 

formulations, in an attempt to alter its pharmacokinetics and improve anticancer 

activity. The LN formulation was coposed of soybean oil as the internal oil phase, egg 

lecithin as the primary emulsifier, cholesterol as the phospholipid monolayer stabilizer, 

and water as the external phase. The use of 1.8% egg lecithin produced a stable LN 

along with the 0.2% cholesterol that imparts some rigidity to the phospholipid 

monolayer. Phospholipids are weak emulsifiers, and therefore using cholesterol in the 

formulation can enhance the stability of the LN due to formation of a more rigid 

monolayer with phospholipids.  

The particle size of LN was found to be below 200 nm. Apart from the nanosize of the 

LN, it should also demonstrate the ability to circulate long enough in blood to provide a 

greater bioavailability to the tumour site due to the EPR effect. For example, 

doxorubicin incorporated into long circulating PEGylated liposomes showed excellent 

tumour accumulation through EPR and reduced side effects of doxorubicin. For this 

purpose, the LN were PEGylated using PEG2000DSPE. Cationic LN was also prepared 

for enhanced cellular delivery and to further evaluate the potential for anti-angiogenic 

therapy in vivo. LN formulations (LN, PEG-modified LN and DOTAP-modified LN) 

had excellent CHL encapsulation efficiency (>97%). The zeta potential of the LN
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ranged from -32.2 to +41.5 mV, while the size ranged from 170 to 187 nm. Moreover, 

LN demonstrated good stability over 6 months at 4 and 25°C.  

In vitro studies of CHL encapsulated LN were assessed in SKOV-3 cells. The 

cytotoxicity and the pro-apoptotic activity of CHL were significantly enhanced when 

administered in the LN compared to CHL solution. This indicated that the LN were 

effective in intracellular delivery of CHL, which enhanced the therapeutic effect in 

tumour cells. Pharmacokinetic study showed that LN were altered the pharmacokinetic 

profile of the CHL resulting in reduced plasma clearance and an increase in the 

elimination half-life compared to CHL administered as a solution. A marked reduction 

in tissue distribution was also observed. This lower tissue distribution of CHL after LN 

administration was attributed to a lower uptake of LN formulation into healthy tissues. 

This significant improvement in pharmacokinetic profile can overcome some of the 

toxicity concerns of the CHL. CHL encapsulated in LN also demonstrated increased 

therapeutic activity in colon-38 tumour-bearing mice, and the life span of tumour-

bearing mice was significantly increased by CHL LN treatment, with mice surviving 

over 40 days compared to 26 days with CHL treatment. The results correlate with the 

observed in vitro activity. These results suggest that the LN could be an effective 

parenteral carrier for CHL delivery.  

LN can be used to achieve targeted delivery of anticancer drugs by suitably modifying 

the size, charge and specific ligands on the surface. The cationic charged LN (DOTAP-

modified) was prepared in this study but not evaluated for in vivo effects. Many 

observations have shown that cationic liposomes can specifically interact with 

endothelial cells of the tumour neovasculature leading to specific anti-angiogenic 

therapy.  

The pharmacokinetics and anticancer activity of cationic LN are to be investigated in 

future work to assess cationic LN’s ability to act on the tumour neovasculature. There 

is a considerable interest in exploiting the advantages of nanocarriers for target-specific 

delivery of drugs through the ligand mediated targeting. For this reason, LN can be 

attached with tumour-specific ligands to achieve active targeting of drugs to the tumour 

site.  The LN developed in this study can be attached with folate or monoclonal 

antibody ligands to mediate the targeting process.  
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The second formulation of this study was NS, in which ASL was formulated as a 

nanocrystal suspension for IV administration, in an attempt to improve its efficacy by 

altering the pharmacokinetic profile. This approach was chosen basing on the 

assumption that NS can reduce the initial systemic exposure to the drug.  The NS was 

composed of ASL nanocrystals produced by a high pressure homogenization process 

and stabilized by stabilizers. The optimized high pressure homogenization resulted in 

nanosizing of the drug from 39.6 µm down to about 0.132 µm. The NS was transferred 

into a lyophilized product to enhance both the physical and chemical stability. The 

particle size and ASL amount in the lyophilized NS formulations did not change over 3 

months of storage at 4 and 25°C. High pressure homogenization was shown to be a 

simple and adequate technique for drug particle size reduction and did not seem to alter 

the crystalline state of the drug, which should be highly relevant when considering drug 

stability during the storage. The nanosizing approach was enhanced both the 

dissolution and solubility profiles of the ASL.  

The results show that the NS exhibited different pharmacokinetic and tissue distribution 

properties compared to the ASL solution. Plasma drug concentration, initial peak 

plasma concentration and AUC were remarkably reduced in the plasma after 

administration of ASL NS compared to the ASL solution, this suggest that there was 

reduced systemic exposure to the drug. These characteristics are advantageous for ASL, 

for which toxicity is thought to be mediated by free drug and initial greater peak plasma 

concentrations. Despite an improved plasma pharmacokinetic profile, enhanced tissue 

distribution was a limitation with this NS formulation.  It was likely that the slowly 

dissolving ASL nanocrystals did not overcome the uptake process by the RES, as a 

result higher ASL concentrations were observed in these tissues.   

The feasibility of PEG-modification of ASL nanocrystal to evade RES uptake can be 

evaluated in future work. The qualitative and quatitative measurements of hydrophilic 

polymer adsorption on to the ASL nanocrystal surface also need to be carried out. This 

would give an idea about the extent of ASL nanocrystal surface modification. Apart from 

this, the NS formulation should also to be evaluated for reduced toxicity and improved 

efficacy in animal models.  
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