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Abstract 

Background and Aims: Parkinson’s disease (PD) is the second most common movement 

disorder and can cause substantial morbidity and a shortened life span. L-DOPA (LD) is the 

primary drug used for the treatment of PD. However, only 1% of the given dose is 

transported unchanged to the central nervous system (CNS) after oral administration due to 

its peripheral decarboxylation. As a result, LD has to be administered at high dose in 

combination with a peripheral decarboxylase inhibitor that causes severe side-effects. The 

aim of this project was to design nanoparticulate drug delivery system by using poly (D, L-

lactide-co-glycolide) (PLGA) as a polymeric matrix for the delivery of LD across blood-brain 

barrier (BBB). Nanoparticles (NPs) provide a feasible choice as drug delivery device to cross 

the BBB because it may overcome the biological barrier and increase the bioavailability of 

the drug in the brain.   

Methods:  LD-loaded PLGA NPs were prepared using modified water-in-oil-in-water 

(W1/O/W2) emulsion solvent evaporation technique. The NPs were coated with polysorbate 

80 (P80) to enhance their BBB permeability. Samples in in vitro drug release study and 

stability study were measured by a novel isocratic high performance liquid chromatography 

(HPLC) method. A central composite design (CCD) was applied for optimisation of the 

formulation parameters. The chemical and physical properties of PLGA NPs such as particles 

size, entrapment efficiency, zeta potential, porosity, surface charge and drug-polymer 

compatibility were measured.  The cytotoxicity of PLGA NPs to the Caco-2 cells and the rate 

and extent of Caco-2 cell uptake of drug-loaded PLGA NPs were evaluated. In vitro BBB 

model was developed by co-culturing rat brain microvascular endothelial cells (RBMVECs) 

and rat astrocytes on Transwell insert. This model was morphologically and functionally 

characterised. Eventually, the transport of LD-loaded P80 coated PLGA NPs across BBB 

model was evaluated.   

Results and discussion: The optimum formulation was obtained at the concentration of 

PLGA (5%, w/v) and PVA (6%, w/v); and faster organic solvent removal rate (700 rpm). The 

corresponding particle size was 256 nm and the entrapment efficiency was 62%. The in vitro 

LD release profile showed a burst release and followed by slow and steady release over 7 

days. Differential scanning calorimetry (DSC) and Fourier transform infrared (FT-IR) 
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revealed that LD was presented in the NPs in an amorphous state and no interactions between 

drug and polymer were observed. The SEM images of NPs showed that all particles had 

spherical shape with porous outer skin. The LD-loaded PLGA NPs exhibited good stability 

over 3 months stored at 2-8°C.  

    The in vitro evaluation study on Caco-2 cells showed that LD-loaded PLGA NPs were 

non-toxic up to 1000 µg/ml. The cellular uptake of LD-loaded PLGA NPs would be 

increased when decreasing the hydrophilicity of particle. In vitro BBB model (based on co-

culturing RBMVEC cells and astrocytes to mimic in vivo BBB) was successfully established. 

Results indicated that P80 coated NPs were efficiently taken up by brain endothelial cells. 

NPs coated with P80 successfully transported across BBB model with an apparent 

permeability coefficient (Papp) value of ~3.13x10-5 cm/sec. The transport process was energy-

dependent. No opening of tight junction was observed when NPs were applied to the BBB 

model. This suggested that P80 coated PLGA NPs preferentially transported across BBB 

without disrupting the BBB integrity.   

Conclusion: This project has demonstrated that PLGA NPs can be utilised as controlled 

release drug delivery system (DDS) for the oral delivery of LD. Encapsulated LD can be 

protected from peripheral decarboxylation before they are released. P80 coated PLGA NPs 

represent a very promising preparation for the delivery of LD across the BBB without 

opening the tight junction. This technique provides a potential to enhance LD bioavailability 

by protecting LD from peripheral decarboxylation.  
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Chapter 1. GENERAL INTRODUCTION 

1.1. Parkinson’s Disease 

1.1.1. An Overview of Parkinson’s Disease 

Parkinson’s disease (PD) is named by Dr James Parkinson who was the first person to 

document the disease as “an essay on the shaking palsy” (Kreuter, 2001). PD is a chronic, 

progressive neurodegenerative disorder characterised by the selective degeneration of 

dopaminergic neurons in the substantia nigra pars compacta (SNc) of the brain and 

subsequent significant depletion of dopamine (DA) in the striatum. Consequently, the 

function of the nigrostriatal dopaminergic system is impaired leading to asymmetrical 

appearance of motor dysfunction such as bradykinesia (slow body movement), resting 

tremor, muscle rigidity, unable posture and poor balance (Kish et al., 1988; Moos et al., 

2004). PD affects 1-3% of people of all races over 65 years, and is the second most common 

movement disorder after Alzheimer’s disease, the age-related neurodegenerative disease 

(Lang et al., 1998; Jallouli et al., 2007). Symptoms of PD begin on one side of the body and 

may progress quickly or gradually over years with a lifetime risk of developing the disease. 

Eventually, cognitive decline occurs, and, in advanced cases, dementia arises. The median 

age of onset is 60 years and the mean duration of the disease is 15 years (Kreuter et al., 2002). 

PD causes substantial morbidity and a shortened life span. PD can be treated with drugs 

and/or surgery to reduce the symptoms. However, there is still no cure for this disease. 

1.1.2. Dopamine 

Cerebral DA depletion in the striatum is the hallmark of PD. DA is a catecholamine 

neurotransmitter released during dopaminergic function. Normal dopaminergic neurons in 

SNc will produce this vital neural neurotransmitter, DA, so that electrical impulses can be 

sent to regions of brain responsible for coordinating smooth and balanced muscle 

movements. When DA levels decline due to the death of dopaminergic cells, these electrical 

impulse transmissions will be impeded causing brain to lose conscious control over 

movements, and, in advanced PD, loss of control over several other body functions. 

Biosynthesis of DA starts with hydroxylation of the amino acid tyrosine (obtained from 

the diet or liver phenylalanine) to L-DOPA (LD) and the addition of an oxygen atom by 
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tyrosine hydroxylase in the DA neuron. LD is then decarboxylated by aromatic amino acid 

decarboxylase (AADC) to form DA (Panula et al., 1978). In neurons, DA is released into 

synapse in response to a presynaptic action potential. After release, DA can either be taken 

back into neurons or being further metabolised. DA can be further processed into adrenalin 

by DA β-hydroxylase; or metabolised to 3,4-dihydroxyphenylacetic acid (DOPAC) or 

homovanillic acid (HAC) by monoamine oxidase (MAO) and catechol-o-methyltransferase 

(COMT), respectively.  Figure 1-1 shows the steps of DA synthesis in the body. 

OH

NH2

OH

O

NH2

OH

OH

OH

O

OH

OH
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L-tyrosine L-DOPA Dopamine

Tyrosine
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AADC

 

Figure 1-1 Steps of dopamine synthesis. 

1.1.3. What Causes Parkinson’s Disease 

To date, why PD occurs and how the functions of neurons become impaired are unknown. 

However, there are increasing evidences that PD is related to oxidative stress, environmental 

toxins, ageing, and genetic predisposition (passed on genetically from family members). 

1.1.3.1. Oxidative Stress 

Oxidative stress has been proposed to be an important pathogenetic cause of neuronal 

death in PD because oxidative metabolism of DA leads to the formation of free radicals or 

reactive oxygen species (ROS) (Takasato et al., 1984). Oxidative stress occurs when intrinsic 

cellular mechanisms are unable to keep ROS below a toxic threshold level (Bowman et al., 

1983). These ROS may cause neurotoxicity and result in PD. Researchers have revealed that 

the levels of antioxidant enzyme glutathione peroxidase (Renkin, 1959) and glutathione 

(Audus et al., 1986) decreased in the substantia nigra (SNc) of Parkinsonian brain suggesting 

decreased protection against free radical formation. Furthermore, the increased DA turnover 

in surviving neurons leads to an increased production of hydrogen peroxide (H2O2) by 
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monoamine oxidase (MAO) or autoxidation. Hydrogen peroxide will be further converted 

into free radicals (Cordon-Cardo et al., 1989). In addition, the iron level is found to be 

increased which promotes the formation of highly reactive hydroxyl radical (HO•) from 

hydrogen peroxide in the SNc of Parkinsonian brain (Bowman et al., 1983). Such reactive 

and cytotoxic hydroxyl radicals are formed via Fenton reaction: H2O2 + Fe2+  HO• + HO- + 

Fe3+ (DeBault et al., 1980). The hydroxyl radical may further trigger lipid peroxidation in 

SNc leading to lipid membrane damage. The oxidative products can also damage DNA, 

RNA, and proteins of the SNc of Parkinsonian brains, resulting in neurodegeneration (Zhou 

et al., 2012). 

1.1.3.2. Environmental Toxins  

Certain toxins found in the environment can selectively destroy dopaminergic neurons, 

causing PD (Pardridge, 2003). 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is 

found to selectively induce dopaminergic neurons death. MPTP is a by-product of synthetic 

heroin, which results in Parkinson-like symptoms when taken by drug addicts (Limousin et 

al., 1998). This concept of environmental factors are capable of causing PD is further 

supported by the ability of various toxins to cause symptomatic forms of PD (Reynolds et al., 

1982). Rural environment has been found to be associated with an increased risk of getting 

PD (Klick et al., 2005). The association of rural living with PD may be related to the use of 

pesticides and herbicides which are potential neurotoxins, and exposure to well water.   

1.1.3.3. Genetics 

Epidemiologic studies have found that, apart from age, a family history of PD is the 

strongest risk factor of the disease (Levin, 1980). Researchers have found an increase risk (2-

3 fold) of developing PD in the first degree relatives of a patient (Tanaka et al., 1999). 

Genetic studies have identified a mutation in a gene on chromosome 4 coding for protein α-

synuclein and the Parkin gene on chromosome 6 in families showing autosomal dominant 

and recessive parkinsonism respectively (Robinson et al., 1986; Levêque et al., 1995). 

Another gene on chromosome 2 causing autosomal dominant parkinsonism was also 

identified in the affected members of different families (Egleton et al., 1997). All these genes 

are believed to be responsible for the inheritance of PD.   
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1.1.3.4. Ageing 

Ageing is another important risk factor associated with PD. The prevalence of PD 

increases exponentially with age between 65 and 90 years. Approximately 0.3% of the 

general population and 3% of people over the age of 65 across all ethnic groups have PD 

(Van De et al., 2001). An increase in age has an impact on cell atrophy that in turn causes the 

degeneration of specific area of the brain resulting in the increase in the prevalence of PD (De 

Lange et al., 2002).  

1.1.3.5. Other Factors 

Metals such as manganese, aluminium, copper and iron have also been shown to be 

implicated in PD (Zhou et al., 2013). Manganese is a widely used metal, and miners exposed 

to manganese fumes develop chronic manganese intoxication which can induce a Parkinson-

like syndrome (Gupta, 1989).    

1.1.4. Pathology of Parkinson’s Disease 

In neuropathological terms, the presence of Lewy bodies in the surviving neurons and the 

loss of dopaminergic neurons in SNc are considered to be the hallmark of PD (Lang et al., 

1998; Lewis et al., 2002). The Lewy bodies found in PD are neuronal intracytoplasmic 

inclusions. They are a collection of protein filaments including α-synuclein and ubiquitin. 

Lewy bodies are found in all affected brain-stem regions, especially the dorsal motor nucleus 

of the vagus (Lin et al., 1997).         

1.1.5. Treatment of Parkinson’s Disease 

So far, there is no effective treatment for preventing and curing the degeneration of 

nigrostriatal neurons in PD. All treatments currently available for PD are symptomatic 

treatments. 

1.1.5.1. Pharmacological Therapy 

Drugs are the predominant means of controlling the symptoms of PD. A number of drugs 

are used to treat the Parkinsonism symptoms including DA precursors, DA receptor agonists, 

COMT inhibitors, MAO B inhibitors, anticholinergics and glutamate antagonists. 
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Dopaminergics 

Current symptomatic treatment of PD aims to restore DA levels in surviving neurons by 

administering a DA precursor that can cross blood-brain barrier (BBB) by active transport, 

because DA cannot permeate into the brain. L-DOPA ((-)-3-(3,4-dihydroxylphenyl)-l-

alanine) (LD), a DA precursor in catecholaminergic neurons, remains as the most effective 

drug for the treatment of PD. When in the brain, LD is decarboxylated by neuronal aromatic 

amino acid decarboxylase (AADC) to DA that stimulates the dopaminergic receptors, thereby 

compensating for the depleted supply of endogenous DA and restoring the normal 

functioning of the surviving neurons (Serra et al., 2000). After many years of LD therapy 

patients may experience motor fluctuations which includes end-of-dose deterioration 

resulting in Parkinsonian symptoms before the patient’s next dose is due (Walker et al., 

2003). 

DA receptor agonists 

DA receptor agonists act like DA to stimulate DA receptors in the substantia nigra and 

therefore replace the lost DA. They can be used alone or in combination with LD to increase 

their effectiveness. They are also believed to be a neuroprotective agent against oxidative 

stress (Aktaş et al., 2005). The common side-effects of DA agonists include nausea and 

vomiting, constipation, headaches, drowsiness, and dizziness or fainting due to low blood 

pressure. Some people taking DA agonists have problems controlling impulsive and 

compulsive behaviour (Cohen et al., 1994).  

COMT inhibitors 

The major enzymes limiting bioavailability of LD are AADC and catechol-o-methyl 

transferase (COMT). Methylation of LD by COMT results in its inactive metabolite 3-o-

methyl-dopa (Gomes et al., 1999). The presence of COMT in the peripheral tissues reduces 

efficient delivery of LD to the brain. Therefore, COMT inhibitors are used to inhibit the 

breakdown of LD, prolonging its effect. COMT inhibitors have to be administered together 

with LD. The disadvantages of these drugs are they increase the side-effects caused by LD, 

notably dyskinesias (involuntary movements), nausea and vomiting.   
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MAO inhibitors 

Monoamine oxidase type B (MAO-B) inhibitors are used to prevent the breakdown of 

DA in the brain, therefore stimulate DA receptors and reduce the Parkinsonian symptoms. A 

MAO-B inhibitor can be used on its own in early PD, or in combination with LD at all stages 

of PD to reduce the dose of LD needed. When it is taken together with LD, side-effects such 

as dyskinesias, hallucinations or vivid dreaming may sometimes occur or worsen. It has been 

shown to have limited success when used on its own; therefore, it is usually used as a second 

line agent in the treatment of PD (Walker et al., 2003). 

Anticholinergics 

Anticholinergics are used to block the action of acetylcholine, a neurotransmitter that 

sends messages from nerves to muscles, therefore reduce the symptom of tremor. However, 

the use of anticholinergics is limited due to their increased side-effect profile and little effect 

on alleviating rigidity, bradykinesia or akinesia (Habgood et al., 2000; Edlund et al., 2002). 

Glutamate antagonists 

Glutamate antagonists were found to be effective in reducing dyskinesias with their anti-

glutamate action (Ilium, 1998). Glutamate is the major excitatory neurotransmitter in the 

brain. This neurotransmitter has been reported to associate with the pathogenesis of 

Parkinsonism as well as LD-induced dyskinesias (Kido et al., 2000; Klick et al., 2005). Its 

mechanism is not yet clear. These drugs only produce a mild effect, effective in only a small 

cohort of people and their effectiveness may be short-lived. They are normally used as a 

diagnostic tool.     

1.1.5.2. Neuroprotective Agents 

Neuroprotection is a strategy used to increase resistance to neuronal injury or 

degeneration in the central nervous system (CNS). A number of neuroprotective agents have 

been employed in treating PD. MOA inhibitors can be used as an antiapoptotic factor for 

protecting neurons with the goal of reducing the progression of PD. Vitamin E is a well 

known antioxidant that can be used to prevent the propagation of free radicals by reacting 

with them.  

Nicotine is another potential neuroprotectant used for the treatment of PD. A number of 

reports have shown that there is a negative correlation between smoking and the occurrence 
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of PD. Non-smokers are twice as likely to develop PD as compared to smokers (Denizot et 

al., 1986). Studies have demonstrated that when compared to non-smokers, the brains of 

smokers show a 40% reduction in enzyme MAO (Park et al., 1987). Other research suggested 

that the stimulation of nicotinic receptor may evoke the release of DA (Cole, 1986). 

However, the benefits from nicotine are far overshadowed by the proven respiratory harm 

and addictive effects.  

1.1.5.3. Surgical Intervention 

Surgical intervention may be considered as a viable alternative when drugs fail to control 

Parkinsonian symptoms or cause severe side-effects. Surgery can reduce the dose of drugs 

needed so that the side-effects caused by drugs can be reduced. However, such surgical 

intervention is not a cure for PD because drug treatments are still needed after surgery. 

Pallidotomy involves destruction of a very small area in the deep part of the brain (the globus 

pallidus) that causes symptoms. Pallidotomy primarily reduces contralateral dyskinesias and 

improves bradykinesia and rigidity (Stein, 1967; Diamond et al., 1969). Thalamotomy is the 

destruction of a very small area of the thalamus. Thalamotomy may improve tremor (Billon 

et al., 2005). Deep brain stimulation was used for the treatment of tremor by using electrical 

impulses to stimulate the target area such as globus pallidus or subthalamic nucleus in the 

brain (Limousin et al., 1998; Billon et al., 2005). Implantation of foetal brain tissue replaces 

the dead dopamine-producing cells with transplanted brain tissue from human foetuses. This 

technique is still under evaluation and not yet available for clinical treatment (Billon et al., 

2005). Despite its benefits, the application of surgical intervention for PD is limited: 

procedures carry some risk of stroke leading to paralysis, cognitive changes, speech 

problems, and death. Long term effects of these surgical interventions are unknown 

(Schapira, 1999).  

1.1.5.4. Gene Therapy 

Transplantation of neurons in PD patients is a potential technique for the development of 

gene therapy procedures. Among all potential genes that have been evaluated for therapeutic 

efficacy for PD, those encoding for tyrosine hydroxylase, guanosine triphosphate 

cyclohydrolase I and aromatic amino acid decarboxylase are expected to increase production 

of DA (Kannan et al., 1992). Glial cell-line derived neurotrophic factors (GDNF) have been 

proven to be a promising option to arrest or reverse the degeneration of nigrostriatal neurons 
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(Houghton et al., 2007). However, this technology is still in experimental stages and far from 

clinical trials or commercial application (Zhang et al., 2004).  

1.1.6. Limitation of LDOPA 

LD is the primary drug used for the treatment of PD due to its effectiveness in the 

reduction of PD symptoms. However, only 1% of the given dose is transported unchanged to 

the CNS after oral administration. This low availability of LD in the brain is mostly due to its 

sensitivity to enzymatic degradation and peripheral decarboxylation (Zorc et al., 1993). As a 

result, high dose of LD are required to be administered in combination with a peripheral 

decarboxylase inhibitor such as carbidopa or benserazide. Nevertheless, high dose of LD may 

cause some systemic cardiovascular and gastrointestinal side-effects of DA because of 

extracerebral metabolism of LD (Li et al., 2001). LD plus decarboxylase inhibitors also cause 

severe side-effects such as nausea, memory loss and nervousness (Whitney, 2007).  

Another limitation of LD is the so-called “on-off” syndrome – abrupt transient 

fluctuations in the patient’s clinical state (Gomes et al., 1999). LD can permeate blood-brain 

barrier (BBB) by mediated transport using large neutral amino acid transport system (L) 

(Wade et al., 1975). However, it has been demonstrated that a Na+-dependent efflux system 

exists on the abluminal side of BBB that actively transport same amino acid toward the blood 

compartment against a concentration gradient (Sakane et al., 1991). The removal of LD from 

extracellular fluid causes the “on-off” phenomenon.    

Given the limitation of the use of LD, it is of great interest in developing novel controlled 

release devices which can protect the incorporated LD from peripheral decarboxylation and 

sustain LD concentration within the brain.  
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1.2. Blood Brain Barrier 

1.2.1. Introduction to Blood Brain Barrier 

The BBB is a physical and enzymatic barrier that separates the brain from the systemic 

circulation and strictly controls the exchanges of materials between blood and brain and 

cerebrospinal fluid (CSF). BBB protects and maintains the delicate environment of the brain 

for optimal neuronal communication (Lee et al., 2001; Alavijeh et al., 2005). BBB regulates 

passages of molecules in and out of the brain. It blocks all molecules except those that cross 

cell membranes by means of lipid solubility and those that are allowed in by specific 

transport systems.  

 

Figure 1-2 Blood-brain barrier regulates passage of molecules in and out of the brain to 
maintain neutral environment. 

The existence of such a barrier was discovered in 1885 by Paul Ehrlich (Mittal et al., 

2007) and further confirmed by his student, Edwin Goldmann (Brahma N et al., 2007). They 

observed that CNS was not stained by intravascular administration of water-soluble dyes such 

as aniline derivatives, in contrast to other peripheral tissues. In subsequent experiments, 

Edwin Goldmann injected the dye trypan blue into the cerebrospinal fluid of rabbits and 

dogs. He found that in these cases the brain became dyed but the rest of the body remained 

dye-free (Goldmann, 1913). The observations demonstrated the existence of some sort of 

barrier between the central nervous system and blood system. At that time, it was thought that 

the blood vessels themselves were responsible for the barrier, as there was no obvious 

membrane that could be found. It was not until the introduction of the scanning electron 

microscope to the medical research fields in the 1960s that this could be demonstrated. In the 

1960s, Reese and Karnovsky (Gan et al., 1997) and Brightman and Reese (Hilgers et al., 
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1990) further identified the brain capillary endothelial cells (ECs) as the main component of 

BBB and characterised the inter-endothelial tight junctions (TJs).  

The anatomic structure of the BBB is composed of tightly sealed monolayer of brain 

endothelial cells lining the brain capillaries and its sheathing by pericytes and astrocytic end-

feet through basement membrane, and the junctional complexes connecting the endothelial 

cells. Both astrocytic end-feet and pericyte processes wrap the abluminal capillary surface 

and through indirect or direct interactions provide physical support and stability to the BBB 

(Williams et al., 2001; Abbott et al., 2002; Armulik et al., 2010) (Figure 1-3). In human 

BBB, the brain capillaries have a total length of 400 miles and a total surface area of 20 m2, 

which is 1000-fold larger than the surface area of the choroid plexus epithelium (Pardridge, 

2003). Therefore, the capillary EC is the major barrier preventing substance transport from 

blood to brain.  

 

Figure 1-3 A schematic diagram of blood-brain barrier. 
Modified from (Francis et al., 2003). 

Comparing brain and general capillaries, brain capillaries have a structure that is 

somewhat different from that of the blood capillaries in other tissues, resulting in the 

properties of the BBB. Capillaries of brain are lacking of small pores that allow rapid 

movement of solutes from circulation into other organs. The endothelial cells in the brain 

capillaries are connected with TJs and are surrounded by a thick basement membrane. The 

basement membranes are sheathed in astrocyte end-feet and are supported by pericytes which 

embedded within the membrane. The brain capillaries have little capacity for pinocytosis and 

few fenestrations (Arai et al., 1996). All these structural features differs brain capillaries from 

other general blood capillaries (Figure 1-4).       
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Figure 1-4 Schematic drawing of the brain capillary and general blood capillary. 
Modified from (Shah, 2003).   

The physiologic correlate of tightness in endothelial membrane is transendothelial 

resistance (TEER). In BBB, the TJs fuse membranes of adjacent ECs, and form continuous 

belts around the cells resulting in a very high TEER of 1500-2000 Ω cm2 compared to 3-33 Ω 

cm2 of other tissues which reduces the paracellular diffusion (Arai et al., 1994; Campbell et 

al., 1999). TJs of the BBB create a rate-limiting barrier to paracellular diffusion of solutes. 

TJs in the BBB are composed of an intricate combination of transmembrane and cytoplasmic 

proteins linked to an actin-based cytoskeleton that allows the TJ to form a seal. TJs do not 

only restrict paracellular transport, but also maintain polarity of enzymes and receptors on 

apical and basolateral membrane domains. The most important integral membrane TJs 

proteins include claudins, occludin and junctional adhesion molecules (JAMs) (Tetsuaki et 

al., 1997; Mikio et al., 1999). Claudins form the primary seal of the TJ, and occludin acts as 

an additional support structure. The presence of occludin at the BBB is correlated with 
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increased electrical resistance and decreased paracellular permeability. JAMs regulate the 

transendothelial migration of leukocytes.  

In addition to structural elements of the barrier, numerous enzymes present in the BBB 

are highly metabolically active to exhibit enzymatic barrier function. These enzymes are 

capable of rapidly metabolizing peptide drugs and nutrients. Peptidase enzymes such as γGT, 

MAO and COMT are in elevated concentrations in cerebral comparing with low 

concentrations or absence in non-neuronal tissues (Orte et al., 1999). Moreover, it also 

appears that there are some specific efflux transporters which actively back-transport a wide 

range of substances out of the apical cells. Consequently, the BBB forms an effective 

obstacle to intrusive chemicals as well as therapeutic agents.   

1.2.2. Transport of Molecules across BBB 

The transport of molecules across BBB (Figure 1-5) is a complex and dynamic process. It 

can be divided into different routes: passive diffusion, carrier-mediated transport, receptor-

mediated transport, absorptive-mediated transport and active efflux transport. Passive 

diffusion occurs through the lipid bilayer cell membrane; while carrier-mediated transport 

occurs via a carrier-facilitated process in which compounds are translocated across ECs by a 

protein carrier. Receptor-mediated transport requires binding of a ligand to the EC membrane 

receptors. Absorptive-mediated transport involves electrostatic interaction. Active efflux 

transporters are ATP-dependent systems efficiently expelling foreign substances out of the 

brain.  

 

Figure 1-5 Transport systems at the blood-brain barrier. 
Modified from (Ohtsuki et al., 2007). 
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1.2.2.1. Passive Transcellular Diffusion 

Transcellular diffusion of compounds from apical to basolateral side in the endothelium 

involves the compounds penetrating the apical non-polar lipid bi-layers of the cell membrane, 

followed by diffusion through the cytoplasm of the cell interior, and subsequent permeation 

of the basolateral cell membrane. Unlike active transport, it does not require energy or 

carriers. The driving force for the passive diffusion is the concentration gradient between the 

blood and extravascullar tissues. The transport kinetics is a linear function of initial 

concentration (Ranaldi et al., 1996), and absorption rate constants are unchanged with altered 

concentration (Gan et al., 1997). The rate of passive transcellular transport depends on the 

permeability of the cell membrane, which, in turn, depends on the drug molecules properties. 

In order for a molecule to cross the BBB by diffusion, it must be lipid soluble and 

relatively low in molecular weight. BBB prevents the passage of ionized water-soluble 

compounds with a molecular weight greater than 400-500 daltons (Levin, 1980). Small 

molecules may passively diffuse through the BBB but such diffusion is only limited to 

lipophilic compounds. The lipophilicity of a compound, determined by the ratio of compound 

partitions in the water immiscible organic phase (e.g. octanol) over the aqueous phase, is 

expressed as logarithm partition coefficient (log p). Compounds with log p values of 0.5-5.5 

are considered to be transported via transcellular passive diffusion (De Lange et al., 2002). 

Although an increase in lipophilicity will increase BBB permeability of the compounds, 

high lipophilicity will cause an increase in the first pass metabolism because of increase rate 

of oxidative metabolism by cytochromes P450 and other enzymes (Van De et al., 2001; 

Lewis et al., 2002). Furthermore, high lipophilicity also increases the volume of distribution, 

in particular plasma protein binding, resulting in alteration of the pharmacokinetic parameters 

(Lin et al., 1997; Van De et al., 2001). Thus, to improve bioavailability of the drugs, their log 

p values should be kept within an acceptable range, ideally, near to 2 (Gupta, 1989).  

The binding of drug to plasma protein is another important factor in assessing the BBB 

permeability of the drug. It was reported that only free or dissociated drug in plasma is 

available for transport across the BBB (Robinson et al., 1986; Rowley et al., 1997). High 

plasma protein binding means more drugs being present in the central blood compartment 

and therefore a low volume of distribution. Low protein binding means more drugs are free to 

partition into brain and therefore results in a high volume of distribution. Furthermore, the 

number of hydrogen bonding groups within a molecule can also affects the ability of drug 
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transport across the BBB. The number of hydrogen bonds formed by each functional groups 

is: one for ether or carbonyl groups, one-half for esters, two for hydroxyl groups and three for 

primary amines and amides (Stein, 1967; Diamond et al., 1969). In general, to increase BBB 

permeation, the cumulative number of hydrogen bonds in a drug molecule should not exceed 

8-10 (Tanaka et al., 1999). Other parameters that affect the drug diffusion through brain ECs 

are the ionisation degree of the drug and cerebral blood flow.  

Therefore, lipophilic, uncharged and small molecular size compounds (e.g. ethanol) can 

readily cross the lipid bilayer membrane of ECs. Other compounds such as glucose and 

peptides, however, are impeded by the BBB due to their low lipophilicity and larger 

molecular size. Their transport must depend on other mechanisms such as carrier-mediated 

transport to facilitate their exchange. 

1.2.2.2. Carriermediated Transport Systems 

BBB abolishes the aqueous paracellular movement between cells and greatly restrict the 

polar, larger molecular size and hydrophilic solutes moving across the endothelial cells via 

transcellular pathway. However, the brain tissue must rid itself of toxic waste and be supplied 

with nutrients. In addition to passive diffusion, carrier-mediated transport plays an important 

role in the transport of certain small molecules between blood and brain. Many of the carriers 

in the cerebral endothelium have evolved for the efficient absorption of nutrients. The carrier-

mediated transport systems include influx transport systems and efflux transport systems. 

There are several nutrient transport systems that mediate the influx of nutrients from 

blood to brain. Glucose transporter-1 (GLUT1) is a facilitated transporter of glucose and 

other hexoses. GLUT1 binds glucose in the extracellular fluid, and releases glucose into 

cytoplasm. This is a Na+-independent process and the transport of glucose from blood to 

brain requires no energy. Glucose is driven down its concentration gradient across the cell 

membrane. GLUT1 also transports L-dehydroascorbic acid to supply the brain with L-

ascorbic acid. After having been transported into the brain, L-dehydroascorbic acid is reduced 

to L-ascorbic acid, which would be retained in the brain since L-ascorbic acid cannot be 

transported by GLUT1 (Goldmann, 1913). MCT1 mediates influx transport of 

monocarboxylic acids, such as lactate and pyruvate (Kido et al., 2000). Creatine transporter 

(CRT) is located at brain capillaries and neurons and is responsible for the transport of 

creatine which plays a key role in energy storage in the brain (Williams et al., 2001). Using 

these transporters, the source of energy can be efficiently delivered to the brain.  
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Amino acids can be transported by transporters LAT1, ATA2, CAT1 and EAAT. 

Transporter LAT1 is responsible for the transport of large neutral amino acids, as well as 

certain amino acid drugs including LD, α-methyl-dopa and α-methyl-para-tyrosine. ATA2 

transporter mediates transport of small neutral amino acids. CAT1 protein is responsible for 

the transport of cationic amino acids, such as arginine and lysine (Armulik et al., 2010); 

whereas EAAT is responsible for the transport of anionic amino acids.  

Nucleoside transport system CNT2 mediates transport of nucleosides and their analogues 

(Li et al., 2001). Taurine transport at the BBB is mediated by TAUT (Tetsuaki et al., 1997). 

Choline undergoes carrier-mediated transport across the BBB via transporter CHT. 

These transport proteins form highly stereospecific pore that tolerate only minimum 

molecular substitutions. Therefore, delivery of nutrients via carrier-mediated transport is 

saturable. These influx transporters can be used as candidates for a drug delivery pathway to 

the brain by converting the drug into a structure that resembles that of an endogenous 

nutrient, or conjugating the drug to the nutrient molecule.  

1.2.2.3. Receptormediated Transport Systems 

The receptor-mediated transport systems are responsible for the transport of certain 

endogenous large molecules across the BBB. Insulin in blood can be transported across the 

BBB via receptor-mediated transport by insulin receptors. Brain iron is derived from 

circulating transferrin via receptor-mediated transport across the BBB transferrin receptors. 

Similarly, insulin-like growth factor can also be transported by its own receptors. The 

receptor-mediated endocytosis is saturable and energy-dependent (Pardridge, 2007).  

1.2.2.4. Absorptivemediated Endocytosis 

Absorptive-mediated endocytosis is driven by electrostatic interactions between the 

cationic molecules and the anionic ECs membrane surface. It involves endocytosis in vesicles 

of positively charged substances, similarly to the receptor-mediated transport, but not by a 

specific target. The uptake process is temperature- and energy-dependent. The same 

mechanism occurs in other tissues such as liver (Pardridge et al., 1989; Damgé et al., 2007).   
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1.2.2.5. Active Efflux Transport Systems 

The existence of active ABC (ATP-binding cassette) transporters at the luminal 

membrane of brain capillary ECs prevents the distribution of intrusive chemicals and 

therapeutic agents to the brain by exporting them from ECs to the blood. ABC transporters 

are multidomain integral membrane proteins that uses the energy of ATP hydrolysis to 

translocate solutes across cellular membranes (Pardridge, 2006). Of particular interest are P-

glycoprotein (P-gp/MDR), encoded by multidrug resistance gene (MRD), and multidrug 

resistance protein (MRP).  

P-gp is a well-known ABC transporter and functions as a biological barrier by expelling 

toxins and xenobiotics out of cells, and plays an active role in tumour resistance (Levêque et 

al., 1995). P-gp is a transmembrane protein associated with the multidrug resistance 

phenotype. It was first described in tumour cell lines displaying very broad substrate 

specificity, and has been shown to act as an ATP-dependent pump that extrudes substrate 

drugs out of cells. P-gp is a 170 kDa protein that contains 12 domains divided into two 

homologous halves, with each half containing an ATP binding site (Lawrence et al., 2000). 

There are two types of human P-gp: type I (Pgp/MDR1), a product of multidrug resistance 

gene 1 (MRD1), which confers the drug efflux at the BBB; and type II, a product of 

multidrug resistance gene 2 (MRD2), present in the canalicular membrane of hepatocytes and 

functioning at a phosphatidylcholine translocase (Haller et al., 1998). At BBB, P-gp is 

localised in the apical membrane of brain capillary ECs and pumps P-gp substrate drugs back 

into the blood. It was reported that in mdr1a knockout mice where P-gp is absent in the BBB, 

the brain penetration of P-gp substrate drugs can increase up to 10-100 fold (Sarker, 2005). 

There are six isoforms of  MRP in human (MRP1 to MRP6), express at different levels in 

different tissues. The MRP family primarily transport anionic compounds. The expression 

and location of MRP subtypes at the BBB are still unclear. Each ABC efflux transporter has a 

different and specific substrate. Their functions may lead to an effective functional barrier 

against toxins and xenobiotics. 

1.2.3. Strategies for Enhanced CNS Drug Delivery 

As mentioned previously, the main obstacles of drug delivery to the brain are the 

presence of BBB. Currently, pharmaceutical treatment of CNS diseases is one of the biggest 

challenges for pharmaceutical industry. Many pharmaceuticals are ineffective in treating 
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CNS diseases due to a lack of effective method of delivery. To solve the problems 

encountered in the treatment of brain diseases, a number of efforts have been made and 

various strategies for enhanced drug delivery across BBB have been proposed. These 

strategies include osmotic opening of BBB, biochemical disruption of BBB, direct injection, 

alternative routes of administration, lipidisation or cationisation of drug molecules, or use of 

drug delivery systems (DDS) such as liposomes, noisomes and polymeric nanoparticles 

(NPs). Figure 1-6 illustrates the strategies used in the drug delivery across BBB. 

 

Figure 1-6 Strategies to transport across blood-brain barrier. 
Modified from (Ohtsuki et al., 2007). 

1.2.3.1. Osmotic Opening of BBB 

Transient osmotic opening of BBB was first introduced by Neuwelt 30 years ago (Shah et 

al., 2010). The opening of tight junction was achieved by infusing 2 M hypertonic solution 

mannitol into carotid artery over a period of 30 sec. The hypertonic solution causes net water 

movement out of the endothelial cells resulting in cell shrinkage and, in turn, the opening of 

tight junction. The open of tight junction enables drug delivery into the brain via paracellular 

diffusion. This method allows the delivery of chemotherapeutic agents in patients with 

malignant glioma, cerebral lymphoma and disseminated CNS germ cell tumours (Moinard-

Checot et al., 2006). However, this method allows other toxic compounds enter the brain, 

which is a desirable outcome. 

1.2.3.2. Ultrasoundinduced Disruption of BBB 

Ultrasound technique has been employed to locally create an opening in the BBB via 

local heating and mechanical effects, allowing targeted delivery of drug into the brain. 

(Begley, 2004). A temperature increase in the biological tissue upon ultrasound exposure is 
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due to the thermal conversion of ultrasound energy via tissue absorption (Billon et al., 2005). 

Ultrasound field generates a rapid change of pressure and fluid velocity in the tissue where 

the ultrasound wave travels, thus can produce shear stress (Zhang et al., 2004; Dinarvand et 

al., 2005). Both heating effect and mechanical effect can generate cellular and tissue change 

resulting in the opening of the BBB. The advantages of this technique are the minimum 

invasion due to transient creation of small opening and precise localisation to several regions 

of the brain (Begley, 2004). However, disruption of the BBB allows other toxic compounds 

to enter the brain. In addition, ultrasound-driven microbubble activities can cause damage to 

the endothelial cells leading to impediment of the ability of endothelial cells to deliver 

glucose and other nutrients to the brain.  

1.2.3.3.  Biochemical BBB Disruption 

The permeability of brain tumour capillaries can be increased by intracartoid infusion of  

vasoactive molecules such as bradykinin and leukotrience C4 (Francis et al., 2003). This 

method selectively increases blood-brain tumour barrier (BBTB) permeability to anticancer 

drugs without affecting normal cells. This method is based on the divergence between the 

BBB and BBTB. The disadvantage of this approach is breakdown of the self-defence 

mechanism of the brain. 

1.2.3.4. Direct Injection 

Intraventricular infusion or direct intracerebral implantation can result in immediate high 

cerebrospinal fluid (CSF) drug concentrations, minimised protein binding, decreased 

enzymatic degradation and a longer drug half-life. Using this strategy, the available dose 

reaching the target site is 100% (Ohtsuki et al., 2007). This strategy is only suitable for target 

sites close to the ventricles. The shortcoming of this strategy is slow drug distribution rate 

within the CSF and increase in intracranial pressure resulting in high clinical incidence of 

hemorrhage. This method causes neurotoxicity and CNS infections.   

1.2.3.5. Alternative Route of Administration 

The intranasal administration of drugs allows direct delivery of drugs into olfactory lobe 

CSF if drug molecules are small and lipophilic or have access to specific transport systems 

within the nasal epithelium and arachnoid membrane epithelial barriers (Sakane et al., 1991). 

The direct nose to brain delivery offers rapid absorption to the systemic blood avoiding first-
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pass metabolism, thus, increases drug bioavailability. This technique has been shown to be 

safe and acceptable alternative to parenteral administration. The limitations for this technique 

are mucosal irritation and difficulty for the delivery large amount of drugs. 

1.2.3.6. Utilisation of Nutrient Carriers 

The BBB influx transporters supply hydrophilic nutrients and other essential molecules, 

such as glucose, amino acid and nucleosides, to the brain. Hence, drug may incorporate 

specific molecular characteristics that structurally mimicking the substrates of influx 

transporters for transport through the BBB. This approach takes advantage of BBB nutrient 

carriers or specific receptors, mediating transport via these influx systems. These carriers 

include: GLUT1 (glucose transporter), LAT1 (large and small neutral amino acid 

transporter), MCT1 (monocarboxylases transporter), CAT1 (cationic amino acid transporter) 

and CNT2 (nucleosides transporter) (Hely et al., 2000). These carrier systems are 

characterised by saturability and molecular selectivity.  

Although carrier-based approach is less toxic and shows efficacious drug delivery to 

brain, the limitations are significant. The drugs being transported must have carrier-mediated 

substrate specification, thus limiting their molecular characteristics. All the carriers possess 

enzymatic properties such as saturation, competition, specification and inhibition. Glucose 

carrier forms a highly stereospecific pore that allows minimum molecular substitutions on the 

parent hexose (Pardridge, 1998). The transport of glutathione was found to be inhibited by a 

variety of glutathione analogues and organic anions (Kannan et al., 1992). The inhibition of 

transport is a result of competition through the shared transport mechanism. Thus, the limited 

capacity of carriers, specificity of carriers and inhibition of carriers result in the limited 

amount of drugs that can be delivered via this method. 

1.2.3.7.  Lipidisation of Small Molecules 

Lipophilicity is a key parameter in determining the rate at which drugs passively cross the 

BBB. Rapidly and completely transported drugs are generally lipophilic and distribute readily 

into the cell membranes of the capillary ECs. In a drug molecule, the polar side groups impart 

a degree of dipolarity and form hydrogen bonding. In general, the hydrophilicity of drug 

decreases with the   increase in hydrogen bonds. More polar groups within a molecule lead to 

more hydrogen bonds, thus, lower lipophilicity. The overall polarity of a drug molecule can 

be reduced either by adding a non-polar group or removing a polar group (Habgood et al., 
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2000). Once the modified drug molecule has entered the brain, it should be converted into its 

active form for utilisation by the brain.  

One example is the formation of heroin. Morphine has two hydroxyl groups and does not 

enter CNS readily. Morphine can be acetylated by substituting two hydroxyl groups to form 

heroin. The substitution of two hydroxyl groups results in the removal of two pairs of 

hydrogen bonds. In general, the permeability of a drug through the BBB decreases one log 

order in magnitude for each pair of hydrogen bonds added to the molecule (Louis Ed, 1997). 

Therefore, heroin is highly lipid-soluble and readily enters CNS. Once inside the brain, 

heroin is rapidly metabolised to morphine that interacts with opioid receptors within the 

brain. Research suggested that lipidisation resulted in a 10-fold increase in the potency of the 

derivative over morphine at the δ-opioid receptor and a 35-fold increase in potency at the µ-

opioid receptor (Morens et al., 1996). 

Acetylation of water-soluble compounds is known as one of the prodrug formations. 

Prodrug approach involves the conjugation of active moieties to either molecules with known 

transporters or to lipophilicity enhancers, which are cleaved at or near the site of action, 

allowing drugs to exert their effects (Tanner et al., 1996). Ester is a good candidate moiety 

for prodrug designed for brain delivery, due to the presence of numerous endogenous 

esterases in CNS. Esterification of hydroxyl, amino acid, or carboxylic acid containing drugs 

may significantly increase their lipophilicity, thus, increase brain uptake. Hydrolysis of the 

esterified groups will release the active compound.  

However, highly lipid-soluble drugs may be extensively bound to plasma proteins, 

causing a significant reduction of free drugs in the plasma. As a result, brain uptake is 

reduced. Modification of a peptide drug may diminish the specific receptor binding. In 

addition, considerations need to be given to ensure unhindered conversion of the prodrug to 

derive the active component once the prodrug has crossed the BBB. 

1.2.3.8. Cationisation 

Molecular charge plays a role in the delivery of drugs to the BBB. Cationic compounds 

are more permeable while anionic compounds do not readily penetrate the BBB. This is due 

to the overall anionic nature of the BBB (Tanner et al., 1996). Hence, formulating a cationic 

drug is postulated to increase uptake of the drug into the brain by increased membrane 

permeability. Potential toxicity of this strategy limits its therapeutic clinical use. 
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Cationisation has been shown to form immune complex with membranous neuropathy 

(Cicchetti et al., 2009). This strategy also exhibits non-specific tissue uptake. Furthermore, 

cationisation may cause potential toxicity in the kidney and liver due to increased plasma 

protein binding as well as rapid and significant changes to drug clearance. 

1.2.3.9. Local Delivery 

Recently, local delivery of chemotherapy drugs to brain has provided a way to overcome 

the BBB. There are two major categories for this type of delivery: polymeric controlled 

release implantable system and convection enhanced delivery (CED). Controlled release 

system utilizes polymers as drug carriers. Polymeric microparticles are implanted locally in 

the brain to introduce a sustained source of drug for a period of days or months. Convection 

enhanced delivery is the continuous infusion of drug into the brain tissue (Pardridge, 2006). 

These techniques have the ability to bypass the BBB. The challenge for the controlled release 

implantation systems is that the local penetration of the drug is frequently limited by 

diffusion (Fung et al., 1998). When low diffusion coefficients are coupled with a high rate of 

elimination, drug distance from the delivery locus can be limited to millimetres (Haller et al., 

1998). In order for the approach to prove beneficial, the drug needs to be placed into the 

target site to avoid loss of drug through diffusion. In addition, the CSF turnover rate far 

supersedes the diffusion rate of drug throughout the brain. CED involves serious 

consequences in that the brain lacks an efficient mechanism to remove this access fluid 

(Pardridge, 2006).  

1.2.3.10. Nanoemulsions 

Nanoemulsions are transparent systems that are thermodynamically stable, easy to 

prepare and have low viscosity (Lawrence et al., 2000). They are heterogeneous liquid 

dispersions of oil and water, with mean droplet diameters ranging from 50 to 1000 nm. The 

particles can exist as oil-in-water (o/w) and water-in-oil (w/o) forms, where the core of the 

particle is either oil or water, respectively. These emulsions are easily produced in large 

quantities by mixing two immiscible liquids normally water and oil under high shear stress, 

or mechanical extraction process (Shah et al., 2010). Nanoemulsions are flexible delivery 

systems based on selection of different oils, the ratio of oil and aqueous phase and the choice 

of surfactants (Sarker, 2005). The compatibility and ability to protect drugs from hydrolysis 

and enzymatic degradation make them ideal vehicles for drug delivery. The main advantages 
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with this approach is its solubilisation properties and enhanced oral absorption of drug due to 

the induction of structural and permeability changes of the mucous membrane. The surfactant 

components help reduce interfacial tension and allow better penetration of drug across the 

cell membrane. However, nanoemulsions have limitations such as instability in the 

gastrointestinal tract (GIT) and the tendency of undergoing phase inversion and phase 

separation (Lawrence et al., 2000). The relatively high surfactant concentration requirement 

limits their widespread use (Forgiarini et al., 2001). 

1.2.3.11. Liposomes 

Liposomes are artificial small vesicles composed of one or more phospholipid membrane 

bilayers surrounding an aqueous inner phase. The reported size range is 15nm to 10µm 

(Schroeder et al., 1998; Olbrich et al., 2004). Liposomes are composed of biocompatible and 

biodegradable phosphate lipids similar to biological membrane (Figure 1-7).  

 

Figure 1-7 Liposome structure. A single phospholipid molecule is depicted on the bottom-
left. 

The amphiphilic nature of liposomes makes them suitable for delivery of many drugs. 

The lipid bilayer can entrap lipid-soluble compounds whereas the aqueous core can dissolve 

water-soluble drugs. Due to the negatively charged properties of the ECs membrane, cationic 

liposomes promote interaction with cell resulting in enhanced cell uptake. Cationic liposomes 

have been used to encapsulate genetic materials to protect them from the extracellular 

environment and provide a mechanism for genetic materials to be transferred to target cells 

(Bazile et al., 1995). Coupling the liposomes with an antibody or a target ligand that will be 

recognised by cell surface receptors can induce specific uptake of the drug-loaded particles 

into the ECs, after which the drug can be released into the brain. Liposomes can also be used 

as pH-sensitive carriers for delivery of drugs to target tissues (e.g. a low pH in inflammatory 

tissues and tumours) (Sherman, 1968). Pegylated immunoliposomes have been used for 

targeted transfection of β-galactosidase and luciferase into the brain (Lamprecht et al., 1999). 
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Liposomes coated with polyethylene glycol (PEG) have been proven to prolong the blood 

circulating time and reduce clearance by RER. Liposomes have been considered for brain 

targeting in several pathologies through intracerebral and intravenous administration.  

Because of the nature of the ingredients used for their preparation, liposomes are 

considered as biocompatible and biodegradable. The advantages of liposomes are relatively 

non-toxic, specific targeting release, enhanced plasma half-life, and decreased clearance. 

However, the ability to reproduce this formulation on an industrial scale with even uniformity 

is challenging and the commercial success of liposome technology is still limited (Bodmeier 

et al., 1988).  

1.2.3.12. Niosomes 

Niosomes are non-ionic surfactant bilayered vesicles similar to liposomes which form 

spontaneously. Advantages of this approach include low cost, great stability, low toxicity due 

to their non-ionic nature, ease of storage, flexibility in their structural constitution, 

biocompatibility and biodegradability, enhanced drug uptake and controlled release at 

specific targeting site (Carafa et al., 2002). Vasoactive intestinal peptide (VIP) is an example 

of a drug which can be incorporated into glucose-bearing niosomes. Study suggested that 

encapsulation within glucose-bearing niosomes allowed a significantly enhanced VIP brain 

uptake (Huang et al., 1999).  

1.2.3.13. Polymeric Nanoparticles 

In the last few decades, nano-sized carriers have attracted great interest in targeting drug 

molecules to brain. Nano-drug delivery systems have the potential to (a) reduce toxic side-

effects; (b) improve drug stability; (c) maintain therapeutic concentration of drug; (d) 

decrease the quantity of drug needed; (e) facilitate the movement of drug across barriers (e.g. 

BBB) and (f) modulate drug release (Gelperina et al., 2005; Kohane, 2007; Alam et al., 

2010). Drug carriers within the size range of nano meters also have the advantage of 

penetrating intestinal mucus layer. Norris et al have shown the relationship between particle 

size and diffusion coefficient as follow: (Norris et al., 1997): 

rh6

kT
  P or 

r6

kT
 D





  

Equation 1-1 
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where D is the diffusion coefficient, k is the Boltzmann constant, T is absolute temperature, η 

is the viscosity of the medium, r is the radius of the diffusing particle, P is the permeability 

and h is the thickness of the mucus layer. Hence, the smaller the particle diameter is, the 

greater the penetration coefficient.  

Nano-systems employed in the CNS drug delivery include polymeric NPs (Brigger et al., 

2002; Hans et al., 2002; Das et al., 2005), nanosuspensions (Shubar et al., 2009), 

nanoemulsions (Desai et al., 2008; Vyas et al., 2008), nanogels (Kabanov et al., 2004; Soni et 

al., 2006), polymeric nanomicelles (Liu et al., 2008), nanoliposomes (Kizelsztein et al., 

2009), albumin-based NPs (Hawkins et al., 2008), and solid lipid nanoparticles (SLN) (Blasi 

et al., 2007; Kaur et al., 2008).  

Polymeric NPs are solid colloidal particles, ranging in size from 1 to 1000 nm, made of 

polymers. Therapeutic agents can be adsorbed to the surface of particles, or entrapped in the 

particles or covalently attached (Lockman et al., 2002). The NPs can be categorised into 

capsules or spheres (Figure 1-8). Capsules are reservoir systems with a drug containing 

hollow core that is surrounded by a layer of polymer that acts as a diffusional barrier. 

Spheres, on the other hand, are polymeric matrix systems with drug being dispersed in them. 

The following figure is schematic presentation of different types of spheres and capsules (Lee 

et al., 2002; Costantino et al., 2009).  

 

Figure 1-8 Schematic drawing of nanocapsules and nanospheres. 
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Polymeric NPs are suitable for delivering small molecular weight drugs and 

macromolecules by either localised or targeted delivery to the tissue of interest (Moghimi et 

al., 2001). In addition, NPs allow the incorporation of either lipophilic or hydrophilic drug 

candidates into the cavity, thus allowing delivery of a greater range of drug compounds. 

Polymeric particles isolate the encapsulated drugs from the external medium in the 

gastrointestinal tract thereby protecting the drugs from chemical or enzymatic degradation 

thus improving bioavailability of the drug. Various coatings such as chitosan and polysorbate 

80 (P80) can be incorporated onto the surface of these particles to increase targeted delivery 

to the CNS (Ilium, 1998; Aktaş et al., 2005). The loaded drugs can be released in a controlled 

manner by desorption, diffusion through the NP matrix or polymer wall or NP erosion 

(Lockman et al., 2002; Costantino et al., 2009). Thereby, slow release of drug from the 

particles facilitates sustained levels of drug therapeutic concentrations.    

The earliest drugs transported across the BBB using NPs were Dalagin and Loperamide 

(Olivier et al., 1999). The studies showed that these molecules themselves did not produce 

any therapeutic effect after intravenous injections since they could not cross the BBB. But, 

after adsorption onto the surface of PBCA NPs further coated with P80, a dose- and time-

dependent analgesic effect was obtained.  

The mechanism of drug delivery across the BBB using polymeric NPs as carriers has not 

been sufficiently clarified yet. A number of possibilities have been suggested as follow 

(Moghimi et al., 1994; Lockman et al., 2002; Kreuter et al., 2008): passive diffusion, 

receptor-mediated endocytosis/ transcytosis, opening of TJs, inhibition of efflux system and 

BBB membrane fluidisation. All these mechanisms could work alone or in combination. The 

NPs may alter the TJs leading to an opening of the TJs. The drug could permeate through the 

TJs in free form or together with the NPs. The binding of cation NPs to the inner brain 

capillary endothelial cells could provide a drug concentration gradient, thus improving 

passive diffusion. A general surfactant effect characterised by a solubilisation of the ECs 

membrane lipids would lead to membrane fluidisation and enhanced drug permeability. 

Surface coating of NPs with surfactant P80 could inhibit the efflux system, especially P-gp. 

Researches revealed that NPs coated with polysorbate 20, 40, 60 or 80 can adsorb 

apolipoprotein E (ApoE) followed by recognition by low density lipoprotein (LDL) receptors 

located at BBB. Therefore, NPs coated with P80 could be transported by LDL receptor-

mediated endocytosis. NPs conjugated with specific ligands such as transferrin, insulin or 



Chapter 1 – General Introduction 

26 
 

insulin-like growth factor could be recognised by the specific receptors located on the apical 

side of BBB and transported into brain via receptor-mediated endocytosis.  

1.3. Polymers 

Polymeric particles could be fabricated from biodegradable or non-biodegradable 

polymers. Examples of non-biodegradable polymers are polyamide, polymethyl methacrylate 

and polystyrene. Biodegradable polymers are preferred as drug release from non-

biodegradable matrix is very low. Biodegradable polymers do not accumulate in the body as 

the polymers are degraded to non-toxic metabolites that can be excreted from the body 

(Moghimi et al., 1991). 

1.3.1. Biodegradable Polymers 

Biodegradable polymers are widely used in the controlled delivery systems because they 

can be degraded and expelled by human body and cause no harm to human. Biodegradable 

polymers can be categorised into synthetic and natural polymers. Chitosan, gelatin, collagen, 

bovine serum albumin (BSA) and human serum albumin (HSA) are natural polymers that 

have been studied for pharmaceutical application. The synthetic polymers that have been 

used to formulate NPs are poly(D,L-lactide) (PLA), poly(ε-caprolactone), poly(amino acid), 

polyanhydride, poly(D,L-lactide-co-glycolide) (PLGA) and poly (alkyl cyanoacrylate). 

Synthetic polymers are preferred as they provide a more sustained drug release over a period 

of days to weeks compared to natural polymers. This is because synthetic polymers have a 

slow rate of degradation (Moghimi et al., 1991). Other advantages of synthetic polymers are 

high product purity, less batch to batch variation and lack of immunogenicity (Pillai et al., 

2001).  

1.3.2. Poly(lactidecoglycolide) (PLGA) 

Among the biodegradable polymers, the most widely used polymers for NPs preparation 

is PLGA. Advantages of this polymer include biocompatibility, predictability of 

biodegradation kinetics, and ease of fabrication. PLGA has been approved for human use by 

the FDA (Mittal et al., 2007). Both hydrophilic and hydrophobic drug molecules can be 

successfully encapsulated in the PLGA matrix. PLGA has been used for delivery of drugs by 

both oral (Konstantinos, 2004) and parenteral routes (Fonseca et al., 2002).   
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PLGA is the synthetic polymer that has been extensively studied for NPs preparation. 

PLGA is composed of lactic acid (PLA) and glycolic acid (PGA) monomers. The polymer 

PLA itself is found in two stereoisoforms – L-PLA and D,L-PLA (Jalil et al., 1990). The 

optically active form L-PLA exists in semi crystalline structures in nature due to compacting 

arrangements of its polymer chain, while the optically inactive form, D,L-PLA, is an 

amorphous polymer due to irregular arrangement of its polymer chain structure. On the other 

hand, PGA polymer is a highly crystalline structure. For this reason, the incorporation of 

D,L-PLGA is preferred as a better perfusion of the drug in the matrix structure of the polymer 

is possible (Cohen et al., 1994). PLA is more lipophilic than PGA; thus, lactide-rich PLGA 

copolymers are less hydrophilic, absorb less water, and result in slower degradation rate (Jalil 

et al., 1990; Cohen et al., 1994). Both PLA and PGA have glass transition temperatures that 

are greater than 37ºC, which means that they are glassy and have high mechanical strength at 

room temperature. This is important as the polymers need to be mechanically strong enough 

to withstand the harsh processing conditions (Tomlinson et al., 2010). The mechanical 

strength, swelling behaviour, capacity to undergo hydrolysis, and subsequently the 

biodegradation rate are directly influenced by the crystallinity of the polymer (Bara-Jimenez 

et al., 2003). The type of monomer and ratio of two monomers determine the total 

crystallinity (Jalil et al., 1990).  The PLGA degradation rate is much faster when PLGA 

copolymers containing 50% lactic acid and 50% glycolic acid (Figure 1-9).    

 

Figure 1-9 Chemical structure of PGA and PLA. 

Degradation of PLGA occurs via a spontaneous hydrolysis of the ester linkages to yield 

individual non-toxic monomers of D,L-lactic and glycolic acid (Li, 1999). The lactate will be   

converted into pyruvate and glycolate before entering the citric acid cycle where they are 

degraded and finally removed from the body as CO2 and H2O (Anderson et al., 1997). The 

rate of this process is controlled by factors including the polymer crystallinity, copolymer 

ratio, temperature, and pH (Couvreur et al., 1997). Because the rate of degradation is slow, 

the delivery carrier is expected to create and maintain a drug concentration gradient for 1-2 
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weeks and protect the drug from enzymatic and chemical degradation prior to release. Since 

the polymer degradation rate is slow, degraded products do not affect the normal functioning 

of the cell. Drug release rates can be modified by varying the polymer crystallinity, 

copolymer ratio, polymer molecular weight, and the porosity of the polymer matrix. Drugs 

entrapped in PLGA matrix not only protects drugs from enzymatic and chemical degradation 

but also allows modulating drug release from NPs. Therefore, slow release of drugs from 

particles facilitates sustained levels of drug concentration. 

1.4. Fabrication Techniques of Polymeric Nanoparticles 

Polymeric NPs may be fabricated using a number of techniques. Salting out, emulsion 

diffusion, solvent evaporation, nanoprecipitation/solvent diffusion, and supercritical fluid 

methods are among the many examples of these procedures.     

1.4.1. Salting Out 

The drug and polymer are first dissolved in a water-soluble organic solvent (e.g. acetone). 

This mixture is then emulsified under vigorous mechanical stirring in an aqueous phase 

containing colloidal stabilizer and a high concentration of salting out agent (e.g. 60% (w/w) 

magnesium chloride hexahydrate). A sufficient volume of water is subsequently added to 

induce the diffusion of the organic solvent into the aqueous phase, thus inducing the 

formation of NPs. The remaining solvent and salting out are then removed by cross-flow 

filtration (Astete et al., 2006; Pinto Reis et al., 2006).  

1.4.2. Emulsification Diffusion 

The polymer and drug are dissolved in a partial water-miscible solvent. The resulting 

solution is then emulsified with the aqueous solution containing stabilizer, under vigorous 

agitation producing o/w emulsion. Subsequent addition of water causes diffusion of the 

solvent into the external phase leading to formation of NPs (Moinard-Checot et al., 2006).  

1.4.3. Solvent Evaporation 

In this method, polymer is dissolved in a water-immiscible organic solvent (e.g. ethyl 

acetate). The drug is dissolved or dispersed into the polymer solution. This is followed by 

transferring the organic phase into the aqueous phase containing a surfactant/stabiliser. This 

produces an o/w emulsion. The mixture is subjected to high shear stress, which results in 
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emulsion droplet size reduction. After the formation of a stable emulsion, the organic solvent 

is eliminated by increasing the temperature under reduced pressure (Astete et al., 2006; Pinto 

Reis et al., 2006).   

1.4.4. Nanoprecipitation/Solvent Diffusion  

This is a modified solvent evaporation method. A water-soluble solvent and a water-

insoluble organic solvent are used as an oil phase (used for hydrophobic drug). Polymer and 

drug are dissolved in this oil phase. The mixture is then transferred to an aqueous phase 

containing a surfactant/stabiliser. Due to the spontaneous diffusion of water-soluble solvent, 

an interfacial turbulence is created between two phase leading to the formation of NPs. 

Finally, the solvent is evaporated by increasing the temperature under reduced pressure 

(Astete et al., 2006; Moinard-Checot et al., 2006). 

1.4.5. Supercritical Fluid 

This method reduces the toxicity that occurs as a result of the surfactant and solvent used 

during preparation. The solute of interest is solubilised in a supercritical fluid and the solution 

is then pushed through a nozzle. Thus, the solvent power of supercritical fluid significantly 

decreases and the solute eventually precipitates. This method may only available for low 

molecular mass polymers (Pathak et al., 2005). 
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1.5. Aims of the Thesis  

The research presented in this thesis aimed to investigate the potential of PLGA polymers 

as nanoparticulate carriers for brain delivery of LD. The following are the thesis organization: 

(1) to develop and validate a stability-indicating HPLC analysis method for LD. In 

addition, stress degradation and decarboxylation of LD were monitored and its degradation 

rates and decarboxylation rates were calculated.   

(2) to prepare LD loaded PLGA NPs by modified water-in-oil-in-water emulsion solvent 

evaporation method. Formulation was optimised by changing formulation parameters using 

central composite design. The chemical and physical properties of PLGA NPs such as 

particles size, entrapment efficiency, zeta potential, porosity, surface charge and drug-

polymer compatibility were measured.   

(3) to investigate the uptake of LD loaded PLGA by Caco-2 cells. 

(4) to establish an in vitro BBB model for the evaluation of NPs cellular uptake and LD 

transport  across BBB.    
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Chapter 2. ANALYTICAL METHOD DEVELOPMENT FOR LDOPA 

2.1. Introduction 

Quantitative determination of LD in biological samples and pharmaceutical formulations 

has been accomplished using a variety of different analytical techniques such as 

spectrophotometry (Nagaraja et al., 1998; Coello et al., 2000; Nagaraja et al., 2001; El-Dien 

et al., 2005; Guo et al., 2009), spectrofluorimetry (Takahashi et al., 1964; Johnson et al., 

1973; Yang et al., 1993; Liu et al., 2003), flow injection analysis (FIA) (Marcolino-Júnior et 

al., 2001; Pistonesi et al., 2004), chemiluminescence (CL) (Deftereos et al., 1993), capillary 

electrophoresis (CE) (Fanali et al., 2000; Chen et al., 2005), voltammetry (Badawy et al., 

1996; Bergamini et al., 2005), gas chromatography (GC) (Doshi et al., 1981) and high 

performance liquid chromatography (HPLC) (Schieffer, 1979; Kafil et al., 1994; Wu, 2000; 

Siddhuraju et al., 2001; Cannazza et al., 2005). A summary of the techniques that have been 

used for the analysis of LD in various sample matrices is reported in Section 2.1.1. 

A great deal of literatures reported successfully quantitative analysis of LD from a variety 

of sample matrices using RP-HPLC. Hence, RP-HPLC has been selected as the analytical 

method of LD in this study. An HPLC condition was selected from those reported in the 

literatures as a preliminary analytical method for further HPLC method development. 

Therefore, in this Chapter, a rapid, simple, sensitive and reliable HPLC method was 

develop and validated for separation and quantification of LD and its degradation products.  

2.1.1. Analytical Techniques for LDOPA Determination 

2.1.1.1. Spectrophotometry 

Spectrophotometry is a method that measures the amount of light a sample absorbs. The 

use of spectrophotometric method for determination of LD is based on oxidation of LD with 

different oxidising agents to o-benzoquinone or oxidation followed by coupling with 

compounds having electron-donating groups. Nagaraja et al reported that the oxidation of LD 

by N-bromosuccinimide followed by oxidative coupling with isoniazid will lead to formation 

of red-coloured products (Nagaraja et al., 1998). LD can also react with sodium nitroprusside 
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in the presence of hydroxylamine hydrochloride to form a green to blue complex (Nagaraja et 

al., 1998). El-Dien et al proposed a sensitive technique based on the coupling of LD with 4-

aminoantipyrine to give a new ligand that reacts with copper tetramine complex to form 

coloured chelates. The resultant products are quantified spectrophotometrically at 520 nm 

(El-Dien et al., 2005). These methods can measure LD concentration in either pharmaceutical 

formulation or biological samples (urine and blood). However, instability of coloured species, 

samples require heating or extraction and time consuming are examples of drawbacks of 

these methods.  

2.1.1.2. Spectrofluometry     

Spectrofluorimetric technique is based on the presence of a fluorophore in the compound 

of interest or an oxidizing agent is used to facilitate the formation of a fluorescent product. 

Spectrofluorimetry has been used to determine LD and its metabolites in various samples. LD 

can complex with a fluorescence probe (Tb3+) at pH 8.0 – 8.5, with emission of the 

characteristic fluorescence of Tb3+ (Yang et al., 1993). Liu et al described a derivation 

reaction of LD for fluorometric determination of LD in pharmaceutical preparation. The 

reaction for the fluorescent derivazitation of LD is based on the base-catalysed 

tautomerisation to form highly fluorescent trihydroxyindol derivatives (Liu et al., 2003). LD 

can also be oxidized by iodine (Johnson et al., 1973) or ferricyanide (Takahashi et al., 1964) 

to form fluorophore. Under optimum conditions, the fluorescence intensity was linear 

between 0.06 - 4.0 and 4.0 - 12.0 µg/ml and the detection limit was 1 ng /ml (s/n = 3) (Jie et 

al., 1998). Nevertheless, the technique suffers from limitations for routine application due to 

various factors influencing the LD reaction which renders the standardization of the 

analytical procedure rather cumbersome. 

2.1.1.3. Flow Injection Analysis (FIA) 

Flow injection system coupled with, photometric (Marcolino-Júnior et al., 2001; Pistonesi 

et al., 2004), chemiluminometric (Deftereos et al., 1993), amperometric (Manuela Garrido et 

al., 1997), or fluorometric (Pérez-Ruiz et al., 2007) techniques have been applied for the LD 

determination in pharmaceutical products. By using FIA, the samples and reaction reagents 

are simultaneously injected into the carrier streams which will merge inside a reactor. The 

reaction mixture was measured by the above mentioned detection systems. FIA significantly 

increase the sampling rate. However, most of these proposals required the use of reagents in 
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order to generate products that can be measured by the detection systems. The reagents 

concentrations used are critical and the coloured or fluorescent products are not stable.  

2.1.1.4. Chemiluminescence Technique (CL) 

Chemiluminescence (CL) is a chemical reaction yields an electronically excited 

intermediate or product, which either luminesces or donates its energy to another molecule, 

which then luminesces, the production of electromagnetic radiation (UV, visible or infrared)  

(García-Campaña et al., 2000). Deftereos et al described a simple CL method combined with 

a flow injection technique for the analysis of LD, based on the CL produced by oxidation of 

LD with acidic potassium permanganate (Deftereos et al., 1993). Flow injection technique 

was applied with the aim of shortening the analytical time. The CL intensity was enhanced by 

the presence of formaldehyde. CL method has many advantages for pharmaceutical 

determinations such as high sensitivity, high selectivity, small amount of chemical 

consumption, cost effectiveness and simple sample preparation (Robards et al., 1992; 

Hindson et al., 2001). However, this method involves manipulation steps before the final 

result of analysis is obtained. 

2.1.1.5.  Capillary Electrophoresis (CE) 

Analytes are separated based on different migration velocities of charged species in an 

electric field through an electrolyte-filled capillary in CE. The very narrow band widths make 

it much easier to obtain separation and therefore specificity. Chen et al described the 

application of CE for LD determination in broad bean and lentil. CE was carried out using a 

fused-silica capillary, 35 mM phosphate buffer (pH 4.55) as background electrolyte, a 

separation voltage of 17.5 kv, and spectrophotometric detection at 210 nm. The response 

peak areas were linear over the range of 5-300 µg/ml (Chen et al., 2005). Fanali et al also 

reported the separation of LD and carbidopa in pharmaceutical formulations by using CE 

(Fanali et al., 2000). Compared with the spectrophotometric methods, where a complexation 

step is needed, this method offers higher separation efficiency, shorter analysis times, cheaper 

running costs and robustness. In addition, it allows the simultaneous analysis of LD and 

carbidopa.      
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2.1.1.6. Voltammetric Analysis 

Voltammetric analysis methods are powerful techniques to estimate the potency of 

pharmaceutical compounds that have electroactive functionality in their structure. The two  

hydroxyl groups of LD are easily electrochemically oxidised at a glassy carbon electrode, 

thus oxidation of hydroxyl groups forms the basis for the voltametric determination of LD 

(Bergamini et al., 2005). Several researchers have reported the use of voltammetric methods 

for LD determination (Badawy et al., 1996; Manuela Garrido et al., 1997; Teixeira et al., 

2004). However, most of these methods require the use of reagents to clean up the electrode 

surface and complicated steps involving modified electrode construction. Bergamini et al 

(2005) used a gold screen-printing electrode as an amperometric sensor to determine LD. A 

microflow cell system was developed to amplify the amperometric signal resulting in 

manifolds simplification of features and rapidity of analysis (Bergamini et al., 2005). The 

method has been successfully used to determine the amount of LD in pharmaceutical 

preparations. 

2.1.1.7. Gas Chromatography (GC) 

Gas chromatography (GC) has been used to study the effect of LD in rat brains (Doshi et 

al., 1981). Gas chromatography-mass spectroscopy also has been successfully developed for 

structural identification and quantification of LD in human brain tissue using trimethylsilyl 

(TMS) derivatization technique (Michotte et al., 1985). However, this method can hardly be 

considered as a simple, quick or inexpensive method. It is only justified in conditions 

necessitate a complete identification of all metabolites of LD in biological tissues such as 

brain.      

2.1.1.8. High Performance Liquid Chromatography (HPLC) 

Chromatography is defined in the early 1900s by a Russian botanist, Mikhail S. Tsweet as 

“a method in which the components of a mixture are separated on an adsorbent column in a 

flowing system.” (Berezkin, 2001). The adsorbent material, or stationary phase, can be paper, 

thin layers of solids attached to glass plates, immobilized liquids, gels, and solid particles 

packed in column. The flowing component of the system, or mobile phase, can be liquid, gas 

or supercritical fluid. According to the nature of the mobile phase, chromatographic 

techniques can be classified into three classes: liquid chromatography (LC), gas 

chromatography (GC) and supercritical fluid chromatography (SFC) (Raymond, 1994).  
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HPLC is a liquid chromatography technique for the separation and determination of 

organic and inorganic solutes in samples, such as biological and pharmaceuticals samples, 

food, environmental matrices, and industrial chemicals. It has the ability to separate, identify, 

and quantitate the compounds that are dissolved in a liquid. HPLC is particularly suitable for 

the separation of compounds that are of high polarity and/or molecular weight, exhibit 

thermal instability and for compounds that have a tendency to ionize in solution (Hamilton et 

al., 1982). It can render itself to be a stability indicating assay. 

Most HPLC separations of pharmaceutical compounds are carried out on surface reacted 

or chemically bonded organic stationary phase or bonded-phase chromatographic column 

(Snyder et al., 1979). Polar adsorbent is used for normal phase HPLC (NP-HPLC) separating 

compounds of moderate to strong polarity, whereas non-polar adsorbent is used for reversed 

phase HPLC (RP-HPLC) separation of less polar compounds on the basis of their 

hydrophobicity (Lough et al., 1995). RP-HPLC coupled with different types of detection 

systems, is the most popular mode of chromatography for analysis of LD and related 

substances due to its higher stability, lower equilibration times, wider range of molecules 

being analysed, and higher retention time than NP-HPLC (Wainer, 1985). RP-HPLC involves 

the use of a non-polar stationary and a polar mobile phase. When a non-polar drug is 

analysed by RP-HPLC, a decrease in the polarity of the mobile phase will result in a decrease 

in solute retention. Successful separations are achieved by partition, adsorption or ion-

exchange process depending on the type of stationary phase and polarity of the mobile phase 

used (Wainer, 1985). The use of HPLC technique to separate and quantitate LD in different 

sample matrices is summarized in Table 2-1.  
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Table 2-1 Summary of HPLC conditions for LD determinations from literature 

 

 

 

 

 

 

 

 

 

 

 

 

 

Column 
Sample 

matrix 
Mobile Phase Detection Flow Rate Reference 

Lichrosphere RP-C18  Rat striatum 
dialysates 

0.05M citric acid - 50µM sodium EDTA - 
0.4nM sodium octylsulphonate – methanol, 
adjusted to pH 2.9 with potassium hydroxide 
 

Electrochemical 
detector: +0.30V 

1.0 ml/min (Cannazza 

et al., 2005) 

ESA catecholamine 

HR-80 column-C18,  

Plasma Phosphate buffer-methanol-patented ion 
pairing agent-acetonitrile, adjusted to pH 3.2 
with sodium hydroxide 

Electrochemical 
detector 1: +0.05V 
detector  2: -0.40V 
 

0.7 ml/min (Karimi et 

al., 2006) 

Bondapak column-C18 Raw material 0.01 M sodium phosphate monobasic solution, 
adjusted to pH 3.3 

Electrochemical  
detector: +0.8V 

1.0 ml/min (Schieffer, 

1985) 

Ultrasphere ODS  Raw material,   
dosage forms 

0.15M sodium dihydrogen phosphate - 0.1 mM 
EDTA- 
0.65 M octyl sodium sulfate-10% methanol 
 

UV-280nm 1.0 ml/min  (Zorc et 
al., 1993) 

Chirobiotic TTM RP 

chiral column  

Plasma Ethanol-water-methanol-ammonium acetate 
(pH 4.2) 

Electrochemical 
detector 1: -0.10V 
detector 2:  +0.25V 
 

1.0 ml/min (Wu, 2000) 

Nucleosil 120 RP- C18  Mucuna seeds Water-methanol-phosphoric acid UV-282nm 1.2 ml/min (Siddhuraju 
et al., 2001) 

Nucleosil RP-C18  Raw material,   

dosage forms 

0.05M  potassium dihydrogen phosphate –

phosphoric acid (pH 2.5) 

UV-278nm 0.8 ml/min (Pistonesi et 

al., 2004) 
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2.1.2. LDOPA Degradation Pathway 

Degradation of drugs may change their pharmacological effects, resulting in altered 

therapeutic efficacies as well as toxicological consequences (Yoshioka et al., 2004). Hence, 

determining factors that have significant impact on the stability, degradation pathway and the 

degradation reaction rate of the drug is crucial. Chemical degradation pathways of drug 

substances include hydrolysis, dehydration, isomerisation and racemisation, decarboxylation 

and elimination, oxidation, photodegradation and drug-drug interaction (Yoshioka et al., 

2004). Various factors including temperature, pH, oxygen, light and moisture can 

significantly affect extent of the drug degradation.  

LD is a natural amino acid found in certain kinds of food and herbs (e.g. Mucuna 

pruriens), and is synthesized from L-tyrosine in the mammalian body and brain. LD is 

converted into DA by the AADC in the brain. However, only 1% of the administered LD 

dose is transported unchanged to the central nervous system (CNS) after oral administration 

(Zorc et al., 1993). This low availability of LD in the brain is mostly due to its sensitivity to 

chemical and enzymatic degradation as well as peripheral decarboxylation (Zorc et al., 1993).  

AADC activity found in various species is greater in peripheral organs than in brain. Most 

orally administered LD will undergo extensive peripheral decarboxylation at the gut wall 

(first-pass metabolism) thus results in poor bioavailability of LD (Blaschko et al., 1960). 

About 90% of LD given orally is metabolised in the first passage before it can reach the brain. 

LD can be readily oxidized at alkaline pH, high temperature and under moist conditions, to 

form dark coloured compounds (Siddhuraju et al., 2001). LD can also undergo auto-oxidation 

and enzymatic oxidation (catalysed by tyrosinase) to generate toxic metabolites, such as 

quinones and free radicals (Parsons, 1985), which will further intensify the pre-existing 

oxidative stress condition at the nigro-striatal site leading to the brain neuronal death (Basma 

et al., 1995).  
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Figure 2-1 Proposed reaction schemes for degradation of LD via decarboxylation and oxidation. 

Figure 2-1 illustrates the degradation pathways via oxidation and decarboxylation for LD. 

Decarboxylation of LD forms DA whereas oxidation will lead to the formation of melanin as 

the end product. As shown in Figure 2-1, the chemical structure of LD is similar to that of 

hydroquinone which has two hydroxyl groups bonded to a benzene ring. Hydroquinone can 

be oxidized to quinone in the presence of water (Hovorka et al., 2001). Oxidation of LD 

produces a reactive intermediate, dopaquinone, which reacts further and eventually forms 

melanin oligomers. The oxidation reaction equation of LD can be deduced from its chemical 

structure: 

L-DOPA + 2H2O  Dopaquinone + 4H+ + 4e- 

When LD is being oxidized the hydrogen atoms in its structure will be eliminated. Hence, 

under acidic condition the oxidation will be hindered where hydrogen ion is in abundance. 

Due to the participation of hydrogen ions in this reaction, the formation of dopaquinone is pH 

dependent.  

LD is readily soluble in diluted hydrochloride acid and formic acid and slightly soluble in 

water with the solubility of 66 mg/40 ml. LD is practically insoluble in ethanol, benzene, 

chloroform and ethyl acetate. It is considered as a very hydrophilic compound with a log 

Poctanol/water value of -0.08 (Merck, 2001). LD has three ionisable groups with acid dissociation 

constants of pKa1 = 2.3, pKa2 = 8.11 and pKa3 = 9.92 as illustrated in Figure 2-2 (Skoog et 

al., 1995). When the medium pH is between 2.3 and 8.11, LD possesses both negative and 

positive charge, which contributes to a low solubility within this pH range. 
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Figure 2-2 Ionisation of LD at different pH. 

Oral administration of LD will inevitably expose the drug to the gastrointestinal lumen 

that is known to have different pH and enzyme content depending on the location of the drug 

in the gastrointestinal tract. In a formulation study to improve oral bioavailability of LD, it is 

of great importance to develop a simple and sensitive HPLC method that can separate the 

drug from its degradation products formed under various physicochemical and enzymatic 

conditions. 

2.1.3. Aims of Studies 

The aims of current studies in this Chapter were to develop and validate a stability 

indicating method for LD determination using HPLC and to examine the degradation 

behaviour of LD under different conditions using this validated HPLC method. 
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2.2. Materials  

L-DOPA (L-3,4-Dihydroxyphenyl-L-alanine), dopamine hydrochloride, Sulforhodamine 

B (SRB), benserazide, sodium hydroxide and analytical reagent grade trifuoroacetic acid 

(TFA), trichloroacetic acid (TCA), hydrochloric acid, phosphoric acid were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile (ACN) (HPLC grade) was supplied by 

Merck (Germany). Caco-2 cell line was originally obtained from American Type Culture 

Collection (ATCC, Rockville, MD, USA). DMEM, HBSS, PBS, fetal bovine serum (FBS) 

(heat-inactivated), non-essential amino acid (NEAA), penicillin-streptomycin and glutamine 

were purchased from Invitrogen (Auckland, New Zealand). All other chemicals and solvents 

were at least of analytical grade and were used without further purification. Distilled, 

deionised water was used throughout and was obtained from a Millipore water purifier (Milli-

Q water gradient, resistivity ≥ 18 Ω cm). 
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2.3. Methods 

2.3.1. Chromatographic Conditions and Optimisation 

The LC system used for method development, validation and degradation studies was an 

Agilent series 1200 comprising a quaternary pump, an autosampler, and photodiode-array 

detector (PAD) (Victoria, Australia). For instrument control, data acquisition and processing, 

the chromatographic system is interfaced to Agilent Chemstation software (Agilent 

Technologies, Germany).   

Compounds were separated on a Gemini C18 column (250 x 4.6 mm; 5 µm particle size; 

Phenomenex, Torrance, CA, USA) fitted with a security C18 cartridge (30 x 20 mm; 

Phenomenex). The mobile phase consisted of 0.05% trifluoroacetic acid (TFA) (v/v) and 

acetonitrile (ACN), adjusted pH to 2.5. The mobile phase was filtered through a 0.2 µm nylon 

membrane and degassed prior to use. The column and samples temperature were maintained 

at 25ºC and 4°C, respectively. Detection of LD was monitored at a wavelength of 280 nm. 

All the analyses were performed under isocratic conditions at a flow rate of 0.8 ml/min. The 

injection volume of the analysed samples was 15 µl. The ratio of mobile phase was 

determined by varying the TFA and ACN composition in order to achieve a separation time 

within 10 min to increase the sample analysis. The effect of buffer pH was also evaluated. 

2.3.2. Stock Solution Preparation 

The standard stock solution of LD (100 µg/ml) was prepared by accurately weighing 50 

mg of LD in a 50 ml volumetric flask. LD was dissolved with 2 ml of 0.01 M phosphoric acid 

and diluted to volume with water as it is soluble and stable in acidic medium. Exactly 10 ml 

of this solution was added to a 100 ml volumetric flask and diluted to volume with water. A 

stock solution of DA, the LD decarboxylation product, at a concentration of 100 µg/ml was 

also prepared in water. The working solutions were prepared by further diluting the standard 

stock solution with mobile phase containing TFA and ACN. 

2.3.3. Forced Degradation Studies and Peak Purity Assessment 

Forced degradation studies were performed on LD to provide an indication on the 

stability indicating property and specificity of the proposed method (Bakshi et al., 2002). All 

degradation studies were done at an initial LD concentration of 0.5 mg/ml. For acid and 

alkaline decomposition studies, degraded samples were prepared by treating standard solution 
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with acid (0.1 N HCl) and base (0.1 N NaOH) at 55ºC for 4 h. The solutions were neutralized 

and left to cool at room temperature. For study in heat-stressed condition, drug dissolved in 

water was heated at 80ºC for 24 h. Oxidative conditions were obtained by mixing LD 

standard solution with 30% (v/v) H2O2 at room temperature for 24 h. Photolytic studies were 

carried out by exposing samples to UV light at 40°C for 24 h in a photostability chamber 

(Binder, Germany). After treatment all samples were filtered through a 0.2 µm filter and 

diluted with mobile phase to appropriate concentrations (Bakshi et al., 2002; Reynolds et al., 

2002; ICH, 2005). 

To assess the purity of LD peaks in a mixture of stressed samples, a PAD was used. UV 

spectra were obtained at five points across the peak; two points before the peak apex (leading 

front), on point at the apex and two points after the apex (tailing front). The peak purity was 

determined by examining the similarity of the UV spectra obtained at these five points. When 

a degradation product co-elutes with the LD peak the five UV spectra obtained across the 

peak are not similar.  

2.3.4. Identification of LDOPA and Its Degradation Products by LCMS 

The test solutions were subjected to liquid chromatography-mass spectroscopy (LC-MS). 

Low resolution atmospheric pressure chemical ionisation (APCI) mass spectra were 

measured for methanol solutions direct injection onto a ThermoFinnigan Surveyor MSQ 

mass spectrometer, connected to a Gilson autosampler and pump (San Jose, CA, USA). The 

probe temperature was 300ºC and the cone voltage was 100 V. Spectra were acquired using 

simultaneous positive and negative ion detector in the molecular weight range of 100 – 1000. 

2.3.5. Method Validation 

The developed HPLC method was validated with respect to linearity, accuracy, precision, 

limit of detection (LOD) and quantitation (LOQ) according to the International Conference 

on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human 

Use (ICH) guideline (ICH, 2005). 

Linearity of the method was validated over a concentration range of 5-100 µg/ml for both 

LD and DA. The calibration standards were injected in triplicate into the HPLC column, 

keeping the injection volume constant (15 µl). The regression lines for each compound were 

calculated by the peak areas under curves versus analytes concentrations.   
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In order to determine the accuracy and precision of the new method proposed, standard 

solutions containing three different concentrations of LD and DA were prepared and 

analysed. The three concentrations were 6.5, 45 and 95 µg/ml for both substances. For the 

precision test, six consecutive injections of these standard solutions were undertaken on the 

same day and the values of relative standard deviation (RSD) for LD and DA were calculated 

to determine intra-day precision. The percentage recoveries of added drugs at each 

concentration were also calculated to determine the accuracy of the method. These studies 

were also repeated on four consecutive days to determine inter-day precision.  

The limit of detection (LOD) and quantitation (LOQ) for LD and DA were determined 

based on the slopes and standard deviations of the intercepts from the linear regression lines. 

The following expressions were used (ICH, 2005): 

S

 3.3
  LOD


  

Equation 2-1 

S

 01
  LOQ


  

Equation 2-2 

where σ is the standard deviation of the response and S is the slope of the calibration curve. 

2.3.6. Degradation Kinetic Studies 

Stock solutions (1 mg/ml) of LD were prepared in either 0.01 M phosphoric acid (pH 2) 

or PBS (pH 7.4) with the aid of ultrasonication. Solutions were kept in screw-capped glass 

vials and stored at 37, 50, 60 and 80ºC in stability chamber to force degradation of LD. 

Samples were taken at appropriate time points and assayed immediately. The experiments 

were carried out in triplicate. The following degradation parameters were studied: 

degradation rate constant (k) and half-life (t1/2) (Sinko, 2006). 

The observed first order degradation rate constant (k) was calculated from the slope of 

log-linear phase of the concentration versus time plots according to Equation 2-3. 
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Equation 2-3 

where C is concentration of drug at time (t) and C0 is concentration of drug at time zero. The 

rate constant (k) has the units of reciprocal time (t-1).  

The first-order degradation reaction’s half-life (t1/2) for LD was determined for by the 

following equation:  

k

0.693
  

2

1
log

k

2.303
- 

C

C
log

k

.
 t

0
/ 

3032
21  

Equation 2-4 

Using rate constants (k) at different temperatures at defined pH, the activation energy can 

be derived from the Arrhenius equation:  

RT.

E
Alogklog a

3032
  

Equation 2-5 

where A is the Arrhenius factor, Ea is the energy of activation, R is the gas constant (1.987 

calories/degree/mole), and T is the absolute temperature. The A and Ea can be evaluated by 

Plotting log k determined at different temperatures against 1/T. The slope of regression line is 

-Ea/2.303R, and the intercept on the vertical axis is log A, from which Ea and A can be 

obtained. 

2.3.7. Decarboxylation of LDOPA on Caco2 Cell Monolayers 

2.3.7.1. Cell Culture 

The decarboxylation of LD was assessed on Caco-2 cells monolayers, originating from 

human colon adenocarcinoma cells. Caco-2 cells were grown in T-75 plastic culture flasks 

(BD Bioscience) at 37°C in a humidified environment of 5% CO2. The elevated CO2 

concentrations help maintain the culture medium at proper pH (7.4 ± 0.2). The cells were 

cultured in complete Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine 

serum (FBS), 1% non-essential amino acid (NEAA), 2 mM L-glutamine, and 1% penicillin-
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streptomycin. Cells were fed with fresh complete DMEM every 2 days and reached 

confluency after 5-7 days in culture.  

The cells were split when reaching about 80% confluence to minimize spontaneous 

differentiation following complete confluence. A drop in pH (the pH indicator phenol red in 

medium would change from red to yellow colour) was accompanied by an increase in cell 

density, which was another indicator of the need to subculture. For subculturing, the medium 

was removed and discarded and the cells were washed with pre-warm PBS for removing the 

traces of serum which would inhibit the action of trypsin. The cells were then incubated with 

0.25% trypsin-EDTA (0.1 ml/cm2) in incubator until all the cells rounded up (usually within 

5-10 min). Added 10 ml culture medium containing FBS to stop trypsinisation, and dispersed 

the cells by vigorous pipetting over the surface bearing the monolayer. Collect the suspended 

cells in a 15 ml centrifuge tube and spin cell suspension at 250 g for 7 min. Then remove the 

trypsin-containing medium and replace with fresh complete medium. Viable cells were 

counted with a haemocytometer using trypan blue exclusion method by adding 0.5 ml cell 

suspension and same volume of vital stain trypan blue (0.4%). Mixed well by vortexing, 

withdrew 20 µl sample and carefully loaded to haemocytometer and examined using a Leica 

microscope. Cells without staining by the dye were deemed to be viable. The cells were then 

seeded into a new culture flask at a density of approximate 10,000 cells/cm2.     

2.3.7.2. LDOPA Induced Cytotoxicity on Caco2 Cell Monolayers 

There are two major techniques used to assess the cell growth. One technique uses 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as reagent to detect living 

cells, therefore named MTT assay. The MTT reagent can be reduced to a coloured formazan 

product by enzymes active of mitochondria only in viable cells. The intensity of formazan 

can be spectrophotometrically measured (Cole, 1986). However, this method has a number of 

disadvantages. For example, some compounds can interfere with MTT reduction without 

having effects on cell viability (Plumb et al., 1989); different cell lines have different ability 

to reduce the reagent (Denizot et al., 1986; Scudiero et al., 1988); and under a number of 

conditions the assay has a large intra-assay and inter-assay variation (Park et al., 1987).  

Another available technique is called Sulforhodamine B (SRB) assay. This technique 

relies on the binding of the negatively charged pink aminoxanthene dye, SRB by basic amino 

acid residues in the cells under mild acidic conditions. The greater the number of cells, the 

greater amount of dye is bound and, when the cells are lysed under basic conditions, the 
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released dye will give a more intense colour and greater absorbance (Vichai et al., 2006). As 

the binding of SRB is stoichiometric, the amount of dye extracted from stained cells is 

directly proportional to the cell mass. MTT assay detects only living cells, whereas SRB 

assay does not distinguish between living and dead cells. However, SRB assay has several 

advantages over the MTT assay. For instance, the SRB assay is more sensitive than the MTT 

assay, with a better linearity with cell number. SRB assay is more rapid and higher 

reproducible. Furthermore, SRB assay has a stable end-point that does not require a time-

sensitive measurement (Keepers et al., 1991). Therefore, the SRB assay was selected in this 

research to assess the cytotoxicity effect of LD on Caco-2 cell monolayers.     

The procedure of SRB assay was followed the protocol described previously (Skehan et 

al., 1990). For the experiments, cells were cultured on 96-well microtiter plates (0.1 ml, 

containing approximate  5,000 cells/well) (BD FalconTM, BD, NZ) for 24 h at 37°C to allow 

attachment to the culture vessels before they were washed with PBS and followed by 

incubation with LD. For dose-dependent experiments, cells were exposed to various 

concentrations of LD (7.8-1000 µM) for 24 h. After 24 h exposure to LD solution, the cells 

were washed gently with ice-cold PBS and followed by cell fixation with 10% (w/v) 

trichloroacetic acid (TCA). The cellular proteins were stained with 0.1 ml 0.4% (w/v) SRB in 

1% acetic acid. Cell bound dye was extracted with 0.1 ml 10mM unbuffered Tris base 

solution (pH 10.5) to solubilise the dye and absorbance determined in a plate reader at 596 

nm. Cell viability was expressed as the percent absorbance relative to that obtained for cells 

not exposed to LD solution. Therefore, the percentage of viable cells compared to control was 

determined. In another set of experiments, benserazide (50 µM), an inhibitor of aromatic 

amino acid decarboxylase (AADC), was added to the incubation medium in order to test 

whether the toxicity of LD to Caco-2 cells was related to the formation of DA. The IC50 

(Concentration inhibiting 50% cell growth) was calculated using a curve fitting programme. 

The dose-response data were fitted to the Hill equation (Goutelle et al., 2008): 

h x X) - IC (log 5010  1

100
  Y


  

Equation 2-6 

where X, IC50 and h are logarithm of LD concentration, median inhibition concentration and 

the Hill coefficient, respectively.  
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The concentrations of LD used in the enzymatic decarboxylation studies were selected 

based on the cytotoxicity results obtained.  

To establish the time to LD-induced cell death, Caco-2 cells were exposed to LD (500 

µM) for the given time period (1-24 h).  After the desired exposure time, the drug was 

washed off and cells were fixed and stained followed the SRB assay protocol.   

2.3.7.3. Enzymatic Decarboxylation Studies   

For the decarboxylation studies, cells were seeded in 60 mm plastic culture dishes (BD 

FalconTM, BD, NZ) and incubated to allow cells attachment and proliferation.  For 24 h prior 

to the experiment, the cell medium was free of FBS. On the day of experiment the growth 

medium was aspirated and the cells were washed twice with HBSS. Cells were then 

incubated at 37ºC in HBSS (5 ml) containing various concentrations of LD (50-250 µM); in 

control groups, benserazide (50 µM) was also added to inhibit AADC. A 0.2 ml aliquot of 

medium was collected from each dish at pre-determined time for analysis of LD and its 

decarboxylation product. Cellular protein concentration was determined using bicinchoninic 

acid (BCA) method (Smith et al., 1985) with bovine serum albumin as a standard, and the 

AADC activity was expressed as nmol/mg protein/h. Michaelis-Menten equation was applied 

to describe the enzymatic reaction velocity V under steady-state conditions  (Sinko, 2006): 

]S[k

]S[V
v
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Equation 2-7 

where [S] is the concentration of substrate, Vmax is maximum velocity and Km is the 

concentration at which the rate of enzyme reaction is half Vmax.   

2.4. Data Analysis 

Michaelis-Menten constants (Km) and maximal reaction velocities (Vmax) for the 

decarboxylation of LD in Caco-2 cells and IC50 were calculated from nonlinear regression 

analysis using GraphPad Prism 5.02 statistics software (GraphPad software Inc, San Diego, 

USA). Statistical analysis was carried out using Student’s t test and One-way Analysis of 

Variance (ANOVA). Probability values of p < 0.05 were considered to be significant. 
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2.5. Results and Discussion 

2.5.1. Development and Optimisation of the HPLC Method 

An HPLC method was required to separate and quantify both LD and DA. The successful 

use of an HPLC method for a given compound requires the appropriated combination of 

operating conditions such as: column type, mobile phase composition and pH, injection 

volume, flow rate and detection system.  

Based on the UV spectrum obtained for LD, a fixed UV wavelength was selected at 280 

nm.   

The retention time (Rt) and shape of the LD peak were adjusted through modifying firstly, 

the flow rate and secondly, the composition of the mobile phase. The Rt shifted as anticipated 

with the change in flow rate. The effects of changing composition of the mobile phase on the 

Rt of LD are demonstrated in Figure 2-3. The slight variations in the mobile phase 

composition did not change the chromatography observed. However, it will be noted that the 

Rt of LD peak was sensitive to the change in the amount of ACN in the mobile phase. The Rt 

of LD, with a logP of -2.92 (Kankkunen et al., 2002), could be increase by increasing the 

organic proportion in the mobile phase. At 0.8 ml/min flow rate, a composition of 4% ACN 

in mobile phase gave baseline separation for LD at around 6.26 min.   

The pH of the mobile phase was found to have intense effect on the LD elution. At pH 2, 

LD was positively charged (Figure 2-2) and the silanols on the silica are fully protonated at 

low pH so that the interaction between two was not strong. This resulted in a shorter elution 

time. Nevertheless, decrease the pH of TFA to 2 resulted in peak tailing (Figure 2-4). 

Therefore, the pH at which an optimal separation, based on peak resolution, was achieved, 

was 2.5. 

The optimal conditions for quantification of LD are selected as follow: compounds were 

separated on a Gemini C18 column (250 x 4.6 mm; 5 µm particle size; Phenomenex, Torrance, 

CA, USA). The mobile phase consisted of 0.05% trifluoroacetic acid (v/v) : acetonitrile (95:5, 

v/v), adjusted pH to 2.5. The column temperature was maintained at 30°C and samples were 

kept at 4°C. The detection was monitored at a wavelength of 280 nm. All the analyses were 

performed under isocratic condition at a flow rate of 0.8 ml/min. The injection volume of the 
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analysed samples was 15 µl. Figure 2-5 shows an injection of a LD standard solution (100 

µg/ml) with the drug eluting as a sharp peak at around 6.3 min. 

Under the optimal chromatographic conditions, DA can also be separated with an elution 

time of 5.4 min. Both LD and DA were successfully separated from their mixture using this 

developed HPLC method without any peak contamination. Figure 2-6 illustrates the typical 

HPLC chromatogram of standard mixture containing LD (50 µg/ml) and DA (25 µg/ml). 

 

Figure 2-3 Effect of different mobile phase compositions on the retention time. 

ACN : 0.05% TFA (%, v/v) (A) 3 : 97; (B) 4 : 96; (C) 5 : 95 

 

 

Figure 2-4 Effect of mobile phase pH on the retention time. 
(A) pH = 2; (B) pH = 2.5 and (C) pH = 3 
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Figure 2-5 Typical chromatogram of the separation of LD (100 µg/ml) (Rt = 6.2 min). 
Peak purity is shown as five overlaid UV spectra (inset) obtained at five time points across 
the LD peak. 

 

 

 

Figure 2-6 Typical HPLC chromatogram of standard mixture containing LD (50 µg/ml) and 
DA (25 µg/ml). 
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2.5.2. Forced Degradation of LDOPA 

Many factors may affect the chemical stability of drug substances including the molecular 

structure of the drug itself and environmental factors, such as temperature, pH, buffer species, 

ionic strength, light, oxygen, and moisture (Yoshioka et al., 2004). Forced degradation 

studies of LD conducted under different stress conditions suggested the following 

degradation behaviour: 

2.5.2.1. Acid and Basic Conditions 

On heating the drug in 0.1 N HCl for 4 h, no degradation of the drug was observed and 

LD remained almost completely in a non-degraded form (Figure 2-7B). 

In contrast, LD was found to be very labile to alkali. When LD was exposed to 0.1 N 

NaOH at 55ºC for 4 h, the clear solution turned into a brown-black colour and 50.90% of the 

drug was oxidized. As shown in HPLC chromatogram in (Figure2-7C), degradation of the 

drug at alkaline conditions resulted in the formation of two degradation products that were 

eluted at 3.02 and 3.64 min. Parallel LC-MS investigations indicated the presence of only 

LD. It was reported that LD degraded to dopaquinone by the oxidation of the two hydroxyl 

groups, which involves a two one-electron transfer steps, followed by spontaneous 

conversion of dopaquinone to red dopachrome which eventually converted to melanin, the 

dark pigment in skin and hair (Garcia-Carmona et al., 1982; Hovorka et al., 2001). The 

degradation peaks shown in the HPLC chromatogram were attributed to the intermediate 

produced during LD oxidation. Because of their instability, the end degradation product 

identified in the sample solution was melanin. The absence of new peaks in the mass 

chromatogram suggested that the ionisation level of melanin was very low. The test range for 

the LC-MS only extends up to 1000 m/z. If the level of ionisation was low the signal may be 

outside this range. Melanin is a high molecular weight mixed copolymer (Dadachova et al., 

2007), which makes it non chromophoric under the current LC-MS conditions. The 

degradation behaviour in acid and base conditions suggested the progress of LD oxidation 

strongly depended on pH. When LD was oxidized, the hydrogen atoms came off, thus in an 

acidic environment the oxidation progress was hindered. 

2.5.2.2. Oxidative Conditions 

Upon treating the drug with 30% H2O2 at room temperature for 24 h, slight fall in the 

drug peak area was observed. At the end of 24 h, 23.46% LD underwent oxidation. There was 
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no corresponding rise in degradation product peaks (Figure 2-7D) and no new peaks were 

seen in mass chromatogram as well. Purity plot obtained showed peak homogeneity. 

2.5.2.3. Heatstressed Conditions 

In heat-stressed condition, after heating the drug at 80°C for 24 h, 53% of LD remained 

unchanged. Similarly, the fall in drug peak was not in correspondence with the rise in 

oxidation product peaks (Figure 2-7E). It was believed that after 24 h oxidation reaction, all 

intermediates had converted to non-chromophoric melanin. Purity assessment revealed that 

the UV spectra of the drug were similar across the peak. This indicted that LD eluted as a 

pure compound without interference from any degradation product.  

2.5.2.4. Photolytic Conditions 

In photolytic conditions, after 24 h exposure to UV light at 40ºC, no degradation of the 

drug was observed as seen in Figure 2-7F. The concentration of the test solution remained 

unchanged. LD seemed to be stable under photolytic conditions. 

 

 

Figure 2-7 Representative HPLC chromatograms of LD under different stress conditions.  
Stand solution (A), sample in 0.1 N HCL (B), sample degraded in 0.1 N NaOH (C), sample 
degraded in 30% H2O2 (D), sample in heat-stressed condition (E), and sample subjected to 
photolytic degradation (F). Peak purity was shown as five overlaid UV spectra (inset) 
obtained at five time points across the LD peak. 
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2.5.3. Method Validation 

The linearity of the method was validated over the concentration range of 5-100 µg/ml for 

both LD and DA. The responses for the drugs were found to be strictly linear in the 

investigated concentration range. The correlation coefficient values (r2) for calibration curves 

(n = 3) were > 0.999 for each compound. 

The data obtained from the precision experiments are shown in Table 2-2. Results 

confirm that the method was sufficiently precise. As shown from the data in Table 2-2, good 

recoveries of the solutes in the range from 97.76 to 101.63% were obtained at various added 

concentrations. The LOD and LOQ for LD were calculated as 0.23 and 0.69 µg/ml, 

respectively. Also, the LOD and LOQ for DA were found to be 0.16 and 0.48 µg/ml, 

respectively.  

Table 2-2 Precision and accuracy studies    

Compound 
Concentration 

(µg/ml) 

Intra – day 

 (n = 6) 

(% RSD) 

Inter – day  

(n = 24): 

(% RSD) 

Accuracy  

(n = 6) 

(%) 

L-DOPA 6.5 0.89 4.23 101.1 

 40 0.48 4.22 100.53 

 95 0.28 1.66 97.76 

Dopamine 6.5 1.01 4.01 99.67 

 40 0.49 3.66 101.06 

 95 0.31 2.01 101.63 

2.5.4. Oxidation Reaction Kinetic of LDOPA 

The oxidation reaction kinetics of LD in acid and neutral solution was investigated by 

monitoring the concentrations of LD during the time course. A regular decrease in the 

concentration of LD with increasing time intervals was observed. By plotting log (% drug 

remaining) against time at different temperatures (37, 50, 60 and 80oC) and pH values (2 and 

7.4), a straight line was obtained (Figure 2-8 and Figure 2-9) indicating an apparent first-

order degradation behaviour. Use of equation 2-3 allowed calculation of the degradation rate 

constant (k), from the slope of the lines, obtained by linear regression analysis. The overall 

rate constants, as well as oxidation half-life (t1/2) for LD are presented in Table 2-3. 
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Table 2-3 Oxidation rate constants k and half-life t1/2 of LD at different temperatures and pH 
values 

pH 

Temperature 

(°C) k x 10-3 (h-1) r2 t1/2 (h) 

2 37 0.299 0.952 2314.71 

2 50 0.438 0.978 1583.75 

2 60 0.691 0.954 1003.04 

2 80 2.211 0.959 313.45 

7.4 37 0.921 0.981 752.28 

7.4 50 2.372 0.989 292.15 

7.4 60 11.285 0.991 61.41 

7.4 80 44.793 0.983 15.47 

 

In Table 2-3, the effects of temperature on the slopes of the regression lines and, in turn, 

on the oxidation rate constants were clearly shown. The results demonstrated that the 

oxidation of LD increased with increase in temperature at a constant pH, and increase with 

increase in pH at a constant temperature. 

 

Figure 2-8  Plots of log (% remaining) vs time for LD oxidation reactions in pH 2 at different 
temperature. 
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Figure 2-9 Plots of log (% remaining) vs time for LD oxidation reactions in pH 7.4 at 
different temperature. 

The stability of LD at pH7.4 is of special interest because this is the pH of human plasma. 

In a biological system, the presence of other factors such as metabolism by AADC can be 

expected to result in more rapid degradation. Therefore, the calculated half-life of LD in PBS 

buffer (pH 7.4) at 37°C only represents a maximum; the half-life may be much shorter in a 

biological system when considering the influence of enzymes.  

By plotting log k values versus 1/T, Arrhenius plots (Figure 2-10) were obtained, which 

were found to be linear over the temperature range for the oxidation of LD. The activation 

energies (Ea) were calculated from the slopes of the linear lines. The Ea were found to be 

11.097 kcal/mol for the acidic degradation process (pH 2), and 21.887 kcal/mol for the 

neutral degradation process (pH 7.4).  

 

Figure 2-10 Plot of log k against 1/T for the thermal degradation of LD. 
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2.5.5. Cytotoxicity and Enzymatic Decarboxylation of LDOPA 

2.5.5.1. Cytotoxicity Studies 

Caco-2 cells were examined for their sensitivity to varying concentrations of LD. SRB 

assay showed that LD at concentration ≤ 250 µM had negligible inhibitory effect on the 

growth of Caco-2 cells. However, with concentrations ≥ 500 µM, viability was significantly 

decreased (67.3%, p < 0.05). As the drug concentration increased, cell viability further 

decreased to an extent of 54.2% with the drug concentration of 1 mM (Figure 2-11 and 

Figure 2-12). These results suggest that LD induced cytotoxicity on Caco-2 cells were in a 

concentration-dependent manner with an IC50 value of 406.8 ± 1.2 µM. 

When the experiments were performed in the presence of benserazide (50 µM) to avoid 

the decarboxylation of LD by AADC, the profile of percentage growth of cells was not 

significantly different from the incubation with LD alone (Figure 2-11). This suggested that 

benserazide did not protect against LD cytotoxicity in Caco-2 cells. It was reported that LD 

and DA can be autoxidized into reactive oxygen species (ROS) including H2O2, O2
- and OH+ 

which are highly toxic (Basma et al., 1995; Pier Andrea et al., 2000). These ROS could be 

responsible for the damage of cells. Based on the cytotoxicity results obtained, the 

decarboxylation studies were performed with the concentration of up to 250 µM. 

 

 

Figure 2-11 Effects of LD and LD combined with benserazide on the growth of Caco-2 cells. 
Data were the mean ± S.D from six determinations. 
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Figure 2-12 Concentration-response relationship of LD on Caco-2 cells viability.  
The percentage of control was plotted as a function of logarithm of LD concentration. Data 
were fitted using sigmoidal dose-response equation. Data were the mean ± S.D from six 
measurements. 

The effects of duration of LD exposure on the Caco-2 cells viability were investigated by 

exposing cells to LD (500 µM) over a range of time periods (1-24 h). Results indicated that 

LD did not have any significant effect on Caco-2 cells survival following a four hours 

exposure. Whereas, cell viability significantly decreased after 8 and 24 hours exposure (87.5 

± 6.1% and 67.3 ± 11.7% of control, respectively; n = 6, p < 0.05). This suggested that the 

LD induced toxicity to Caco-2 cells were in a time-dependent manner (Figure 2-13). 

 

Figure 2-13 Effect of LD (500 µM) exposure (1-24 h) on Caco-2 cell survival (% of control). 
Data were the mean ± S.D from six measurements. 
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2.5.5.2. Decarboxylation Studies 

Chromatograms monitoring the decarboxylation process over a 4-hour time period 

showed a decreasing substrate (LD) peak and increasing product (DA) peak (Figure 2-14). 

LC-MS investigation revealed two peaks of interest in the mass spectra (Figure 2-15). The 

mass spectrum of LD with the M-1 peak at 196.6 m/z and M+1 peak at 198.7 m/z, as well as 

the spectrum of DA with the M-1 peak at 152.6 m/z and M+1 peak at 154.6 m/z were both in 

good agreement with the molecular weight of unionized LD and DA, thus, confirming their 

identity. 

Incubation of Caco-2 cells with various concentrations of LD (50-250 µM) for 60 min 

produced dose-dependent formation of DA (Figure 2-16). The decarboxylation process 

showed a trend for saturation at 150 µM LD. Nonlinear analysis of the saturation curve 

revealed a km of 142.1 µM and a Vmax of  66.2 nmol/mg protein/h. 

Decarboxylation of LD (250 µM) on Caco-2 monolayers revealed a time-dependent 

process (Figure 2-17). There was a slow increase in the formation of DA over 240 min, 

accounting for 39.61% LD disappearance. The disappearance of LD followed pseudo first-

order mechanism. Kenz, the rate constant of enzymatic decarboxylation of LD at a given 

concentration of enzyme was found to be 2.07 x 10-3/min. Half-life for LD at such condition 

was 334 min. In the control group, there was no formation of DA detected with the presence 

of AADC inhibitor in the culture medium.  

Intestinal epithelium presents a major barrier to orally administered drugs. Caco-2 cells 

are able to spontaneously differentiate in standard culture conditions that lead to the 

formation of a monolayer of cells, expressing several morphological and functional 

characteristics of the mature enterocyte.  In addition, the cell line expresses both Phase I and 

Phase II enzymes (Delie et al., 1997; Sambuy et al., 2005). The metabolic competence of 

Caco-2 cells makes this clone suitable for drug biotransformation studies. Therefore, results 

obtained in this study represented the LD peripheral decarboxylation profile. Data revealed 

that LD rapidly metabolized by AADC after oral administration leading to its poor 

bioavailability. Due to the severe side-effects caused by the co-administration with AADC 

inhibitor, it has come to great interest for scientists to investigate alternative routes of 

administration of LD to target the brain using technologies such as sustained and controlled 

release DDS. 
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Figure 2-14 Enzymatic decarboxylation of LD as a function of reaction time monitored by 
HPLC. 

 

 

Figure 2-15 Ion mass spectra of M-1 of (a) DA, (b) LD and M+1 of (c) DA, (d) LD. 
The upper and lower panels represent mass spectra taken in negative and positive APCI 
mode, respectively. 
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Figure 2-16 Dose-dependent formation of DA on Caco-2 monolayers. 
Cells were incubated with various concentrations of LD for 60 min. Data were the mean ± 
S.D from three determinations. 

 

 

Figure 2-17 Time-dependent formation of DA on Caco-2 monolayers. 
Cells were incubated with 250µM LD for various incubation times. Data are mean values ± 
S.D from three determinations. 
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2.6. Conclusion 

The isocratic RP-HPLC method developed for quantitative determination of LD and its 

metabolite in this study was fully validated with respect to accuracy, precision, linearity and 

selectivity. Results have indicated that the acceptance criteria were met and, therefore, this 

method is suitable for its intended purpose. The method is selective and peaks are properly 

identified even after the samples were subjected to stress conditions. Results of robustness, 

however, reveals that extra care should be taken during preparation of the mobile phase as the 

method is very sensitive to change in the ratio of ACN and TFA. The change of aqueous 

phase pH also significantly affects the elution time and the peak shape of LD. The optimal 

chromatographic conditions were determined and were used for the future studies.  

The intrinsic stability of LD was established using various stress conditions. LD was 

found to undergo extensive oxidation in alkaline conditions and was unstable when subjected 

to thermal stress. The oxidation of LD was observed to follow first-order kinetics.  

The cytotoxicity studies revealed that LD produced toxic effects on the growth of Caco-2 

cells. LD caused time- and dose-dependent death of Caco-2 cells, as evident by the results of 

this study. Despite addition of AADC inhibitor in the incubation medium, the percentage of 

survived cells did not improve. This suggested that ROS, the products of LD and DA auto-

oxidation, were responsible for the cells death.   

The enzymatic degradation studies demonstrated that LD was rapidly converted to DA by 

AADC. In order to improve the bioavailability of LD, sustained/controlled release DDS that 

can protect the drug from chemical and enzymatic degradation would be desirable. The 

formulation and characterisation of nanoparticulate DDS are described in Chapter 3. 
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Chapter 3. DEVELOPMENT AND OPTIMISATION OF FORMULATION 

3.1. Introduction 

3.1.1. Introduction to Formulation Development  

As discussed in Chapter 1 and Chapter 2, LD remains the most effective drug for the 

treatment of PD. However, LD has a short half-life in the range of  90 minutes (Campbell et 

al., 1989). It undergoes extensive peripheral decarboxylation by AADC and first-pass 

metabolism resulting in only 1% of the given LD dose is transported unchanged to the CNS 

after oral administration (Zorc et al., 1993). Due to limited transport across the BBB, LD has 

to be administered at high dose continuously with administration of a peripheral 

decarboxylase inhibitor such as carbidopa (Whitney, 2007). However, it is potentially toxic if 

a large amount of LD is ingested in combination with an AADC inhibitor. These toxic side 

effects include motor fluctuations, dyskinesias, mental changes, memory loss and 

gastrointestinal disturbances like nausea, vomiting and anorexia (Pahwa et al., 1998; 

Whitney, 2007). In addition, LD can also undergo auto-oxidation and enzymatic oxidation 

(catalysed by tyrosinase) to generate toxic metabolites, such as quinones and free radicals 

(Parsons, 1985) because as described in Chapter 2, LD can be readily oxidized at alkaline pH, 

high temperature and under moist conditions (Siddhuraju et al., 2001). 

A promising approach to circumvent such limitations and increase its bioavailability is to 

encapsulate the LD in a suitable nano-sized carrier and to specifically target CNS. The aim of 

using NPs is to improve LD bioavailability by protecting LD against peripheral 

decarboxylation. PLGA was selected for formulation of polymeric NPs due to its 

biodegradability and biocompatibility.    

Several techniques to fabricate PLGA NPs have been reported in the literature. Selection 

of a particular method of encapsulation depends on the drug solubility and molecular 

stability. The commonly employed techniques for NPs preparation are the emulsion 

evaporation, emulsion diffusion, solvent displacement and salting out (Astete et al., 2006). 

The most widely used technique for hydrophilic drug encapsulation in NPs is the double 

emulsion method. As it is difficult to entrap a hydrophilic molecule within a hydrophobic 

polymer, this technique takes advantage of high energy mixing. By using this technique, a 
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primary water-in-oil (W1/O) emulsion of hydrophilic drug and polymer is formed, and the 

secondary water-in-oil-in-water (W1/O/W2) emulsion is formed by dispersion of the primary 

emulsion in an aqueous phase. Subsequently, polymeric particles were precipitated upon 

removal of the organic solvent (see Figure 3-3). The drawback of double emulsion solvent 

evaporation is the low entrapment efficiency of the hydrophilic compounds due to the 

hydrophilic molecules diffusing out of the inner W1 phase to outer W2 phase.  

Taking advantage of the polymeric NPs, the main focus of the present study was on the 

development of PLGA NPs that will allow oral delivery of LD to cross BBB. The LD-loaded 

PLGA NPs was predominately prepared with the double emulsion solvent evaporation 

technique. The NPs formulations were characterised for their particle size, size distribution, 

surface charge, morphology, porosity, drug entrapment efficiency, drug release and long-term 

stability. The process and formulation variables were optimised to produce nano-scale 

particles with high drug entrapment efficiency based on a factorial design and response 

surface methodology (RSM). 

3.1.2. Introduction to Factorial Design and Surface Response Methodology 

Traditional pharmaceutical formulation is developed by changing one variable while 

keeping the other variables constant at a time. However, it is difficult to evaluate an ideal 

formulation using this method since the combined effects of the variables are unknown. 

When there are two or more variables involved in an experiment, we want to know not only 

whether there is an effect of each variables alone but also whether there is an interaction 

between them (one variable affects the response of the experiment to the other). Therefore, it 

is important to use statistical tools to understand the complexity of a pharmaceutical process. 

In addition, we would also want to predict a response based on the knowledge of the way a 

response depends on the input variables. Furthermore, we would also want to optimise the 

pharmaceutical process to yield a maximum or minimum response based on the relationship 

between controllable (independent) variables and dependent variables (responses). Response 

Surface Methodology (RSM) is a collection of mathematical and statistical techniques that 

can be used to develop, improve or optimise products. RSM typically is used for the 

modelling and analysis of problems in which a response of interest is affected by several 

variables the objective is to optimise this response (Myers et al., 2009).  

A typical RSM comprises three steps: experiment design, modelling and optimisation. 

Each of these is described below. 
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3.1.2.1. Experiment Design 

Design of Experiment (DOE) is defined as the strategy for setting up experiments in such 

a manner that the information required is obtained as efficiently and precisely as possible (Fu 

et al., 2005). There are many designs reported in the literatures such as factorial design, 

central composite design, extreme vertices design, simplex design, evolutionary operations, 

etc (Stetsko, 1986). Factorial design is one of the experiment designs that is widely utilized in 

the investigation of pharmaceutical formulation to characterise multivariable processes (Box 

et al., 1978). It allows separation of the important factors, and identification of any possible 

interactions between those factors. A full factorial experiment consists of two or more 

factors, each with discrete possible levels, and the whole experimental units take on all 

combinations of the experimental factor levels.  

A k factor, n level, full experimental design involves nk experiments. Two-level (2k) 

factorial design is the most popular design in pharmaceutical development due to its saving of 

experimental time and materials.  

For each factor in a 2k design, the low and high value of the low and high level can be 

transformed to dimensionless coded variables with -1 and 1 sign, respectively. A coded value 

can be translated to an uncoded value using a general equation as follow: 

)(-1)1)(
coded

(-1) actual X - (X x 
2

1)  (X
  X X 




 

Equation 3-1 

where Xactual is the actual value, X(+1) and X(-1) were the actual high and low values 

(corresponding to +1 and -1 coded value), and Xcoded was the coded value to be translated.   

A full factorial design can be set out in a design matrix. Table 3-1 illustrates a 23 

experimental design as guidance for any 2k design. The design matrix is highlighted in 

purple.  
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Table 3-1 A 23 factorial design model matrix and responses  

Design Matrix  Matrix of Independent Variables  Response 

Run D  X  Y 

 Xi Xj Xk  Xi Xj Xk Xij Xik Xjk Xijk   

1 - - -  - - - + + + -  Y1 

2 + - -  + - - - - + +  Y2 

3 - + -  - + - - + - +  Y3 

4 + + -  + + - + - - -  Y4 

5 - - +  - - + + - - +  Y5 

6 + - +  + - + - + - -  Y6 

7 - + +  - + + - - + -  Y7 

8 + + +  + + + + + + +  Y8 

 

In a design matrix (columns marked in purple), the signs of “-” and “+” denote the low 

and high levels of a factor, respectively. The first column on the left of Table 3-1 shows a run 

order called the standard order. This 23 design matrix with standard run order can be 

expanded to any 2k full factorial design. The first (Xi) column starts with “-” and alternates in 

sign for all 2k runs. The second (Xj) column starts with “-” repeated twice, then alternates in 

sign twice until all 2k places are filled. The third (Xk) column starts with ‘-” repeated 4 times, 

then 4 repeats of “+” and so on. In general, the n-th column (Xn) starts with 2n-1 repeats of “-” 

followed by 2n-1 repeats of “+”.  

To obtain a clear view, the 23 factorial design can also be graphically represented on a 

cube as shown in Figure 3-1. In the case of 2k (k > 3) full factorial design, because there are 

more factors than axes on a 3D-graph of a single cube, the different samples can be 

represented on the corners of 2k-3 cubes. 
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Figure 3-1 A 23 full factorial design scheme. 
Geometrically, the eight runs form the corners of the cube. “-1” and “1” denote the low and 
high levels of a factor, respectively. The arrows show the direction of increase of the factors. 
The numbers “1” through “8” at the corners of the design box reference the standard order of 
runs. 

When all the responses have been measured following the design, the main effect of a 

specific factor and the interaction effect between factors can be calculated. A main effect is 

the effect of one independent variable on the dependent variable, ignoring the effect of all 

other independent variables. A main effect alone does not have much meaning when they are 

involved in significant interactions. An interaction is the failure of a factor to produce the 

same response at the different levels of the other factor (Montgomery, 1999). A significant 

interaction effect shows the influence of an individual factor on the response is highly 

dependent on the other factors. The effects of the individual factors and the interactions 

between them in the factorial design of experiments can be calculated as following equation 

(Box et al., 1978): 

(-))(x y  -  y  E   

Equation 3-2 

where )(y   is the average response when the factor X is at its high (+) level and )(y   is the 

average response when the factor X is at its low (-) level.  

Interactions between factors are also calculated using the same equation. An interaction 

between Xi and Xj is symbolised as XiXj.  
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In Table 3-1, the matrix of independent variables and responses for a 23 design is also 

presented. The individual elements for an ij interaction column in X are obtained by 

multiplying the corresponding elements of the separate i and j columns. Similarly, the 

elements of the ijk interaction column are given by multiplying the corresponding elements of 

the separate i, j and k columns.  

According to the Equation 3-2, the main effect of Xi, interaction effects of XiXj can be 

obtained: 

44
7531864 YYYYYYYY

  Ex 2
i







 

44
76328541 YYYYYYYY

xEx j1






 

This 2k factorial design allows a first-order polynomial to be obtained. However, the 

information obtained from a two-level design is not sufficient to determine the linearity of 

factor effects. To evaluate experimental error and to determine curvature effects in a two-

level design, one should include a number of centre points (Montgomery, 1999). A centre 

point is an experiment where all factors are kept at an intermediate level – half way between 

the low and high levels values for a two-level design, which is coded 0. The added centre 

point replications in the design allow minimizing the risk of missing non-linear relationships 

in the centre of the design (Agnihotri et al., 2004). If the value of the response for the centre 

point differs much from the mean value of the other experiments, it will be necessary to 

adjust the response surface by second-order non-linear polynomials (Agnihotri et al., 2004). 

For this purpose, one can expand a two-level design to three levels, but this would 

extensively increase the number of the experiments. An alternative way is to conduct central 

composite design (CCD). 

CCD, also known as Box-Wilson design, was introduced by Box and Wilson in 1951 

(Box et al., 1951). It is an augmented factorial design and is appropriate for calibrating the 

full quadratic models in RSM. The CCD is composed of two-level factorial design with axial 

points and centre points. The axial points are positioned on the coordinate axes of factorial 

space at a distance α from the centre point. The distance of the axial points to the centre point 

are calculated in order to make the design rotatable and are summarised by α = 2k/4 (k is the 

number of factors). The numbers of axial points are given by 2k. As a result, this design 
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allows estimation of a second-order polynomial with only 2k factorial points, 2k axial points, 

and n0 centre points (normally, n0 = 6) (González, 1993).  

Table 3-2 shows the design matrix of a CCD for k = 3 factors. A schematic layout of this 

CCD is also presented in Figure 3-2.  

Table 3-2 Experimental matrix for a three factors central composite design (coded value)  

Batch number X1 X2 X3 

F1 -1 -1 -1 

F2 +1 -1 -1 

F3 -1 +1 -1 

F4 +1 +1 -1 

F5 -1 -1 +1 

F6 +1 -1 +1 

F7 -1 +1 +1 

F8 +1 +1 +1 

F9 -1.68 0 0 

F10 +1.68 0 0 

F11 0 -1.68 0 

F12 0 +1.68 0 

F13 0 0 -1.68 

F14 0 0 +1.68 
*F0 0 0 0 

*F0 (centre points) is repeated six replicates 
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Figure 3-2 Schematic layout of CCD for k = 3 factors. 
Coded values “-1”, 0 and “1” denote the low, intermediate and high levels of a factor, 
respectively. The design consists of 2k (in this case, 8) factorial points (signs of ●) 
representing all combinations of coded values Xi = ±1, 2k (in this case, 6) axial points (signs 
of ) at a distance ±α (at this case, α = 1.68) from the centre point, and a centre point  (sign 
of ○) with coded value of 0 for each Xi. 

 

3.1.2.2. Modelling 

It is useful to consider the factor response relationship in terms of a mathematical model. 

The use of variance analysis and factorial design of experiments allows us to express 

relationship of factors and responses as a polynomial model. By using the generated 

mathematical polynomial model, each experimental response can be predicted in relation to 

changing independent variables levels.  

In a two-level factorial design, linear first-order model is used to fit the experimental data 

(coded values) in the form (Agnihotri et al., 2004): 

......323121321 XXb  XXb  XXb  Xb  Xb  Xb b  y 231312321 0 
 

Equation 3-3 

In central composite design, a statistical second-order model incorporating interactive and 

polynomial terms is used to fit the data (coded values) (Agnihotri et al., 2004): 

...... XXb  XXb  XXb  Xb  Xb  Xb  Xb  Xb  Xb b  y 231312332211321 0 323121
2
3

2
2

2
1321   

Equation 3-4 
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where y is the observed response, Xi is the coded values of i-th factor, b0 is the constant 

coefficient, bi is the coefficient of the linear terms and represents the main effect of Xi, bii is 

the coefficient of the quadratic terms and represents the non-linearity effect of Xi, and bij is 

coefficient of the interaction terms representing the first order interaction effect between Xi 

and Xj (i < j).  

Once the mathematical model is established, the coefficients are tested for significance 

with a student t-test according to the following equation: 

)( i

i
i bS

b
t   

Equation 3-5 

where |bi| is the absolute value of coefficient of a factor Xi and S(bi) is the standard error on 

the coefficient. The replicates of the centre point are used to estimate S(bi). The calculated 

test statistic ti is compared to a tabulated t-value at a significance level of 95% (α = 0.05). If 

the calculated t-value is higher than the tabulated t-value the effect is deemed to be 

significant (González, 1993).  

The whole model is analysed using analysis of variance (ANOVA) and regression 

coefficients are calculated. Fisher F test is performed to test the adequacy of the model. 

Significance of the regression model is judged by determining if the probability that model F 

value calculated from the data exceeds a theoretical tabulated F value. The probability 

decreases as the value of F-statistic increases. If this probability is less than 0.05 (Pmodel > Ftab 

less than 0.05), the full model is significant. The goodness of fit of the model is checked by 

the adjusted coefficient (adjusted R2) (Konan et al., 2002).  

3.1.2.3.  Optimisation 

In formulation optimisation, two or more response variables are being studied. It is 

unlikely that optimizing one response will lead to the best outcome for the other. For this 

reason, “optimisation” is defined as finding experimental conditions that will fulfil the overall 

desirable formulation properties where the different responses are most satisfactory (Lewis et 

al., 1999). Optimisation can be performed using mathematical (numerical) or graphical 

(contour plot) approaches. The desirability function is used as a numerical optimisation 

method for up to 6 factors multiple responses (Montgomery, 1999). Each response Yi is 

associated with its own partial desirability function di that varies over the range of 0 ≤ di ≤ 1. 
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If the response Yi is at its goal target, then di = 1, and if Yi is outside an acceptable range, the 

di = 0. For the optimisation purpose, some responses with minimum outcomes may be desired 

(e.g. particle size). In contrast, some responses with maximum outcomes may be of interest 

(e.g. entrapment efficiency).  

For the particle size, we expected to obtain particle with size as small as possible. The 

partial desirability function for response Y1 can be calculated as follow: 

minmax

max
1 YY

YY
d i




  

Equation 3-6 

where d1 is the partial desirability of particle size. The values of Ymax and Ymin are for the 

maximum and minimum particle size, respectively, and Yi is the measured result. 

For drug entrapment efficiency, we would like as high a value as possible. The partial 

desirability function, d2, for Y2 can be calculated using the equation: 

minmax

min
2 YY

YY
d i




  

Equation 3-7 

The two individual desirability functions are then combined together to obtain the overall 

desirability function (D) and can be calculated using Equation 3-8. 

2/1
21 )( ddD   

Equation 3-8 
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3.2. Materials  

Poly(D,L-lactide-co-glycolide) (PLGA: L/G = 50/50, MW 7,000-17,000), trifluoroacetic 

acid (HPLC grade, purity ≥ 99.0%), 3-(3,4-Dihydroxyphenyl)-L-alanine (L-DOPA, purity ≥ 

98%), fluorescein isothiocyanate (FITC) conjugation kit, Polysorbate 80, N-

hydroxysulfosuccinimide (NHS), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide 

hydrochloride (EDC), were obtained from Sigma-Aldrich (St. Louis, MO, USA). Polyvinyl 

alcohol (PVA, approx MW 72,000) was purchased from AppliChem (Distributed by Global 

Science, Auckland, New Zealand). Dichloromethane (DCM, AR grade) and pyridine were 

purchased from Scharlau Chemie S.A (Barcelona, Spain). Acetonitrile (HPLC grade) was 

supplied by Merck (Auckland, New Zealand). Distilled, deionised water was used throughout 

and was obtained from a Millipore water purifier (Milli-Q water gradient, resistivity ≥ 18 Ω 

cm). All other chemicals used were reagent grade. 



Chapter 3 – Formulation Development 

73 
 

3.3. Methods 

3.3.1. Preparation of PLGA Nanoparticles 

To prepare the LD-loaded PLGA NPs, the modified water-in-oil-in-water (W1/O/W2) 

emulsion solvent evaporation technique was used (Blanco et al., 1997; Davda et al., 2002).  

Briefly, 0.6 ml aqueous solution of LD 5 mg/ml (prepared in phosphate buffer, pH 2) was 

emulsified in 4 ml of dichloromethane (DCM), an organic phase, containing 140mg PLGA, 

by means of sonication using a microtip probe sonicator (UP 200S, Hiescher, Germany) on 

an ice bath at an output of 20 W for 90 sec to form a primary W1/O emulsion. The primary 

emulsion was further emulsified in 16 ml of PVA solution (4%, w/v) containing 5% (w/v) 

sodium chloride by sonication for 120 sec at 20 W on an ice bath to obtain a double W1/O/W2 

emulsion. The nanoparticle formulation without addition of electrolyte such as sodium 

chloride has an osmotic gradient between the two aqueous phases, being higher in the internal 

phase. Therefore water from the external phase diffuses inwards to balance this effect, 

resulting in swelling of particles during formation (Zhang et al., 2004). Addition of 

electrolyte increases the osmolarity of the external phase which lead to the migration of water 

from the internal to external phase. This leads to the rapid shrinkage of the particles resulting 

in particles of a small size (Kim et al., 1995; Dinarvand et al., 2005). Moreover, the sodium 

chloride itself can act as a barrier to hinder loosening of a water-soluble drug during the 

solvent evaporation step, promoting a increase of drug encapsulation (Billon et al., 2005; 

Dinarvand et al., 2005). Thus, sodium chloride was added into external phase during the 

formulation.  

The resultant double emulsion was then stirred at a rate of 500 rpm for 4 h at room 

temperature on a magnetic stirring plate to evaporate DCM. After 4 h of stirring, the resultant 

suspension was transferred to a rotary evaporator (Buchi Rotavapor R-215, Switzerland) and 

DCM was further evaporated by reduced pressure until the bubble formation ceased. The 

resulting NPs suspension was kept at 4ºC overnight to allow hardening of the PLGA 

membrane by allowing the DCM to fully partition to the external aqueous phase. NPs were 

recovered by ultracentrifugation (Sorvall WX Ultra80 Centrifuge, Thermo scientific, USA) at 

13,400 rpm for 30 min at 4ºC. The supernatant was removed and NPs sediments were washed 

twice with Milli Q water to remove free drug and excess surfactant, and then lyophilized for 

2 days at -80°C and a vacuum of 0.055 mbar using a FreeZone Plus 6 (Labconco, USA). The 
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lyophilized NPs were stored at 4°C until needed. A schematic diagram for the preparation of 

the LD-loaded PLGA NPs using double emulsion solvent evaporation technique is shown in 

Figure 3-3.   

Drug-free NPs (empty NPs) were prepared by the same procedure omitting the drug. 

Polysorbate-80 (P80) coated NPs were prepared by the addition of 0.1% (v/v) P80 to the 

NPs. The mixture was incubated for 30 min while being constantly stirred. Subsequently, the 

mixture was centrifuged at 4,000 rpm for 10 min at 4°C. The supernatant was then removed, 

while the pellets were collected and freeze-dried for 48 h.   

 

Figure 3-3 Schematic diagram for the preparation of NPs using the double emulsion solvent 

evaporation technique. 

3.3.2. Evaluation of the Effect of Different Cryoprotectants Used in the Freeze

drying NPs 

In order to produce NPs with narrow size distribution and better redispersity, various 

types and concentrations of cryoprotectants (sodium chloride, glucose and sucrose at 

concentration 1, 3 and 5% (w/v)) were investigated during the freeze-dried procedure. 

In the formulation process, after the final washing, NPs were redispersed in a 

cryoprotectant solution and sonicated for 5 min using a sonicating water bath (Bandelin 

Sonorex, Germany). The suspension was then kept in freezer overnight and followed by 

freeze-dried for 2 days. The lyophilized particles were subjected to appearance observation 
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and particle size analysis to determine the most suitable type and concentration of 

cryoprotectant.     

3.3.3. Characterisation of PLGA Nanoparticles 

3.3.3.1. Residual PVA Determination 

The amount of residual PVA remains associated with the PLGA NPs after the purification 

process was determined by a colourimetric method based on the formation of a coloured 

complex of PVA-iodine in the presence of boric acid (Joshi et al., 1979). 

 Briefly, 2 mg of lyophilized NPs was treated with 2 ml of 0.5 M NaOH for 15 min at 

60ºC. During this process, the associated PVA remained intact whereas PLGA was 

completely hydrolyzed. Subsequently, sample was neutralized with 900 µl of 1 M HCl and 

the volume was adjusted to 5 ml with Milli Q water. Thereafter, sample was mixed with 3 ml 

of 0.65 M boric acid and 0.5 ml of a solution of I2/KI (0.05 M/0.15 M), and the volume was 

adjusted to 10 ml with Milli Q water. After 15 min incubation at room temperature, the 

sample was subjected to absorbance measurement at 690 nm. For standard PVA solution, a 

series of PVA solutions of known concentration were treated by the same procedure as PLGA 

NPs. The amount of residual PVA remained in NPs was calculated based on the standard 

curve generated under the same conditions. 

3.3.3.2. Viscosity Measurement 

The relative viscosities of PVA and PLGA solution used were measured at 25 ± 1°C 

using a rotational Brookefield DVIII+ cone and plate rheometer (Brookfield Engineering 

Laboratories Inc., MA, USA). The rheometer was fitted with a CP-40 spindle and operated 

using the Brookefield Rheocalc operating software. A sample volume of 0.5 ml was added 

and measurements were performed in triplicate. 

3.3.3.3. Measurement of Critical Micellar Concentration (CMC) of PVA 

PVA solution was used as surfactant during the NPs formulation. The surfactant 

(amphiphilic) molecules possess dual characters. The molecules have two distinct regions of 

opposing solution affinities within the same molecule. Such properties render the molecules 

to align themselves preferentially at surface and interface. When present at a liquid interface 

and at low concentration, surfactant molecules may exist as a sheet of molecules (monomers). 
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As the concentration is increased aggregation (micelle) occurs over a narrow concentration 

range. The CMC is defined as the concentration of surfactant above which micelles form 

(Sinko, 2006). 

The surface tension of PVA solution with various concentrations (0-5%, w/v) was 

measured using a Du Nouy tensiometer (torsion balance). The CMC was determined by 

plotting a graph of surface tension as a function of PVA concentration. An abrupt change of 

slope marked the CMC. Measurements were conducted in triplicate and variation of 

measurements was presented as standard deviation (SD).    

3.3.3.4. Morphology of Nanoparticles 

Morphological characterisation of the NPs revealed the shape, surface, structure and 

possible degree of aggregation. Surface morphology of the NPs was assessed by scanning 

electron microscopy (SEM). Ten mg of lyophilized NPs was suspended in 2 ml of Milli Q 

water. Two hundred µl of the NPs suspension was added on top of a conductive double-sided 

adhesive tape mounted on an aluminium stub. The samples were dried overnight in air and 

then sputtered with platinum using a sputter coater (Polaron SC 7640). Samples were then 

observed under a condition of high vacuum and at a temperature of less than -120ºC using 

Philips XL30S FEG scanning electron microscope at 25 kV. 

3.3.3.5. Particle Size and Zeta Potential Analysis 

The mean particle size (Z-average) and polydispersity index (PDI) of NPs was 

determined by dynamic light scattering using the photon correlation spectroscopy (PCS) 

technique (Zetasizer nano series, Malvern instrument, UK). A dilute suspension of the freeze-

dried NPs was prepared with Milli-Q water at a concentration of 1 mg/ml and sonicated on an 

ice bath for 30 sec. Size measurements were performed in triplicate following the sample 

suspension preparation. 

Zeta potential (ζ) is an indicator of particle surface charge which may arise from the 

adsorption of a charged species and/or from ionisation of groups at the surface of the formed 

particles. It can be used to determine particles stability in dispersion. To measure zeta 

potential of NPs, 1.0 mg of the lyophilized samples was dispersed into Milli Q water (pH 7) 

and the suspension was then sonicated on an ice bath for 30 sec prior to measurement (in 

triplicate) using the Malvern Zetasizer Nano series. 
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3.3.3.6. Porosity Measurement 

Total surface area and porosity of the NPs were measured by nitrogen adsorption using a 

Micromeritics Tristar 3000 instrument (Micromeritics Corporation, USA). Briefly, NPs were 

placed in the glass cells and degassed at 35°C under vacuum for 1 h prior to the 

measurements. Subsequently, the samples and the reference cells were immersed in liquid 

nitrogen at -195°C and the nitrogen physisorption isotherms were obtained from the volume 

of nitrogen (cm3/g) adsorbed onto the surface of NPs as a function of relative pressure. 

Specific surface areas were calculated from the nitrogen adsorption data according to the 

Brunauer-Emmett-Teller (BET) method using P/P0 values in the range of 0.05-0.2. 

Cumulative pore volumes and pore diameters were calculated from the adsorption isotherms 

by Barret-Joyner-Halenda (BJH) method. Data were obtained and analysed using Tristar 

3000 version 4 software. Mathematical details of BET and BJH methods can be found in 

original papers ((Brunauer et al., 1938) and (Barrett et al., 1951), respectively. 

3.3.3.7. Evaluation of Drug Loading 

The amount of LD in supernatant and wash medium was measured with HPLC (Agilent 

LC1200) after particle separation by centrifugation. The concentration of LD in supernatant 

and wash medium represented the LD not associated with the NPs. The entrapment efficiency 

(EE) of LD was obtained as the mass ratio between entrapped amount of LD in the NPs and 

the total amount of LD used in the preparation. The following equation was used: 

added LD of amount total

  medium  washand nt supernatain detected LD free - added LD of amount total
  EE %  

 

Equation 3-9 

The exact amount of LD present within the particles was also analysed by extraction 

technique to courter check the EE with the following procedures. Twenty mg of NPs were 

dissolved in 1 ml of DCM and 3 ml of Milli Q water was added. LD was extracted by 

vortexing for 15 min. The aqueous phase containing LD was separated by centrifugation at 

12,000 rpm for 15 min. The solution was subjected to LD concentration determination by 

HPLC.     
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The loading capacity (LC) was calculated using the following equation: 

cesnanopartil of mass

medium  washand nt supernatain detected LD free - added LD of amount total
  LC %  

Equation 3-10 

3.3.3.8. Fourier Transform Infrared (FTIR) Spectroscopy 

The lyophilized NPs were subjected to FT-IR measurement using a Tensor 37 FTIR 

Spectrometer (Bruker Optics, Ettlingen, Germany) equipped with an attenuated total 

reflection Ge crystal cell in the reflection mode. Background signals were recorded and 

subtracted automatically from the sample reading. Each sample was scanned 64 times from 

400 to 4000 cm-1 with a resolution of 4 cm-1. 

3.3.3.9.  Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetric (DSC) studies of LD, polymer and LD-loaded NPs 

were carried out to determine the physical properties like crystalline or amorphous nature of 

the samples. It also helps in determining the possibility of any interaction between the drug 

and the polymer in the NPs. 

A small amount of sample (10 mg) was placed in hermetically sealed aluminium pans and 

heated from 10°C to 320°C at a scanning velocity of 10°C/min under nitrogen spurge using a 

crimped empty aluminium pan as a reference. This in turn was followed by a cooling scan at 

10ºC/min to 220ºC. DSC curves were obtained on a TA Instruments differential scanning 

calorimeter (DSC-Q1000, Wilmington, DE) equipped with a Thermal Advantage software 

(TA Instruments, Version 2.2.0.248 Release 4.2.1).  

3.3.3.10. In Vitro Release of LDOPA from Nanoparticles 

The in vitro release profile of LD-loaded NPs was investigated in PBS (pH 7.4) in 

triplicate. A 20 mg of LD-loaded NPs were suspended in 1 ml of buffer solution in an 

eppendorf tube and placed in an orbital shaker water bath (grant Scientific Linear Shaking 

Water Bath, GLS Aqua 18 Plus, UK) maintained at 37°C and horizontally shaken at 100 min-

1. In order to sample the released LD, the eppendorf tubes were centrifuged at 13,000 rpm for 

5 min and 0.6 ml of supernatant was withdrawn and frozen at -20°C. The sample tubes were 

replenished with PBS, vortexed to re-suspend the NPs, and placed back in the incubator. The 
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sampling times were 4, 8, 12, 24, 48, 72, 96, 120, 144 and 168 h. The amount of LD released 

in supernatant was analysed with the validated HPLC analysis as described in Chapter 2. LD 

solution was used as control.   

The release kinetics was evaluated using four different models including zero orders, first 

order, Higuchi equation and Korsmeyer-Peppas equation to characterise the mechanism of 

drug release from the NPs. Selection of model was based on the best fit of model. For the 

different models, data obtained were plotted in the following manner: zero order as 

cumulative percentage of drug release versus time, first order as log cumulative percentage of 

drug remaining versus time, Higuchi’s model as cumulative percentage of drug released 

versus square root of time, and Korsmeyer-Peppas model as log cumulative percentage of 

drug released versus log time. 

Zero order kinetics (Costa et al., 2001; Sinko, 2006): 

Drug dissolution from its dosage form follows Fick’s law (assuming that area does not 

change) can be expressed by the following equation: 

Qt = Q0 + K0t 

Equation 3-11 

where Qt is the amount of drug released in time t, Q0 is the initial amount of drug in the 

release medium (it is usually zero), and k0 is the zero-order release constant. Under zero order 

kinetic, the rate of drug release is independent of time and the concentration of drug within a 

dosage form. A graph of cumulative drug released versus time would yield a straight line 

with a slope equal to k0. Zero order mechanism ensures that a steady amount of drug is 

released over time. 

First order kinetics (Costa et al., 2001; Sinko, 2006) 

t-k
0 t

1eQ Q   

Equation 3-12 

where Qt is the amount of drug released in time t, Q0 is the initial amount of drug in the 

solution and k is the first order release constant. This equation can be expressed in decimal 

logarithms: 
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303.2
log 1tk

Q log Q  0 t   

Equation 3-13 

Equation 3-13 can be simplified and expressed as: 

tk Q log Q 1 0 t log
 

Equation 3-14 

where k1 is the first order release constant. 

The first order model describes the release of drug from its dosage form is concentration 

dependent and the rate of drug release is proportional to the amount of drug remaining in its 

dosage form. Hence, a linear graph will be obtained when plotting decimal logarithm of the 

released amount of drug versus time. 

Higuchi model (Higuchi, 1963; Costa et al., 2001): 

Higuchi’s well known model, which has traditionally been applied to describe the release 

of non-swellable and non-erodible drug loaded nano/microspheres, neglects the effects of the 

finite drug dissolution rate and assumes that a depletion layer extending inward leaches 

drugs. The dissolution of drug from a planar heterogeneous matrix system, where the drug 

concentration is lower than its solubility and the release occurs through pores in the matrix, 

can be expressed as: 

2/1)2( tk  tCCC
D

  Q hsst  



 

  Equation 3-15 

where Qt is the amount of drug released in time t by surface unity, C is the initial 

concentration of the drug, ε is the matrix porosity, τ is the tortousity factor of the capillary 

system, Cs is the drug solubility in the matrix/excipients media, D is the diffusion constant of 

the drug molecules in that liquid, kh is the Higuchi dissolution constant. It can be found from 

the above equation, the dissolution rate is related to the matrix porosity and the tortousity of 

the system. The amount of drug released is proportional to the reciprocal of the square root of 

time. 
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Korsmeyer-Peppas model (Korsmeyer et al., 1983; Costa et al., 2001) 

The Korsmeyer-Peppas model is used to analyse the release of polymeric dosage form, 

when the release mechanism is not well known or when more than one type of release 

phenomena could be involved.  

n
kt tk  Q   

Equation 3-16 

where Qt is percentage cumulative amount of drug release at time t, t is the release time, kk is 

a kinetic constant characteristic of the drug/polymer system, and n is an exponent that 

characterises the mechanism of release. If the exponent n = 0.5, then the drug release 

mechanism is Fickian diffusion, and if 0.5 < n < 1, then it is non-Fickian or anomalous 

diffusion. This equation is the analytical solution by the Fickian equation to get rid of the 

error term, so the equation is only applicable to the release of drugs in a shorter time, which is 

Qt < 0.6. Therefore, data for the first 60% of drug release were plotted as log cumulative 

percentage of drug released versus log time, and the exponent n was calculated through the 

slope of the straight line, while Y intercept provided kk. 

3.3.4. Effect of Formulation Variables on Nanoparticles Characteristics 

The effects of formulation variables on the NPs characteristics were evaluated. The 

variables included: concentration of polymer and surfactant and solvent elimination rate. 

Unless otherwise mentioned, all the experiments were carried out by varying one of the 

variables while keeping the process variables at a set of standard conditions as described in 

“Preparation of PLGA Nanoparticles” (Section 3.3.1).  

LD-loaded NPs were evaluated in terms of particle size, PDI, zeta potential, porosity, 

morphology, drug entrapment efficiency and in vitro release.    

3.3.5. Formulation Optimisation Using Central Composite Design 

The optimisation of the variables affecting the PLGA NPs was carried out following the 

central composite design. The response measured, Y1 was particle size, and Y2 was 

entrapment efficiency. The variables chosen were PLGA concentration (X1), PVA 

concentration (X2) and organic solvent evaporation rate (X3). First block of the design was to 

perform a 23 factorial design. The levels of each factor were chosen based on the preliminary 



Chapter 3 – Formulation Development 

82 
 

experiments (Section 3.3.4). Six replicates at the centre of the design were investigated. As 

significant curvature was detected, six additional axial points were added to the 23 factorial 

plus centre points to form a CCD. Table 3-3 shows the levels of variables and their 

corresponding actual values. Twenty batches were prepared following the CCD as illustrated 

in Table 3-2. Observed responses were fitted to second-order polynomial model and main 

effects as well as interaction effects were calculated. Desirability functions were calculated 

using Equation 3-8. The optimised formulations were obtained by contour plot and 

desirability function. 

Table 3-3 Independent variables, their actual and coded values 

 Independent variables

Coded value PLGA Conc.

(%, w/v) (X1) 

PVA Conc.

(%, w/v) (X2) 

Solvent removal rate

(rpm) (X3) 

-1.68 1 0.6 160 

-1 2 2 300 

0 3.5 4 500 

1 5 6 700 

1.68 6 7.4 840 

 

3.3.6. Stability of Nanoparticles with Encapsulated LDOPA 

The optimised formulations were studied for their stability. Stability testing was 

performed by storing the LD-loaded lyophilized NPs at 2-8, 25 and 40ºC for up to 3 months. 

Samples at 0, 1, 2 and 3 months were withdrawn and the particle size were measured using 

Malvern Zetasizer. LD stability within the NPs was evaluated by determining the amount of 

LD remaining after specific storage period by HPLC assay. Method for LD extraction from 

PLGA particles was conducted as described in Section 3.3.3.7.  

3.3.7. Data Analysis 

Data are presented as mean ± S.D, and statistical differences between groups were tested 

by SigmaStat 3.5 (Systat Software, Inc, USA) using a two-tailed unpaired Student’s t-test or 

One-way analysis of variance (ANOVA) followed by Tukey-test. Values of p < 0.05 were 

considered statistically significant. Fisher F test is performed to test the adequacy of the 

polynomial model. 
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3.4. Results and Discussion 

3.4.1. Determination of Cryoprotectant 

In the preliminary study, NPs freeze-dried in water were found to form aggregates and 

could not be suspended evenly in aqueous medium. Several cryoprotectants at various 

concentrations were examined for their ability to aid redispersibility of freeze-dried NPs. 

Cryoprotectant acts as a spacing matrix during freeze drying process by keeping the colloidal 

particles separated and hence preventing aggregation (Konan et al., 2002). The effects of 

cryoprotectants are presented in Table 3-4. Particle size of lyophilized NPs decreased when 

there was addition of cryoprotectants. The cryoprotectants exerted different effects on the 

preservation of particle size at different concentrations. When 1% (w/v) of NaCl was added, 

the size of NPs showed smallest change compared with that without a cryoprotectant. Sucrose 

and glucose caused better redispersibility effects than NaCl. As the concentration of sucrose 

or glucose increased, the mean particle size of NPs decreased, indicating that they effectively 

prevented particles from aggregation. However, when the concentration of cryoprotectants 

increased to a certain level, their ability in preventing particle aggregation would reach a 

limit, especially in the presence of glucose. Glucose 3% (w/v) showed the best protection 

effects. The lower PDI of 0.17 was also achieved in the presence of 3% glucose, indicating 

the uniformity of particle distribution. Hence, 3% (w/v) of glucose was selected to prepare 

lyophilized PLGA NPs in all future works. 

Table 3-4 Effect of cryoprotectants on the mean particle size and polydispersity (PDI), results 
expressed as mean ± SD (n = 3) 

Dispersant Concentration (%, w/v) Particle size (nm) PDI 

Water  1053.13 ± 280.13 0.52 ± 0.12 

Sodium Chloride 1 904.37 ± 97.35 0.79 ± 0.18 

 3 948.13 ± 34.92 0.59 ± 0.04 

 5 648.53 ± 34.76 0.47 ± 0.04 

Sucrose 1 671.20 ± 55.46 0.70 ± 0.04 

 3 448.83 ± 19.52 0.39 ± 0.03 

 5 337.00 ± 34.60 0.42 ± 0.01 

Glucose 1 501.07 ± 22.15 0.36 ± 0.04 

 3 308.17 ± 12.40 0.17 ± 0.01 

 5 325.80 ± 11.88 0.16 ± 0.03 
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3.4.2. Residual PVA Determination 

The surfactant retained on the surface of the NPs alters their properties such as particle 

size, surface charge, hydrophobicity, release kinetics and cell uptake, etc (Sahoo et al., 2002). 

It was reported that the residual PVA on the particles surface decreased the uptake efficiency 

of microparticles by macrophage (Foster et al., 2001). PVA layer can prevent the access of 

hydrolytic enzymes to PLGA inner core, leading to a decrease in PLGA degradation rate and  

eventually the drug release rate (Landry et al., 1997). Therefore, for the development of 

efficient PLGA NPs delivery system, it is important to know the amount of surfactant 

associated with the lyophilized NPs.   

The residual PVA associated with the NPs after 3 rounds of washing was increased with 

the increase of PVA concentration used (Table 3-5). About 0.5-4.9% (w/w) PVA remained 

on the lyophilized NPs surfaces when 0.5-5% (w/v) PVA was used in the external aqueous 

phase. Similarly, the viscosity of PVA solution increased from 1.5 to 24.3 cps as the PVA 

concentration increased (Table 3-5). More washing did not reduce the amount of residual 

PVA, indicating the irreversible nature of PVA binding to the PLGA NPs surface. This was 

in agreement with the previous report showing that PVA forms an interconnected network 

with the polymer at the interface (Sahoo et al., 2002). 

Table 3-5 Viscosity of PVA solution used and residual PVA binding on the particles surface, 
results are mean ± SD (n = 3)  

PVA concentration used 

(%, w/v) 

Viscosity of PVA solution 

(cps) 

Residual PVA 

(%, w/w, from NPs) 

0.5 1.5 ± 0.17 0.50 ± 0.08 

1 2.41 ± 0.08 0.61 ± 0.16 

2 5.67 ± 0.06 1.04 ± 0.09 

4 9.43 ± 0.21 1.36 ± 0.15 

6 11.7 ± 0.17 2.7 ± 0.35 

8 24.33 ± 0.12 4.93 ± 0.62 

3.4.3. Effect of Formulation Parameters on NPs Characteristics 

Aiming at predicting the in vivo behaviour of the developed NPs, the physicochemical 

properties of LD-loaded PLGA NPs were examined. The effect of P80 coating on such 

properties was also evaluated by comparing the results obtained with those for the non-

coating NPs.   
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3.4.3.1. Effects of PVA Concentration 

The effects of PVA concentration on the NPs characteristics were studied by maintaining 

all formulation parameters constant, except for the PVA concentration in the external water 

phase. 

Particle size and size distribution 

The particle size and PDI of P80 coated or non-coated NPs are illustrated in Figure 3-4. 

 

Figure 3-4 Effect of PVA concentration on mean particle size and PDI of coated and non-
coated NPs. 
Error bars indicate standard deviation of mean (n =3).  

Figure 3-4 shows that increasing the concentration of PVA up to 6% resulted in a 

favourable outcome of reduction in particle size in both coated and non-coated particles. The 

mean particle size of the prepared NPs varied from 184.5 to 414.7 nm and 191.6 to 385.6 nm 

for coated and non-coated particles, respectively.  

In the process of particles formation, PVA helps to stabilize the emulsion by lowering the 

surface tension and allowing development of interfacial tension gradients that impede the 

flow of liquids along the interface. The amphiphilic property of the PVA molecule leads to its 

self-association in water when concentration exceeds a threshold known as the critical 

micelle concentration (CMC), which is ～1% (w/v) in water (Figure 3-5). Below CMC, the 

solution contains monomer PVA molecules leading to an unstable emulsion. This may cause 

coalescence of the oil droplets and therefore producing a larger particle size (Zambaux et al., 

1998). At higher concentration, PVA molecules can now align themselves at the oil/water 
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interface thus promoting stability of the emulsion via reducing the free energy at the interface 

and resisting coalescence and flocculation of the NPs (Galindo-Rodriguez et al., 2004). Since 

NPs were formed from the emulsion droplets after solvent evaporation, their size is 

dependent on the size and stability of the emulsion droplets. Smaller droplets resulted in 

smaller particles. In addition, if there were sufficient PVA covering the droplets surface, 

coalescence of particles during the solvent evaporation process could be avoided.   

The relationship of PVA concentration and the particles size can be understood through 

droplet dynamics. The emulsion droplet deformation and breakup are controlled by two 

groups, capillary number (Ca) which is the ratio of viscous to capillary force, and viscosity 

ratio (M) of the droplet phase to the continuous phase. 




 s  Ca  

Equation 3-17 

s

d  M



  

Equation 3-18 

where γ is the shear rate, α is the droplet size, and Γ is the interfacial tension between the 

droplet and continuous phase, ηd and ηs is the viscosity of droplet and continuous phase, 

respectively (Larson, 1999). Therefore, increase the PVA concentration resulted in the 

increase of continuous phase viscosity (ηs) (Table 3-5) and the decrease of interfacial tension 

(Γ), thus leading to a high Ca or low M that favour droplet deformation (Heslinga et al., 

2009). Hence, the size of NPs decreased with an increase in the PVA concentration. 

However, a confounding phenomenon can be observed when the PVA concentration was 

8%, whereby the particle size increased for both coated and non-coated particles. As the PVA 

concentration exceeded a certain point, the excess PVA could not further stabilize the 

emulsion. The viscosity of the external aqueous phase increased with the increase of the PVA 

concentration, which resulted in size increase due to a decrease of the net shear stress 

(Budhian et al., 2007). These two competing effects hindered further reduction of the particle 

size. As can be seen in Table 3-5, the viscosity of PVA solution significantly increased from 

11.7 to 24.33 cps when PVA concentration was increased from 6 to 8%. Thus, at the 
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concentration of 8%, the change in particle size was predominantly a result of the decreasing 

net shear stress.  

 

Figure 3-5 Surface tension versus concentration of PVA solution at ambient temperature.  
Error bars indicate the standard deviation of the mean (n = 3).  

The particle size of the P80 coated NPs was slightly larger than the uncoated NPs because 

of the absorption of P80 on the particle surface.  

The PDI of coated and non-coated NPs ranged from 0.06 to 0.46. The change in PDI was 

found to be dependent upon the change of PVA concentration. The PDI decreased with 

increasing PVA concentration indicating a more homogeneous size distribution. The 

narrowest size distribution (PDI < 0.1) was observed when both 6% and 8% PVA was used. 

The low values of PDI indicated the uniformity of the NPs. 

In this study, the particles prepared with 6% PVA have the smallest size and relatively 

low polydispersity.  

Surface charge 

Zeta potential is defined as the potential at the shear plane in the Stern model (Myers, 

1999) and it is considered as an important stability and mucoadhesivity parameters for 

dispersed particles. A high absolute value of zeta potential indicates a high electric charge on 

the surface of the particles, which provides strong repellent force among particles to prevent 

them from aggregation in solution and improve stability. Zeta potential values in the range of  

|15| mV to |30| mV are common for well stabilized particles. (Geys et al., 2006; Kesisoglou et 

al., 2007). Furthermore, the surface charge can be used to determine how the particles would 
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adhere to, and interact with cells whose membranes are negatively charged in nature (Feng, 

2004). Luminal membrane of BBB has been shown to carry an overall negative charge 

(Vorbrodt, 1987). Cationic particles would disrupt BBB by the inter-endothelial routes 

opening (Lockman et al., 2004) or undergo absorptive-mediated transcytosis through BBB 

(Xu et al., 2009).    

In this study, the zeta potentials of PLGA NPs prepared using different concentration of 

PVA were all negative when dispersed in Milli Q water (pH 7) (Figure 3-6). The statistical 

analysis of these data indicated a significant influence (p < 0.05) of the PVA concentration 

and coating materials on the zeta potential values. 

The zeta potential values of NPs prepared with various concentration of PVA ranged 

between -10.7 and -24.7 mV. As the surfactant concentration increased from 0.5 to 8%, there 

was a corresponding decrease in the zeta potential value. It is generally assumed that zeta 

potential (ζ) and the Stern potential (ψs) are the same in the tests of double-layer theory, 

except for situations such as in the presence of absorbed non-ionic polymers that force the 

shear plane further away from the surface, reducing zeta potential to Stern potential (Myers, 

1999). PLGA carries negative charge owing to its uncapped end carboxyl groups. PVA is a 

non-ionic polymer and increasing concentration may increase the absorbed layers of PVA on 

the NPs surfaces. The absorbed PVA layers shield the surface charge and move the shear 

plane outward from the particle surface (Sahoo et al., 2002). The more the PVA remained the 

thicker the absorbed layers and the more reduction in the zeta potential. This phenomenon 

was also seen for the P80 coated particles. Since P80 is non-ionic surfactant as well and its 

absorption on the particles surface could shield the surface charge resulting in a lowering of 

zeta potential values (Figure 3-6).   

It was found that the zeta potential values of NPs (both coated and non-coated) prepared 

with PVA concentration lower than 6% was in the range between -16.3 to -24.7mV. Hence, 

the NPs prepared with PVA concentration lower than 6% would remain stable.  



Chapter 3 – Formulation Development 

89 
 

 

Figure 3-6 Effect of PVA concentration on NPs surface charge. 
Error bars indicate the standard deviation of the mean (n = 3).  

 

Porosity 

In order to find out the microstructure of the particles, pore size distribution was 

measured using nitrogen adsorption porosimetry. All the samples gave Type II adsorption 

isotherms and gave linear BET plots with positive y-axis intercepts, confirming that the 

adsorption data for all samples follows a BET isotherm. As seen from Table 3-6, particles 

prepared with 6% PVA had the largest BET surface area as compared to those with 2% or 4% 

PVA. The surface areas of the particles were inversely proportional to the BJH adsorption 

pore diameter (i.e. highest surface areas were observed for the particles with smallest BJH 

adsorption pore diameter). The observed pore diameter decreased with increasing PVA 

concentration. Thus, the concentration of PVA influenced the surface area and pore size of 

NPs, which in turn influence the release of incorporated drug.   

Table 3-6 Porosity measurements for the particles prepared using different PVA 
concentration 

PVA concentration 

(%, w/v) 

BET surface area 

(m2/g) 

BJH adsorption cumulative 

pore volume (cm3/g) 

Equivalent pore size 

(nm) 

2 1.2122 0.001818 39.2255 

4 2.0212 0.002884 28.6705 

6 4.0135 0.004541 15.0816 
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Figure 3-7 Pore size distribution for particles prepared with 4% PVA. 
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Drug loading 

Figure 3-8 shows a clear trend where increasing PVA concentration increased LD 

encapsulation (from 44% to 58%). The trend is also reflected in the loading capacity for the 

NPs. An increase in the PVA concentration increased the viscosity of the external aqueous 

phase. This in turn increased the difficulty of LD to partition across the interface from the 

internal water phase to the external water phase, leading to increase LD retention in the 

particle and thus increased the extent of encapsulation. This may explain the gradual increase 

in entrapment efficiency as the PVA concentration increases, as seen in several instances 

(Yang et al., 2001; Sahoo et al., 2002). However, Feng et al reported that NPs prepared with 

a lower concentration of PVA (2%) would provide higher entrapment efficiency in 

comparison to those prepared with a higher concentration of PVA (4%). It should be noted 

that as the concentration of PVA used exceeds a certain point, the particle size may decrease 

to the extent that there is less space for drug entrapment. In addition, the use of excessive 

PVA may result in increase drug adsorption to the particle surface and thus may cause drug 

loss during the washing steps (Feng et al., 2004).  

 

Figure 3-8 Effect of PVA concentration on entrapment efficiency (EE) and loading capacity 
(LC) of LD-loaded NPs. 
Error bars indicate the standard deviation of the mean (n = 3).   

 

In Vitro Release  

The release profile of LD-loaded PLGA NPs and LD solution (control groups) is 

presented in Figure 3-9. About 97% of LD released at 4 hours with the subsequent 

concentration of LD remained constant throughout the sampling period of 24 hours 
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suggesting that LD was released immediately from its solution. On the other hand, NPs 

showed a biphasic LD release profile exhibiting a burst release followed by slow and steady 

release of LD. Burst release at 24 hours for NPs prepared by 2%, 6% PVA and 6% PVA with 

P80 coating were 41.8%, 50.3% and 35.9%, respectively. This initial fast release rate may be 

due to the adsorbed LD detaching from the NPs surface (Agnihotri et al., 2004). LD release 

rate eventually decreased, reflecting the release of drug entrapped in the polymer. Prolonged 

release in the later stage can be attributed to the slow degradation of PLGA particles through 

the hydrolytic process and the slow diffusion of LD from the polymer matrix (Jain, 2000; 

Costa et al., 2001; Panyam et al., 2003).   

It was found that the higher PVA concentration used in the particles preparation the more 

PVA would attach on the particles surface. This residual hydrophilic PVA could attract 

hydrophilic compound LD on the surface of NPs. Therefore, more burst release of LD 

(50.3%) from NPs prepared with 6% PVA compared with that of the NPs prepared with 2% 

PVA (41.8%). This might be a result of more LD absorbed on the particles surface due to the 

higher concentration of PVA remaining. In the case of P80 coated NPs, initial burst release 

(35.9% in 24 hours) was observed which was lower than those of the non-coated NPs. P80 

could form a thin layer on the surface of NPs forming a barrier to the penetration of 

dissolution medium into the particle. As a result, LD release rate may decrease. 

It is observed that the smaller particles prepared with higher concentration of PVA (6%) 

exhibited higher drug release rate. This may be due to the increased surface area to volume 

ratio, resulting in a large surface area (Table 3-6). This larger surface area led to a larger drug 

fraction exposed to the release medium resulting in a faster release rate. A decrease in the 

particle size resulted in an increased release rate also due to the decreased diffusion pathway 

length and thus, increased drug concentration gradients. It can be seen from the porosity 

measurement results that NPs prepared with 6% PVA exhibited larger cumulative pore 

volume (0.004541 cm3/g) compared with particles prepared with 2% PVA (0.001818 cm3/g). 

From Higuchi’s equation, drug release rate is dependent on the matrix porosity. Hence, 

smaller particles exhibited faster release rate. Similarly, P80 coated NPs (6% PVA) with 

larger particle size exhibited lower drug release rate (67%) when compared with non-coated 

NPs (6% PVA). This could be due to the decreased particles surface area. In addition, the P80 

layer on the particle surface formed a barrier to the penetration of release medium into the 

particle. As a result, polymer degradation rate may decrease.                    
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 In conclusion, the cumulative percentage drug release from the selected formulations was 

in the range between 47-75% for 7 days is considered as satisfactory. Surface adsorption of 

LD, rather than entrapping the LD in the PLGA NPs, resulted in substantially faster release in 

vitro. Slow and steady release of LD was controlled by the polymer matrix erosion and drug 

diffusion from the polymer matrix. Smaller particles with a relatively larger surface area and 

pore volume exhibited faster release rate. Thus, a very fine control of release rate can be 

achieved by modifying the particle size using different concentrations of PVA.    

 

Figure 3-9 Release profile of LD from solution () and PLGA NPs prepared using 2% PVA 
(▲), 6% PVA (□) and 6% PVA with P80 coating (). 
Error bars indicate the standard deviation of the mean (n = 3). 

 

3.4.3.2. Effects of PLGA Concentration 

The effects of PLGA concentration on the NPs properties were studied by maintaining all 

formulation parameters constant, except for the PLGA concentration in the oil phase.   

Particle size and size distribution 

Figure 3-10 shows the particle size and size distribution of the NPs prepared by PLGA 

with concentrations of 2, 3.5 and 5% (w/v) while maintaining PVA concentration as 4%. The 

particle size and polydispersity were influenced by the PLGA concentration. An increase in 

PLGA concentration from 2% to 3.5% and then to 5% (w/v) resulted in an increase in particle 

size from 199.43 nm to 238.50 nm to 370.00 nm. Increase in the PLGA concentration led to 

an increase in the viscosity of the organic phase resulting in higher resistance for droplet to be 

broken down during emulsification. The coarse emulsion produced with higher PLGA 
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concentration led to the  formation of larger droplets (Budhian et al., 2007). In addition, with 

the increase in the amount of PLGA, PVA was insufficient to stabilize the emulsion droplets 

causing the coalescence of droplets. 

The change in polydispersity of the particles was found to be dependent upon the PLGA 

concentration. A decrease in the concentration of PLGA resulted in a reduction in the 

polydispersity. With the increase in PLGA concentration, the viscosity of oil phase increased, 

which resulted in particles aggregation.   

 

Figure 3-10 Effect of PLGA concentration on mean particle size and PDI of LD-loaded 
PLGA NPs. 
Error bars indicate standard deviation of mean (n =3). (PVA concentration = 4%). 

Surface charge 

The values of zeta potentials obtained for NPs prepared with 2%, 3.5% and 5% PLGA 

were -19.4±2.9, -19±0.8 and -22.6±2.7 mV, respectively. A clear trend of change in the 

surface charges was absent when the PLGA concentration was changed. Statistical analysis 

showed the p value was 0.1969 which indicated the difference was not significant. Hence, the 

conclusion is that the zeta potential was not influenced by the PLGA concentration. The NPs 

in the present study were found stable in dispersion state, possessing high absolute values of 

zeta potential and having negative surface charge. 

Porosity 

Table 3-7 summarizes the specific surface area, cumulative pore volume and average pore 

size of PLGA NPs fabricated at different PLGA concentration. As the concentration of PLGA 

was increased the specific surface area and the cumulative pore volume of the NPs decreased.  
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This suggested that with the increase of PLGA concentration, the region of pore structure 

decreased and the region of dense structure increased.    

Table 3-7 Porosity of the particles prepared using different PLGA concentration 

PLGA concentration 

(%, w/v) 

BET surface area 

(m2/g) 

BJH adsorption cumulative 

pore volume (cm3/g) 

Equivalent pore size  

(nm) 

2 2.5836 0.007762 17.7144 

3.5 2.0212 0.002884 28.6705 

5 1.5007 0.000775 35.7096 

 

Drug loading 

The effect of PLGA concentration on the drug entrapment efficiency is illustrated in 

Figure 3-11. An increasing drug encapsulation trend was observed when the PLGA 

concentration was increased. LD is a hydrophilic drug and has a tendency to leach out from 

the internal to the external water phase owing to the concentration gradient. An increase in 

the PLGA concentration increased the viscosity of the organic phase that separates the two 

aqueous layers. This led to reduced LD diffusion into the external aqueous phase before 

hardening of the particle (Song et al., 2008). In addition, the increased particle size as a result 

of an increased PLGA concentration would provide a larger particle volume for incorporation 

of more LD into the particle, thereby increasing drug encapsulation. In contrast, the loading 

capacity decreased with increasing PLGA concentration. This was because the increase 

amount of drug loading was not proportional to the increase of the amount of polymer. 
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Figure 3-11 Effect of PLGA concentration on entrapment efficiency (EE) and loading 
capacity (LC) of LD-loaded NPs. 
Error bars indicate the standard deviation of the mean (n = 3).  

In Vitro Release  

Figure 3-12 shows the release profile of LD from PLGA NPs prepared with different 

polymer concentrations. It suggests that the polymer concentration was associated with 

change in drug release profile. The bust release of LD at first 24 h from particles prepared 

with 2 and 5% PLGA (w/v) were ~33% and 29%, respectively. Drug release following the 

first day of NPs prepared with 2% PLGA was faster than NPs prepared with 5% PLGA. This 

may be due to the increased polymer concentration resulting in larger particle size. The larger 

particle size led to the smaller surface area resulting in smaller drug fraction exposed to the 

dissolution medium. The larger particle size was also associated with smaller porosity as can 

be seen above. As discussed before, the smaller porosity, the slower the release kinetic.  

 

Figure 3-12 Effect of the polymer concentration on release profile of LD loaded PLGA NPs.  
Error bars indicate the standard deviation of the mean (n = 3).  
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3.4.3.3. Effects of Solvent Removal Rate 

The effects of solvent removal rate on the NPs Properties were studied by maintaining 

constant all formulation parameters, except for the stirring rate during the solvent 

evaporation. 

Particle size and size distribution 

Figure 3-13 demonstrates the effect of solvent removal rate on the particle size and size 

distribution. The particle size decreased significantly with an increase in the organic solvent 

removal rate. Faster elimination of organic solvent decreased the coalescence and aggregation 

of NPs thus promoting formation of particles with smaller size. 

 

Figure 3-13 Effect of solvent removal rate on particle size and size distribution. 
Error bars indicate the standard deviation of the mean (n = 3).  

Surface charge 

The zeta potentials obtained for NPs prepared under the solvent removal rate of 300, 500 

and 700 rpm were -17.9±0.6, -19±0.8 and -19.2±1.5 mV, respectively. Statistical analysis 

showed the p value was 0.2744 indicating that the difference was not significant. Thus, the 

solvent removal rate as well as the polymer concentrations had no apparent effect on zeta 

potential values, suggesting that the surface charge was mainly controlled by the PVA 

concentration.  

Porosity 

Table 3-8 summarizes the porosity measurements of different formulations. As the speed 
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volume of the NPs increased.  This suggests that with the increase of solvent removal rate, 

the region of pore structure increased and the region of dense structure decreased.    

Table 3-8 Porosity measurements for the particles prepared under different solvent removal 
rate 

Solvent removal  

Rate (rpm) 

BET surface area 

(m2/g) 

BJH adsorption cumulative 

pore volume (cm3/g) 

BJH adsorption average 

pore diameter (nm) 

300 2.3281 0.002931 16.8866 

500 1.7327 0.002765 15.7262 

700 3.5188 0.009229 16.5191 

 

Drug loading 

Figure 3-14 suggests that increasing the organic solvent removal rate directly increased 

the amount of LD entrapped. This could be explained by the fact that the formation of a 

barrier might decrease the chance of LD to diffuse out into the external water phase thereby 

enhance the entrapment efficiency (Freytag et al., 2000). 

 

Figure 3-14 Effect of solvent removal rate on EE and LC of LD-loaded NPs. 
Error bars indicate the standard deviation of the mean (n = 3). 

In vitro release 
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same amount of drug was present at the surface, irrespective to the solvent removal rate. 

Drug release following the first day from the particles prepared by 700 rpm solvent removal 

rate was much faster than those prepared by 300 rpm solvent removal rate. It can be seen 

from Table 3-8 that the NPs prepared by fast solvent removal rate had a more porous and 

larger surface area than those NPs prepared by slow solvent removal rate. Those pores were 

produced by the fast evaporation of the organic solvent, through which LD could easily 

diffuse to the dissolution medium.  

 

Figure 3-15 Effect of the solvent removal rate on release profile of LD loaded PLGA NPs.  
Error bars indicate the standard deviation of the mean (n = 3). 

3.4.4. Optimisation of Formulations 

The optimisation of LD loaded PLGA NPs was carried out using central composite 

design. The aim of this study was to develop PLGA particles of the acceptable size in nano 

scale with high drug encapsulation. The three independent variables (factors) investigated 

were concentration of PLGA (X1), PVA (X2) and the organic solvent removal rate (X3). The 

response variables observed were particle size (Y1) and drug entrapment efficiency (Y2). The 

ultimate goal was to determine how these factors influenced the properties of the NPs 

prepared and to find the set of factor that produce the “best” response. 

3.4.4.1. 23 Factorial Design with Centre Point 

Fourteen batches of formulations (8 factorial points plus 6 replicates of centre point) were 

prepared according to the design as illustrated in Table 3-2. The experimental results from the 

joint effects of the three independent variables on the responses are shown in Table 3-9 in 

purple colour (batch # F1 to F0f).  
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Table 3-9 Experimental results and predicted values of particle size and drug entrapment efficiency 
of the various NPs preparation and their overall desirability 

Batch Particle size  Entrapment efficiency Overall 

No. (Y1) (nm)  (Y2) (%, w/w) Desirability (D)  

 Exp1 Pred2 % Error3  Exp1 Pred2 % Error3  

 values Values    values Values    

F1 371.9±4.66 379.52 2.01  36.37±0.45 35.90 1.31 0.236 

F2 500.6±17.50 517.80 3.32  44.97±2.06 44.30 1.51 0.000 

F3 274.2±7.35 285.48 3.95  43.13±1.20 41.98 2.74 0.503 

F4 372.1±8.84 385.04 3.36  55.30±2.66 54.46 1.54 0.550 

F5 240.6±10.71 245.74 2.09  37.72±1.58 37.76 0.11 0.385 

F6 370.4±1.98 377.14 1.79  50.03±1.09 50.36 0.66 0.487 

F7 173.1±3.92 173.90 0.46  45.30±1.99 45.16 0.31 0.662 

F8 256.2±2.95 266.58 3.89  62.19±1.61 61.84 0.57 0.864 

F0a 304.8 307.96 1.02  42.86 42.95 0.21 0.462 

F0b 303.6 307.96 1.42  44.97 42.95 4.70 0.507 

F0c 304.5 307.96 1.12  42.28 42.95 1.56 0.450 

F0d 310.8 307.96 0.92  40.96 42.95 4.63 0.413 

F0e 310.4 307.96 0.79  44.13 42.95 2.75 0.482 

F0f 309.3 307.96 0.44  42.68 42.95 0.63 0.453 

F9 223.5±14.37 217.48 2.77  32.11±2.23 32.76 1.98 0.000 

F10 431.0±14.52 411.48 4.74  53.34±3.04 53.82 0.89 0.387 

F11 433.7±6.60 420.42 3.16  42.49±3.08 42.55 0.14 0.266 

F12 260.9±3.82 248.56 4.96  56.26±1.19 57.30 1.82 0.767 

F13 460.6±1.88 439.95 4.69  40.23±0.13 41.69 3.50 0.182 

F14 233.0±3.99 228.07 2.16  49.8±2.86 49.46 0.69 0.693 

1Exp indicates experimental values. Experimental results of F1 to F14 are mean values ± SD (n = 3)  

2Pred represents predicted values predicted through Equations 3-19 and 3-20 
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Mean particle size 

The mean particle size of the prepared NPs varied from 173.1 to 500.6 nm, thus, a control 

of particle size can be achieved by combining the three independent variables. The smallest 

particles were obtained in low level (-1) of X1, high level (+1) of X2 and X3. Results are 

presented graphically in a Normal Probability plot (Figure 3-16). Of all the variables, the 

important effects which influenced the particle size of NPs seem to be the main effects of X3, 

X1, X2 and the X1X2 and X2X3 interactions which are far from the probability straight line. The 

effect of these three variables on the particle size can be arranged in the sequence X3 > X1 > 

X2. The statistical differences were assessed using ANOVA test to prove these results.  

Figure 3-17 shows the main effects of the three variables on the particle size. PLGA 

concentration (X1) positively affected the particle size though the effects of PVA 

concentration (X2) and solvent removal rate (X3) were negative.  

F-test confirmed that the curvature effect was significant (p < 0.01). As significant 

curvature was detected, six axial points were added to the 23 factorial plus centre points to 

form a central composite design. Results will be discussed in the following section. 
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Figure 3-16 Normal probability plot of standardized effects on the particle size (p < 0.01). 
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Figure 3-17 Typical main effects plot of the response values for mean particle size. 
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Entrapment efficiency 

In order to diminish polymer toxicity, a polymeric DDS must be made with the minimum 

possible amount of polymer yet able to entrap as much drug as possible. Hence an optimal 

ratio between the entrapped drug and the polymer amount for the highest entrapment 

efficiency must be obtained (Illum et al., 1986). Obtaining the maximum drug 

entrapment/encapsulation requires information about the effects of formulation variables on 

the NPs properties. Data describing the relationship between the percentage of entrapment 

efficiency and the independent variables are shown in Table 3-9 (purple coloured). The 

percentage of LD entrapped in the PLGA NPs varied from 36.37 to 62.19%. The highest 

entrapment was obtained when factors X1, X2 and X3 were in their high level (+1). 

Figure 3-18 shows the probability effects on the entrapment efficiency. All three factors 

had significant effects on the drug entrapment. Of all the variables, the PLGA (X1) had 

greatest effect on the drug entrapment efficiency, followed by the PVA (X2) and solvent 

removal rate (X3). There is little interaction effect on the LD entrapped in the NPs. ANOVA 

test proved the significance of such three factors (p < 0.05). The effect of X1, X2 and X3 on the 

drug encapsulation according to the level of impact was X1 > X2 > X3.  

Figure 3-19 shows the main effects of three factors on drug entrapment efficiency. All 

these factors positively affected the drug entrapment suggests that the entrapment efficiency 

of LD increased with the increase of X1, X2 or X3. 

F-test confirmed that the curvature effect was significant (p < 0.01). As significant 

curvature was detected, six axial points were added to the 23 factorial plus centre points to 

expand to a central composite design.   
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Figure 3-18 Normal probability plot of standardized effects on the particle size (p < 0.01). 
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Figure 3-19 Typical main effects plot of the response values for entrapment efficiency. 
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3.4.4.2. Central Composite Design 

Due to the existence of curvature, the 23 factorial design plus centre point was expanded 

to central composite design. The added axial points allow the determination of the response 

surface by second-order non-linear polynomials. Results for the whole CCD are presented in 

Table 3-9. 

Mean particle size 

The statistical analysis of the results (response surface analysis) presented in Table 3-10 

generated the following second-order polynomial equation showing the relationship between 

each factors investigated and the response variable (particle size, Y1): 

323121
2
3

2
2

2
13211 55.572.168.923.94.931.206.6315.5174.5796.307 XXXXXXXXXXXXY 

Equation 3-19 

From the coefficient values and probability of significance (p) in Table 3-10, all three 

variables had significant effect on the particle size. In contrast, there was little interaction 

effects indicating the influence of the process variable on the particle size was independent of 

the level of the others. The positive sign for the coefficient of X1 shows that particle size can 

be increased by an increase in X1. However, negative sing for the coefficient X2 and X3 shows 

that particle size increased by decrease in X2 and X3. It is noted that the p value of 2
2X and 2

3X

were significant (p < 0.05), indicating that the relationship between PVA concentration / 

solvent removal rate and particle size was not linear. 

F-test was performed to determine the significance of the regression model. A low 

probability value (Pmodel > F less than 0.0001) indicated the model was statistically 

significant. The best fit of the model was checked by the adjusted determination coefficient 

(r2). The adjusted r2 in this case was very high (> 90%), indicating a high level of 

significance for the model. All these considerations demonstrates an adequacy of the 

regression model (Cochran et al., 1957; Box et al., 1978).  

By applying equation 3-20, one can predict the particle size by varying the level of the 

factors. The observed values were compared with the predicted values calculated from the 

equation and it was seen that the low percentage error (< 5%) showing that the experimental 

results were in perfect accordance with the predictions (Table 3-9). 
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Table 3-10 Summary of analysis of variance (ANOVA) for the central composite design 

 Y1 Y2

Model term Coefficient P Coefficient P 

b0 307.96 < 0.0001* 42.95 < 0.0001* 

b1 57.74 < 0.0001* 6.27 < 0.0001* 

b2 -51.15 < 0.0001* 4.39 < 0.0001* 

b3 -63.06 < 0.0001* 2.31 < 0.0001* 

b11 2.31 0.555 0.12 0.729 

b22 9.40 0.032* 2.47 < 0.0001* 

b33 9.23 0.035* 0.93 0.022* 

b12 -9.68 0.086 1.02 0.051 

b13 -1.72 0.742 1.05 0.045* 

b23 5.55 0.301 0.33 0.488 

ANOVA F = 74.54 < 0.0001* F = 64.75 < 0.0001* 

raju

2
 97.21% _ 96.79% _ 

*, statistically significant (P < 0.05) 

The second-order model can be plotted as a three-dimensional surface representing the 

response of particle size as a function of the two factors for the experimental range 

considered (Figure 3-20).  

 

Figure 3-20 Three-dimensional surface plot for particle size as a function of the formulation 
variables. 
(A) PLGA and PVA concentration (Solvent removal rate = 500 rpm); (B) PLGA concentration and 
solvent removal rate (PVA concentration = 4%); (C) PVA concentration and solvent removal rate 
(PLGA concentration = 3.5%). 
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Entrapment efficiency 

Experimental results are presented in Table 3-9 and the statistical analysis of the results is 

shown in Table 3-10, and the following quadratic model is obtained:  

323121
2
3

2
2

2
13212 33.005.102.193.047.212.031.239.427.695.42 XXXXXXXXXXXXY   

Equation 3-20  

The results predicted by the model are also listed in Table 3-9. They showed a good fit for 

all the response variables (% error < 5%), suggesting the good predictability of the model. 

The F-statistics results with a low probability value (Pmodel > F less than 0.0001) 

demonstrated that the model was statistically significant. The adjusted r2 was very high 

(96.79%) indicating that the model fitted the data very well.  

The positive signs for the coefficient of X1, X2 and X3 in Equation 3-20 suggested that the 

entrapment efficiency of LD increased with the increase of X1, X2 or X3. All three variables 

had little interaction effect on the LD entrapped in the PLGA NPs. The PLGA concentration 

(X1) predominantly influenced the drug encapsulation over the other two variables, and the 

model was characterised by a strong linear effect. The PVA concentration (X2) had a strong 

quadratic influence whereas the organic solvent removal rate showed a minor effect.   

Three-dimensional response surface plots showing the variation in the entrapment 

efficiency with changes in concentration of PLGA (X1), PVA (X2) and solvent removal rate 

(X3) is presented in Figure 3-21. 

 

Figure 3-21 Three-dimensional surface plot for the percentage entrapment efficiency as a function of 
the formulation variables. 
(A) concentration of PLGA and PVA (solvent removal rate = 500 rpm); (B) PLGA concentration and 
solvent removal rate (PVA concentration = 4%); (C) PVA concentration and solvent removal rate 
(PLGA concentration = 3.5%). 
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3.4.4.3.  Optimisation of LDOPA Loaded PLGA Nanoparticles Formulation 

Optimisation of formulation was performed using mathematical and graphical (contour 

plot) approaches. The overall desirability for each formulation is presented in Table 3-9. It 

can be concluded that the optimum formulation with highest overall desirability value of 

0.864 was achieved by 5% (w/v) PLGA, 6% (w/v) PVA and 700 rpm solvent removal rate 

(Batch F8). The resulting NPs showed the best response to drug entrapment efficiency of 

62.19% and optimum size of 256.2 nm.  

Optimisation of formulation was also performed using contour plots as shown in Figure 

3-22. NPs with diameter of 200-300 nm and with better than 50% LD incorporated was 

considered as an optimum formulation in this study. Such a formulation can be selected from 

an overlaid contour plot. Figure 3-22 demonstrated the overlaid contour plots of particle size 

and percentage drug entrapment as functions of concentrations of PLGA and PVA or organic 

solvent removal rate. The solid and broken red lines in the graphs indicated the lower and 

upper limit of the acceptable range for the particle size respectively. Similarly, the solid and 

broken green lines indicated the lower and upper limit of the acceptable range for the drug 

entrapment efficiency. The boundaries shown in Figure 3-22A and B indicated that there 

were a number of combinations of concentration of PLGA and PVA and the organic solvent 

removal rate that may result in a satisfactory formulation. 

 

Figure 3-22 Optimum zone for LD loaded PLGA NPs. 
(A) Solvent removal rate = 500 rpm; (B) PVA concentration = 4% (w/v).  

3.4.4.4. Characterisation of Nanoparticles Produced with the Optimal Conditions 

Batch F8 was selected as the optimal formulation based on the overall desirability value. 

Characterisation was carried out on the NPs produced with this optimal formulation. 
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FT-IR Characterisation 

The structure of LD, PLGA and the LD Loaded PLGA NPs (F8) were assessed using FT-

IR spectroscopy to investigate possible drug-polymer interactions during the NPs fabrication 

process. The characteristic peaks for LD and PLGA alone, physical mixture and LD loaded 

PLGA NPs in FT-IR spectra are shown in Figure 3-23. The characteristic peaks contributed 

by the functional groups of LD molecules can be observed as N-H bending vibration of 

primary amine at 1526 cm-1, and aromatic O-H stretching at 3200-3500 cm-1 (Figure 3-23A). 

The PLGA functional groups can be characterised as C=O stretching of ester at 1741 cm-1, C-

H stretching of CH2 and CH3 at 2850-3000 cm-1,  C-O stretching of ester at 1181 cm-1, and O-

H stretching at 3200-3500 cm-1 as seen in Figure 3-23B. The specific absorption peaks for 

LD molecule, that is N-H bending (1526 cm-1) along with the characteristic peak of PLGA at 

1741 cm-1 were observed in both physical mixture (Figure 3-23C) and drug-loaded NPs 

(Figure 3-23D). The spectrum of physical mixture revealed that no chemical reaction 

occurred between the two substances. The specific groups of both substances observed in 

Figure 3-23D indicated the presence of LD in the particles. The spectra of both pure LD and 

LD loaded NPs had peaks at 1181 cm-1 which fell in the range in which an aliphatic C-N 

stretching vibration occurs.  Nevertheless, the peak of the aromatic O-H in the LD loaded 

NPs which occurs in 3200-3500 cm-1 could be masked by the peaks of the polymer over the 

same wavelength range. The FT-IR spectrum obtained was similar to that of pure drug and 

polymer confirming that the LD and PLGA polymer maintained their chemical structure 

during and after the formation of LD-loaded NPs. 
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Figure 3-23 Infrared spectra (A) LD powder, (B) PLGA polymer, (C) Physical mixing of LD 

and PLGA, (D) LD-loaded PLGA NPs. 
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Differential Scanning Calorimetry (DSC) 

DSC provides information about the physical properties like crystalline or amorphous 

nature of samples (Clas et al., 1999). The DSC thermogram analysis on the phase transition 

temperatures (Tg or Tm) of the pure material and the drug loaded NPs are presented in Figure 

3-24. The pure drug LD gave rise to a sharp peak that corresponds to the endothermic melting 

point, Tm, at 290ºC, indicating its crystalline nature (Figure 3-24A). The melting of the drug 

was followed by thermal decomposition. On cooling there was no sign of any re-

crystallisation, which indicates that the decomposition process destroyed the material being 

tested. This is common for organic chemicals to decompose shortly after their melting point.  

The DSC curve of pure PLGA polymer demonstrated that PLGA was an amorphous 

polymer with a glass transition temperature, Tg, of 50ºC (Figure 3-24B). No distinct melting 

point was observed. Although it looked like a melting peak it was a glass transition (the peak 

like effect was due to a hysteresis effect), indicating that there was an amorphous material. A 

broad peak was observed at 310ºC which was related to the thermal decomposition of the 

polymer. The curves of pure PLGA show that the polymer is thermally stable up to 250ºC. 

The Tg of PLGA polymer was above the physiological temperature of 37°C suggesting that 

PLGA polymer have a rigid structure which gives them mechanical strength to be formulated 

as drug delivery devices (Jain, 2000).  

From Figure 3-24C which shows the thermogram of the LD and PLGA physical mixture, 

it can be seen that the melting point of LD slightly shifted to 275°C, indicating weak 

interactions between LD and PLGA in mixture, while no new phase came into being.  

Figure 3-24D depicts the thermogram of LD loaded PLGA NPs. The endothermic peak of 

LD which was corresponding to its melting temperature was not detected in the drug loaded 

NPs indicating that there was no LD crystalline any more. When the drug does not show its 

endothermic peak in the formed NPs, it is said to be in the amorphous state. It can thus be 

concluded that in the prepared PLGA NPs the drug was present in the amorphous phase and 

may have been homogeneously dispersed in the PLGA matrix in a solid solution state after 

the formulation (Dubernet, 1995). In addition, the Tg of the PLGA in the drug loaded 

particles was not influenced by the LD indicating that no interaction between the drug and the 

polymer during the fabrication. The absence of plasticization effects suggested the absence of 

interaction between the polymer and the drug (Dillen et al., 2004). 
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Figure 3-24 DSC thermogram of LD (A), PLGA (B), LD and PLGA physical mixture, and 
LD loaded PLGA NPs. 
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Scanning Electron Microscopy (SEM) 

Surface morphology is important in determining the drug release kinetics of NPs. Under 

scanning electron microscope, the NPs were nearly spherical in shape with irregular and 

porous outer surface (Figure 3-25). The particles adhered to each other even after 

ultrasonication. The surface porosity could be attributed to the solvent evaporation during 

particle hardening. This pore nature of the NPs surface is important characteristics of DDS 

responsible for the controlled release of entrapped drugs. According to the Higuchi model, 

the release of entrapped drug from polymeric particles is dependent on the porosity of the 

particle matrix. As the evaporation rate of organic solvent increase, more and more pores 

form on the surface of the particles, through which release buffer could easily penetrate into 

the particles. Increase temperature could result in the fast evaporation rate. In order to obtain 

NPs with slow release profile, evaporation temperature should be controlled not too close to 

organic solvent boiling point. Therefore, the evaporation of DCM in this study was carried 

out at room temperature. 

 

Figure 3-25 Scanning electron microscopic images of LD-loaded PLGA NPs. 
Batch number F2 (A), F5 (B), F7 (C), F9 (D), F11 (E) and F13 (F).  
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In vitro Release Kinetic Modelling 

In vitro release of LD from uncoated F8 and P80 coated F8 formulation was evaluated as 

per the method described in Section 3.3.3.10. The initial burst releases were observed in the 

first day followed by a sustained release profile for both formulations. There was 25% drug 

released from P80 coated particles while 39% of drug was release from the uncoated 

particles. This was because P80 membrane on the particle surface formed a barrier to the 

penetration of release medium into the particle resulted in the slow desorption of surface 

bounded LD. The data obtained from the drug release was fitted to different kinetic models to 

understand the drug release mechanism and kinetics. The modelled kinetic parameters are 

reported in Table 3-11. The release data was subjected to goodness of fit test (r2) by linear 

regression analysis according to the selected release kinetics models. 

Table 3-11 Release kinetic parameters of LD loaded PLGA NPs   

 Zero order  First order  Higuchi 

model 

 Korsmeyer-Peppas 

model 

uncoated r2 k0  r2 k1  r2 kh  r2 n kk 

 0.836 0.397  0.933 0.0034  0.968 5.878  0.980 0.534 0.798 

Coated  0.881 0.335  0.935 0.0023  0.980 4.865  0.978 0.675 0.410 

 

Zero order release describes the systems where the drug release is independent of its 

concentration. Under the zero order kinetic, drug diffuse out in a controlled manner from a 

dosage form with a defined area which doesn’t disaggregate (Costa et al., 2001). Figure 3-

26A shows the cumulative amount of LD release vs time for zero order kinetics. The r2 value 

for the zero order kinetics was 0.836 and 0.881 for uncoated and coated particles, 

respectively. This suggests the drug release didn’t comply with zero order.  

The first order release describes the release from systems where the rate of release is 

concentration dependent and the release follows Fick’s diffusion mechanism (Costa et al., 

2001). Figure 3-26B shows the first order release profile by plotting logarithm of cumulative 

percentage drug remaining vs time. This model did not provide a high r2 for both 

formulations, indicating that LD release occurred independently of the amount of drug 

remaining in the formulation. 
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Higuchi model describe the release of drug from an insoluble matrix, taking into account 

the volume of the dosage form accessible to the dissolution media changes with time 

(Higuchi, 1963). This model can be analysed by plotting the amount of drug released vs 

square root of time (Figure 3-26C). It is typical for systems where drug release is governed 

by pure diffusion. Penetration of the media into the dosage form is depended on the matrix 

porosity and polymer relaxation. The high r2 values for both formulations indicate LD release 

from PLGA NPs comply with Higuchi model very well. The release rate is highly dependent 

on the porosity of the particle matrix. 

A Korsmeyer-Peppas model can be obtained by plotting log cumulative percentage of 

drug released versus log time for the first 60% drug (Figure 3-26D). The diffusional release 

exponent (n) in the model gives an indication of the diffusion mechanism. When n = 0.45, 

Fickian diffusion is expected; diffusion is affected by a solvent moving with constant velocity 

into the DDS. If n = 1.0, zero order release is seen, with release occurring independently of 

concentration. If 0.45 < n < 1, then it is non-Fickian or anomalous diffusion as a mixture of 

Higuchi and zero order type diffusion (Korsmeyer et al., 1983). Based on the results, LD 

release from PLGA NPs followed Korsmeyer-Peppas model and the goodness fit test was 

satisfied (r2 = 0.980 and 0.978 for both formulations). The release exponent n was 0.534 and 

0.675 for uncoated and coated particles, respectively, which indicates the drug release 

governed by diffusion through the NPs matrix as well as matrix erosion – so called 

anomalous diffusion. This anomalous diffusion is evidence that LD released from PLGA NPs 

was controlled by more than one process. 

Overall in vitro release data indicate that PLGA NPs are capable of sustain LD release 

rate over time.  
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Figure 3-26 Drug release fitted to (A) zero-order, (B) first-order, (C) Higuchi model and (D) 
Korsmeyer-Peppas model. 
Error bars represent standard deviation of three measurements. 

3.4.5. Stability of LDLoaded NPs 

The optimised formulations were studied for their stability at different conditions and 

time intervals. The results of physical stability of lyophilized NPs formulation and chemical 

stability of LD on such NPs are shown in Table 3-12 and Table 3-13. As seen from the 

particle size analysis data (Table 3-12), the particle size of both coated and uncoated 

formulations were stable at 2-8°C and 25°C for up to 3 months, for 1 month at 40°C, 75% 

RH condition. The increase of particle size at high temperature and moisture may cause 

particle aggregation.  

 It was observed that the initial drug content and the drug contents of both coated and 

uncoated samples analysed after 1, 2 and 3 months of storage at 2-8°C were similar 

indicating there were no significant changes in the chemical properties of the NPs (p < 0.05). 

At 25°C, uncoated samples were stable for up to 1 month after which the drug content 

gradually decreased to 94% at third months. In contrast, P80 coated samples were stable up to 

3 months at 25°C and drug content remained 98% of the initial amount after 3 months 

  

  

0

20

40

60

80

100

0 50 100 150 200

C
um

ul
at

iv
e 

re
le

as
e 

(%
)

Time (hours)

(A)coated uncoated

0.0

0.5

1.0

1.5

2.0

2.5

0 50 100 150 200

lo
g 

(%
 c

um
ul

at
iv

e 
dr

ug
 

re
m

ai
ni

ng
)

Time (hours)

(B)coated uncoated

0

20

40

60

80

100

0 5 10 15

C
um

ul
at

iv
e 

dr
ug

 r
el

ea
se

 (
%

)

Square root of time (h)1/2

(C)coated uncoated

0.0

0.4

0.8

1.2

1.6

2.0

0.0 0.5 1.0 1.5 2.0 2.5

lo
g 

(%
 C

um
ul

at
iv

e 
dr

ug
 

re
le

as
e)

log time

(D)coated uncoated



Chapter 3 – Formulation Development 

117 
 

storage. At 40°C/75% RH, a significant change was observed in the drug content for 

uncoated sample after 1 month storage. Drug content was reduced to 90% in the third month. 

Likewise, P80 coated NPs were not stable at high temperature and moisture conditions and 

drug content reduced to 93% at the last sampling time.  

Reduce of drug content at high temperature and moisture may be caused by the polymer 

degradation at such conditions (Dunne et al., 2000). When stored in a humid atmosphere, 

PLGA NPs can absorb moisture that reacts with the linkages of polymer, causing polymer 

degradation. Polymer degradation changes the physicochemical properties of the NPs, which 

in turn affect the drug content (Edlund et al., 2002).  

Based on the observation, lyophilized drug loaded PLGA NPs should be stored at 2-8°C 

where they remained stable in terms of both particle size and drug content. Humid 

environment should be avoided for the PLGA NPs storage. 

Table 3-12 Influence of time and temperature on the particle size of lyophilized NPs  

Batch # Storage 
conditions 

 Particle size (nm) 

   0 Month 1 Month 2 Month 3 Month 

Uncoated F8 2-8°C  256.2 ± 2.95 254.5 ± 3.18 259.5 ± 1.07 261.9 ± 2.22 

 25°C  256.2 ± 2.95 257.8 ± 0.36 257.2 ± 1.70 259.1 ± 0.76 

 40°C, 75% RH  256.2 ± 2.95 260.6 ±1.19 284.9 ± 1.16 281.0 ± 1.04 

P80 coated F8 2-8°C  267.3 ± 4.48 269.0 ± 1.34 267.3 ± 0.88 264.9 ± 0.78 

 25°C  267.3 ± 4.48 263.5 ± 1.15 265.6 ± 0.62 265.3 ± 0.15 

 40°C, 75% RH  267.3 ± 4.48 267.8 ± 0.56 281.8 ± 0.45 301.8 ± 2.51 

Values are presented as mean ± SD (n =3) 

Table 3-13 Influence of storage conditions on the chemical stability of LD on lyophilized 
NPs  

Batch # Storage 
conditions 

 Amount of L-DOPA (% of initial amount) 

   0 Month 1 Month 2 Month 3 Month 

Uncoated F8 2-8°C  101.2 ± 1.11 102.7 ± 0.27 103.5 ± 0.71 99.8 ± 0.55 

 25°C  101.2 ± 1.11 100.3 ± 2.33 96.1 ± 2.31 94.2 ± 1.21 

 40°C, 75% RH  101.2 ± 1.11 96.4 ±0.91 92.9 ± 0.55 89.8 ± 1.23 

P80 coated F8 2-8°C  99.03 ± 2.18 99.2 ± 0.27 101.1 ± 0.64 99.4 ± 1.64 

 25°C  99.03 ± 2.18 98.9 ± 1.56 99.6 ± 0.96 97.6 ± 0.47 

 40°C, 75% RH  99.03 ± 2.18 98.3 ± 0.76 94.2 ± 0.35 93.4 ± 0.49 

Values are presented as mean ± SD (n =3) 
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3.5. Conclusion 

The aim of this study was to develop and optimise an oral administrable PLGA NPs for 

the delivery of LD across blood brain barrier.  

PLGA NPs incorporating LD were prepared by w/o/w double emulsion solvent 

evaporation technique. Effects of different process variables on the NPs physiochemical 

properties were examined followed by a central composite design analysis. By means of this 

experimental design, PLGA NPs can be prepared to obtain predetermined characteristics 

since the variables affecting these characteristics were determined and quantified. According 

to the studied factors, the selected optimum formulation was that prepared with higher extent 

of PLGA concentration (5%, w/v) and PVA concentration (6%, w/v) accompanied by a 

higher organic solvent removal rate (700 rpm). Under such process conditions, drug loaded 

PLGA NPs can be produced with acceptable size in nano scale (256 nm) and high drug 

entrapment efficiency (62%, w/v). FT-IR and DSC revealed that drug was present in the NPs 

in an amorphous state and that no interactions between drug and polymer were observed. 

Hence, PLGA NPs is a suitable delivery system for LD. 

NPs were washed and lyophilized for storage after particles were formed. Upon the 

stability studies, PLGA NPs were stable when stored at 2-8°C for up to 3 months.  

In vitro release of selected factorial formulation showed 73% released in 7 days. The 

release showed biphasic profile exhibiting a burst release followed by slow and steady release. 

The kinetic studies showed that LD released from NPs followed Korsmyer release kinetics. 

Results indicate that LD loaded PLGA NPs could be effective in sustaining drug release for a 

prolonged period.  

The mechanisms of drug release from biodegradable polymer device may include (1) 

desorption of the surface bound/adsorbed drug; (2) dissolution diffusion of the drug from the 

matrices and (3) matrix erosion resulting from polymer degradation. The initial burst release 

caused by the detachment of the surface drug can be altered by controlling the organic 

solvent evaporation which affects the drug dispersion in the particles (Le Corre et al., 1997; 

Matsumoto et al., 1997). Diffusion of drug from polymer matrices is mainly affected by the 

porosity and tortousity of the formed particles. LD could diffuse from the polymer matrices 

in a controlled manner by modifying the process variables. The degradation of PLGA 
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polymer can be controlled by modifying polymer crystallinity, copolymer ratio, temperature 

and pH (Couvreur et al., 1997).  

In conclusion, the results in this study show that the PLGA NPs is a promising carrier 

system for controlled release of LD with good clinical application potentials. 
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Chapter 4. EVALUATION OF PLGA NANOPARTICLES UPTAKE USING 

Caco2 CELL MONOLAYERS 

4.1. Introduction 

4.1.1. Absorption Mechanism and Pathway across the Intestinal Epithelium 

PLGA NPs have been developed for LD delivery to prevent LD from being degraded by 

the enzymes in the GI tract, in order to improve LD bioavailability. Oral administration of 

NPs is considered the most convenient and cost effective route of delivery. NPs must be able 

to travel across the cellular barriers upon oral administration for absorption to occur.  The 

efficiency of PLGA NPs delivery system depends on the readiness of the NPs for 

internalization into, and sustained retention inside the cells. Cellular uptake efficiency is an 

important factor in drug delivery because it is related to the therapeutic efficacy as well as the 

toxicity of drug-loaded PLGA NPs (Zaro et al., 2003). Hence, it is necessary to study how 

various factors influence the cellular uptake of NPs.  

Before cellular uptake, particle must adhere/bind to the lipid bilayer cell membrane. The 

Brownian motion of particles of less than 1 µm provides the force for random motion and 

diffusion through a media (Sinko, 2006). Once in contact with the cell surface, the absorption 

of particles can take place. Such process is mediated through passive diffusion or active 

endocytosis governed by particle-cell surface interactions.  

Passive diffusion occurs through the aqueous pores between the TJs of cell membrane 

(paracellular) which does not require energy. Transportability of the particles, however, is 

limited due to the size and small surface of these water-filled pores (Brahma N et al., 2007). 

Particles “kneading” between the intestinal epithelial cells are due to their extremely small 

size (< 50 nm). Endocytosis is an active transport pathway that includes processes such as 

phagocytosis, pinocytosis (fluid phase) and receptor-mediated endocytosis (Foster et al., 

2001). Particles with a size smaller than 500 nm can be absorbed by intestinal enterocytes 

through endocytosis. Particles can also be internalized into cells via lymphatic uptake in 

which particles with a size of larger than 500 nm can be absorbed by M cells of the Peyer’s 

patches (Sanders et al., 1961; Warren et al., 1997). M cells are specialized epithelial cells 
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overlaying the lymphoid tissue of the intestinal epithelium. This type of cells has lower 

proteolytic activity in its transport vehicles, and has been considered as the main target for 

antigen-containing microparticles for oral vaccination. However, the low number of M cells 

in the intestinal epithelium reduces the possibility of using these cells as general pathway for 

epithelial drug transport (Artursson et al., 2001). Most of the polymeric carriers follow the 

endocytic pathway to be internalized into cells.  

It is proposed that NPs are initially taken up by primary endosomes followed by 

secondary endosomes, which then fuse with lysosomes. Primary endocytic vesicles have a 

physiological pH at which PLGA NPs carry negative charge. However, charge reverse occurs 

in the lysosomes where the environment is acidic (pH 4.5). Positive charge destabilises the 

endosomal membrane causing the expulsion of PLGA NPs from the lysosomes into the 

cytoplasm (Panyam et al., 2002). This rapid release of PLGA NPs into the cytoplasm protects 

the encapsulated drug from degradation by lysosomes enzymes.  

4.1.2. In Vitro Cellular Absorption Model 

Various in vitro, in vivo, in situ and in silico techniques have been developed for the study 

of drug intestinal absorption. The advantages of in vitro cell culture based models are less 

labour and more cost-effective compared to animal studies. Caco-2, which originates from a 

human colonic carcinoma (Fogh et al., 1977), is the most commonly used as in vitro cellular 

model for the studies of drug absorption, distribution, metabolism, excretion and toxicity 

(ADMET). 

Caco-2 cells can undergo spontaneous differentiation to form polarized, columnar 

enterocytes under conventional cell culture condition, and thus resemble small intestinal 

epithelium  (Artursson et al., 1990). Caco-2 monolayers are considered fully differentiated 25 

days after confluence. After full differentiation, Caco-2 cells display well-defined brush 

border with high density of microvilli on the apical surface and TJs (Peterson et al., 1993). 

Not only do Caco-2 cells exhibit morphological characteristics similar to the intestinal 

enterocytes, they also express several active transport systems which are located in the 

intestinal epithelium. Such transport systems include peptide, amino acid, bile salt, sugars, 

and nucleoside transporters, as well as P-glycoprotein (P-gp) and Multi-drug resistance 

protein (MRPs) (Hu, 1993; Saito et al., 1993; Delie et al., 1997). The existence of P-gp and 

MRPs allows researchers to examine the active efflux of drug across cell membrane. 

Therefore, Caco-2 cell system represents a useful tool to assess carrier-mediated drug 
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transport. The enzymes found in the brush border membranes of the enterocytes also present 

in the Caco-2 cells (Gan et al., 1997). The cells express both Phase I and Phase II 

metabolizing enzymes (Delie et al., 1997; Sambuy et al., 2005).  

In summary, differentiated Caco-2 cell monolayers show morphological and biochemical 

similarities to normal intestinal epithelium. They have effective TJ and contain a number of 

active transporters and metabolic enzymes. Furthermore, the correlation of in vivo absorption 

in human and log of apparent permeability coefficient (Papp) was found to be excellent. 

Therefore, Caco-2 cells have been widely used as an in vitro model of intestinal mucosa to 

determine drug absorption (Gan et al., 1997).  
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4.2. Materials  

Dulbecco’s Modified Eagle Medium (DMEM) with high glucose, Hank’s Balanced Salt 

Solution (HBSS), Phosphate-Buffered Saline (PBS), Non-Essential Amino Acid Solution 

(NEAA), heat inactivated Fetal Bovine Serum (FBS), penicillin-streptomycin, trypsin-EDTA, 

Molecular Probe® CellTrackerTM  Red CMTPX, 4’6-diamindino-2-phenylindole (DAPI)  

were purchased from Invitrogen (Auckland, New Zealand). Fluorescein isothiocyanate 

(FITC), N-(3-Dimethlaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), pyridine, N-

hydroxy succinimide (NHS) were purchased from Sigma Aldrich (St. Louis, MO, USA). Mill 

Q water was used throughout the studies and all other reagents were of analytical grade. 
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4.3. Methods 

4.3.1. Preparation of FITCconjugated PLGA Nanoparticles 

FITC-labelled PLGA was prepared by covalently conjugating FITC to the EDC- activated 

carboxylic terminal groups of PLGA polymers using modified carbodiimide method 

(Weissenboeck et al., 2004; Kim et al., 2005; Harfouche et al., 2009). EDC is a carbodimide 

commonly used to mediate the formation of amide linkages between a carboxylate and an 

amine. EDC can react with a carboxylic group of PLGA polymer to form a highly reactive o-

acylisourea intermediate. These active intermediates are able to couple with amine-containing 

molecules such as NHS to form a stable amide bond (Hermanson, 2008). The amide bond can 

further react with FITC to form a FITC conjugated PLGA polymer.  

Briefly, 1000 mg of PLGA (100 µl) was dissolved in 5 ml DCM and activated using 80 

mg NHS and 100 mg EDC. The reaction mixture was incubated with constant end-over-end 

rotation by RevolverTM rotator (Labnet international, Inc. Woodbridge, NJ, USA) for 2 h at 

room temperature. Next, 38.9 mg of FITC (100 µl) was dissolved in a mixture of DCM (500 

µl) and pyridine (500 µl). FITC solution was then added to the activated PLGA solution at a 

molar ratio of 1:1 and the reaction mixture was incubated in the dark over night at 4°C. The 

unreacted FITC was removed by repeated washings with 5 mM HCl until the aqueous layer 

remained clear followed by precipitation with methanol for 2 h at 4°C. The polymer was 

centrifuged at 3,220 g for 30 min. The supernatant was discarded and the polymer was 

washed thoroughly by Milli-Q water and lyophilized. The NPs were prepared by blending 

pure PLGA and FITC-labelled PLGA at a 50/50 weight ratio and fabricated as per the 

protocol described in Section 3.3.1. The lyophilized FITC-PLGA NPs were stored in the dark 

at 4°C.  

4.3.2. FITC Content Determination 

The FITC content in the FITC-PLGA NPs was also determined using a fluorescein 

spectrophotometer (Perkin Elmer Precisely, USA, λex 495, λem 525 nm), after dissolving the 

particles in 0.5% Triton X-100/1 M NaOH solution. A calibration curve was constructed by 

dissolving a series of different concentrations of FTIC-PLGA NPs in the same solvent.           
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4.3.3. Cell Culture 

Caco-2 cell line was original obtained from the American Type Culture Collection 

(ATCC, Rockville, MD, USA). Cells of passage number 45-55 were used. Caco-2 cells were 

cultured in DMEM medium supplemented with 10% heat inactivated FBS, 1% NEAA, 

penicillin-streptomycin (100 U/ml and 100 µg/ml, respectively) and 2 mM L-glutamine. The 

cells were grown in T-75 culture flasks in a humidified atmosphere (5% CO2/95% air) at 

37°C and exchange for fresh medium every 3-4 days. Viable cells were determined by trypan 

blue exclusion method based on the fact that trypan blue dye can diffuse through the cell wall 

of dead cells only. For subculturing, the cells were dissociated with 0.25% trypsin-EDTA, 

split in a ratio of 1:3.        

4.3.4. Sulforhodamine B Assay 

Cytotoxicity of LD-free and LD-loaded PLGA NPs was assessed by SRB assay as 

described in Section 2.3.7. Caco-2 cells were added in 96-well culture plates at a density of 

5x103 cells/well and incubated for 24 h to allow cell attachment. Cells were then exposed to 

increasing concentrations (25-2000 µg/ml) of NPs for 4 h and cells viability was expressed as 

percentage of viable cells in comparison with that of the control, which comprised the cells 

without exposure to the particles. At 500 µg/ml NPs, cells were exposed to NPs suspensions 

for 2, 4, 8, 24 and 48 h to establish the time-dependent cytotoxicity.    

4.3.5.  Stability of NPs in HBSS 

To investigate the stability of PLGA NPs in the incubation media, 2 mg lyophilized NPs 

were suspended in 2 ml HBSS and incubated at 4 or 37°C for up to 8 h. After centrifugation, 

the supernatant was removed and the particles were dissolved in 1 ml of DCM and 3 ml of 

Milli-Q water. LD was extracted by vortexing for 15 min. The aqueous phase containing LD 

was separated by centrifugation and LD concentration was determined using HPLC. The 

stability of FITC labelling within particles was also investigated. The FITC-NPs suspensions 

were incubated with HBSS at 4 or 37°C for 8 h. The suspensions were then centrifuged and 

particles were dissolved in 0.5% Triton X-100/1 M NaOH followed by the fluorescence 

intensity measurement using fluorescence spectrophotometer. 
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4.3.6. Uptake of PLGA NPs by Caco2 Cells 

The uptake of lyophilized FITC-PLGA NPs containing LD by Caco-2 cells was 

investigated by fluorescence spectrophotometer, Cyro-scanning electron microscopy (Cyro-

SEM) and confocal laser scanning microscopy (CLSM). 

4.3.6.1. Quantitative Investigation by Fluorescence Spectrophotometer 

For uptake studies, 5 ml Caco-2 cells suspension (1x105 cells/ml) were added in 60 mm 

culture dishes (Corning Coster Corp, USA) and incubated to allow cell attachment and 

proliferation. The cells reached confluence after 10-12 days of initial seeding. Experiments 

were generally performed 2-3 days after cells reached confluence, and 12-15 days after the 

initial seeding. On the day of the experiments, the growth medium was removed and the cells 

were washed with transport buffer (Hank’s balanced salt solution, HBSS, pH 7.4) then the 

cell monolayers were pre-incubated with 5 ml of HBSS for 15 min at 37°C. After 

equilibrating the cells in HBSS for 15 min, uptake studies were initiated by exchanging the 

transport buffer with FITC-PLGA NPs suspension. Initial studies were carried out with P80 

coated and non-coated FITC-PLGA NPs containing LD with a loading capacity of 2.5% 

(w/w) to determine the effect of surfactant on the cellular uptake. Five ml of NPs suspension 

(500 µg/ml in HBSS) with a particle size of 170 nm (Formulation No. F7) were added to cell 

monolayers and incubated at 37°C for 4 h. After removal of the transfer buffer, the dishes 

were rapidly rinsed three times with ice-cold HBSS to remove the NPs which were not 

internalized. The Caco-2 cells were then scraped off using cell scraper (BD Biosciences, CA, 

USA) and transferred to a microcentrifuge tube containing 1.0 ml lysis medium (0.5% Triton 

X-100/1 M NaOH). No trypsinisation was performed during cell detachment procedure since 

trypsin can suppress fluorescence intensity. After digestion for 30 min at 37°C, 20 µl of the 

cell lysates were used to determine the total cell protein content using bicinchoninic acid 

(BCA) method as described before with a Pierce® BCA protein assay kit (Thermo Scientific, 

USA). The exposed NPs in the remainder of the cell lysates were subjected for quantitative 

measurement. Cell-associated NPs were quantified by analysing the cell lysate using 

fluorescein spectrophotometer (Perkin Elmer Precisely, USA, λex 495, λem 525 nm). The 

amount of cell-associated NPs was calculated from the calibration curve. The extent of 

uptake was expressed as the amount of NPs (µg) taken per mg cell protein (µg/mg protein). 

Size-, concentration-, time- and temperature dependent uptake studies were carried out 

with non-coated FITC-PLGA NPs containing LD. Formulation No F7, F8, F0, F10 and F2 
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with particle size of 173, 256, 303, 431 and 500 nm, respectively, were selected to represent 

different size of particles. Fluorescence-labelled PLGA NPs with specified particle size (173-

500 nm) at a concentration of 500 µg/ml were incubated with cells at 37ºC for 2h to 

investigate the effect of particle size on cell uptake. Unless otherwise stated, all other uptake 

studies were performed using the optimal formulation F8 with a particle size of 256 nm. 

For concentration-dependent studies, cells were incubated with NPs suspension at 

specified concentrations (50-2000 µg/ml) at 37ºC for 2 h. Time-dependent uptake 

experiments were performed with NPs concentration at 500 µg/ml at 37ºC for 0.5-24 h. To 

determine the effect of temperature, incubation of NPs suspensions (500 µg/ml) was carried 

out at 4ºC for 4 h. All experiments were repeated three times.  

4.3.6.2. Confocal Laser Scanning Microscope (CLSM) 

CLSM was used to examine whether NPs were indeed taken up and localised 

intracellularly or were simply adsorbed onto the cell surface. Caco-2 cells were transferred 

into 2-well chamber slides (BD Falcon, USA) at a density of 2x105 cells/well (5x104 

cells/cm2) and grown in complete DMEM culture medium. Two ml of LD-loaded FITC-

PLGA NPs suspension at the specified concentrations were incubated with cells for 0.5-4 h at 

37°C or 4°C. At the predetermined time, the transfer buffer and excess NPs were removed 

and cells were washed with ice-cold HBSS. Cells were incubated with serum-free DMEM for 

15 min. After equilibrium, incubation medium was replaced with pre-warmed CellTracker 

dye (Invitrogen, New Zealand) with concentration of 5 µM in serum-free DMEM and cells 

were incubated for 30 min at 37°C. After cytoplasm staining with CellTracker, the Caco-2 

cells were then washed with PBS followed by fixation with a freshly prepared 3% (w/v) 

paraformaldehyde solution for 30 min at room temperature. The slides were then rinsed twice 

with PBS followed by nuclei staining with DAPI (100 nM in PBS) (Invitrogen, New 

Zealand) at room temperature for 3 min.  After removing the culture chambers, slides were 

thoroughly washed with PBS and mounted with CITI-Fluor (a medium used to decrease 

photobleaching during observation under CLSM). Cover slips were placed on top of the 

slides and sealed with nail polish. The slides were stored at 4°C and protected from light.   

Slides were visualized by CLSM (Olympus FV1000; Olympus, Heidelberg, Germany). 

Samples were excited with 488 nm (green), 543 nm (red) and 633 nm (blue) laser lines. 

Images were captured with a 60x/1.35 oil immersion lens. A step motor was used to image 

3D sections of the cells and images were processed using FluView 2.0b software (Olympus, 
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Heidelberg, Germany). The intercellular localisation of FITC-PLGA NPs can be confirmed 

by the visualization of the cells at different planar sections.  

4.3.6.3. Investigation by CryoScanning Electron Microscopy (CryoSEM) 

The uptake of PLGA NPs with Caco-2 cells was also characterised by Cryo-SEM. Cryo-

SEM images of the entire cells in hydrated conditions can be produced through conversion of 

liquid water to solid by cryo-fixation. This allows observation of the cells which are arrested 

at the existing state with less relocation of highly diffusible elements with little mechanical 

damage. Caco-2 cells were incubated with PLGA NPs suspension (0.5 mg/ml in HBSS, pH 

7.4) at 37°C and 5% CO2 for 2 h and cells were washed with PBS (pH 7.4) for 3 times to 

remove the excess NPs. Cells were then fixed with 2.5% (v/v) paraformaldehyde for 2 h at 

room temperature and followed by 3 washes with PBS solution (pH 7.4). Subsequently, cells 

were postfixed with 1% (v/v) osmium tetroxide for 20 min and followed by 3 washes with 

buffer. The samples were then dehydrated with different ethanol concentrations: 30, 50, 70, 

90 and 100% for 30 min for each before critical point drying. After critical point drying 

operation, the specimen was mounted on aluminium stubs and sputter coated with platinum 

using a sputter coater (Polaron SC 7640). Specimen was then placed onto the specimen stage 

of SEM and examined under a condition of high vacuum and at a temperature of less than -

120ºC using Philips XL30S FEG scanning electron microscope at 25 kV. Untreated Caco-2 

cells were used as a negative control. 

4.3.7. Data Analysis 

Results are presented as mean ± SD of at least three replicates. Both Student’s t test and 

One-way ANOVA followed by Turkey-test were used to evaluate the significance of 

differences between the groups (SigmaStat 3.5, Systat Software, USA), with the level of 

significance set at p < 0.05, as appropriate. 
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4.4. Results and Discussion 

4.4.1. Effect of PLGA Nanoparticles on the Growth of Caco2 Cells 

Cytotoxicity studies included investigation of the effects of NPs with/without drug or 

coating at various concentrations and the effects of incubation time on the cell viability. 

Results are presented as percentage of cell viability relative to control.  

To evaluate cytotoxicity, increasing concentrations of particle (25-2000 µg/ml) were 

incubated with Caco-2 cells and cell viability after 4 h was measured using SRB assay. It was 

found that for all three tested particles (LD-free NPs, LD-loaded FITC NPs and T80 coated 

LD-loaded FITC NPs), they were not toxic up to 1000 µg/ml (> 90% cell survival at this 

concentration). As concentration increased, an apparent trend of lower cell viability was 

observed (Figure 4-1). This suggests that the cytotoxicity of PLGA NPs was concentration 

dependent. PLGA polymers are accepted as having low cytotoxicity with good 

biodegradability and biocompatibility and have been approved for human use by FDA. On 

the other hand, the toxicity of LD has been studied and reported to be nontoxic up to 50 

µg/ml. Due to the low loading capacity (< 3%) and slow drug release profile, the effect of the 

released LD on the cell viability was negligible. The reduction of cell viability at high 

concentration (> 1000 µg/ml) of PLGA NPs could result from NP internalization and/or from 

cell interaction with the particles. It has been suggested that the adhesion of solid NPs may 

alter the cellular transport of substance thus affecting cell viability (Seal et al., 2001; Cegnar 

et al., 2004).   

At the highest concentration (2000 µg/ml), the highest cell viability was observed for 

cells treated with the P80 coated NPs (82.5%). This could be due to the hydrophilic surface of 

NPs resulting from the presence of Polysorbate-80 on NPs. It was reported that increasing the  

hydrophilicity of NPs will decrease the interaction between NPs and cells. The reduced cell 

interaction with NPs resulted in an improved cell viability (Sahoo et al., 2002).  
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Figure 4-1 Effect of particle concentrations of drug-free NPs, LD-loaded FITC-NPs and P80 
coated LD-loaded FITC-NPs on Caco-2 cells.  
Cells were incubated with NPs at 37°C for 4 h. Date represented as mean ± S.D, n = 6. 

In the second series of experiments, the cytotoxicity of the NPs over time was also 

investigated after exposure of NPs (500 µg/ml) for 2, 4, 8, 24 and 48 h. Figure 4-2 showed 

that cell viability did not significantly change over time. The cell viability was above 86% 

after 48 h exposure. This suggested that the cytotoxicity of PLGA NPs in Caco-2 cells is 

mainly dependent on the concentration of particles.   

 

Figure 4-2 Effects of length of exposure on cytotoxicity of drug-free NPs, FITC labelled LD-
loaded NPs and P80 coated FITC labelled LD-loaded NPs on Caco-2 cells. 
NPs concentrations were 500 µg/ml. Date represented as mean ± S.D, n = 6. 
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4.4.2. Stability of PLGA NPs in HBSS Incubation Medium 

The results of recoveries of LD from PLGA NPs, FITC-PLGA NPs and P80 coated 

FITC-PLGA NPs as well as the stability of fluorescence labelling after incubation with HBSS 

at 4 or 37°C for 8 h are presented in Table 4-1. More than 95% of fluorescence remained in 

NPs when they were incubated with HBSS at either 4°C or 37°C for 8 h, indicating a strong 

fluorescence coupling with PLGA, and that the fluorescence signal detected in the cell was 

mainly attributed to the coupled fluorescence. The lost of LD from the fabricated particles 

was mainly due to the detachment of LD from the surface of the particles.   

Table 4-1 Stability of LD and fluorescence labelling within PLGA NPs after 8 h incubation 
with HBSS 

 LD recoveries (%)  Fluorescence recoveries (%) 

 4°C 37°C  4°C 37°C 

PLGA NPs 86.6 ± 4.0 85.8 ± 5.4  N/A N/A 

FITC-PLGA NPs 91.2 ± 8.4 83.7 ± 2.8  102.6 ± 6.8 98.2 ± 5.9 

P80 coated FITC-PLGA NPs 87.9 ± 3.1 88.0 ± 4.7  95.6 ± 13.4 97.3 ± 7.6 

Data are presented as mean ± S.D, n = 3 

4.4.3. Cellular Uptake of PLGA NPs 

4.4.3.1. Effects of NPs Surface Coating 

The effect of surface property on the uptake of PLGA particles has been studied by 

incubating P80 coated or uncoated LD-loaded FITC-PLGA NPs at concentrations of 500 

µg/ml in 5 ml of HBSS with Caco-2 cells at 37°C for 2 h. The results showed a clear 

preferred uptake of the uncoated NPs (Figure 4-3). The accumulation of NPs inside the cells 

reduced for the P80 coated formulation (181 µg/mg cell protein) in comparison with the 

uncoated formulation (254 µg/ml cell protein).  

This phenomenon can be explained by the surface property of the different samples. The 

uptake of NPs has been reported to depend on the hydrophobicity of the carriers (Foster et al., 

2001). Increasing the hydrophilicity of particle surface results in decreasing cellular uptake. 

Higher hydrophilicity may retard opsonisation resulting in decrease uptake of particles 

through endocytosis (Vonarbourg et al., 2006; Shan et al., 2009). Polysorbate 80 with HLB 

value of 15.0 is a hydrophilic surfactant (Sinko, 2006). Coating with hydrophilic P80 led to 

an increase in the particles surface’s hydrophilicity, which in turn decreased the particles-
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cells interaction and the extent of cellular uptake. These results thus support the assumption 

that NPs surface in contact with biological fluids, cells, or cellular components can be 

modified to provide favourite interactions with the cells (Zauner et al., 2001). 

 

Figure 4-3 Effect of surface coating on uptake of FITC-PLGA NPs by Caco-2 cells.  
NPs at concentration of 500 µg/ml in 5 ml of HBSS were incubated at 37°C for 2 h. Data are 
presented as mean ± S.D. from three determinations. * shows significant different between 
the groups at p < 0.05.    

4.4.3.2. Effects of Particle Size 

The effect of particle size on the uptake of PLGA NPs by Caco-2 cells has been examined 

and the results are illustrated in Figure 4-4. It can be seen that the uptake efficiency decreased 

dramatically with the increase of PLGA NPs size (p < 0.05). The results indicated that uptake 

of PLGA NPs by Caco-2 cells is size-dependent. According to the Stokes-Einstein equation 

(Equation 1-1): 
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, the diffusion of particles through mucin is restricted by 

the particle size (Norris et al., 1997). An increase in particle size leads to a decrease in 

permeability.  

This phenomenon was probably resulted from an increase surface area following a 

particle size decrease, thereby increasing the attachment/binding of particles to cell 

membrane and led to an increase in the internalization of particles into cells. In addition, the 

effect of particle size on the uptake efficiency may also due to different transport 

mechanisms. The particle size being investigated ranged from 173 to 500 nm. In general, 

pinocytosis occurs when particles are less than 100 nm, receptor-mediated endocytosis 
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phagocytosis (Couvreur et al., 1993). Particles with a size of larger than 500 nm are adsorbed 

by membranous (M) cells concentrated in follicle-associated epithelial tissue called Peyer’s 

patches (Jepson et al., 1996). M cells play a major role in the endocytosis of microparticles. 

However, the exact uptake mechanism remains unclear. Our findings are in accordance with 

the previous studies suggesting that the extent of particle uptake is indirectly proportional to 

the particle size (Desai et al., 1997).  

 

Figure 4-4 Effect of particle size on uptake of LD-loaded FITC-PLGA NPs by Caco-2 cells.  
NPs with concentrations of 500 µg/ml in 5 ml of HBSS were incubated at 37°C for 2 h. Data 
were presented as mean ± S.D. from three measurements.    

4.4.3.3. Effects of Particle Concentration 

The uptake of 256 nm particles increased with increasing particle concentration from 50 

to 2000 µg/ml when incubated with cells at 37°C for 2 h. The results indicated a sharp 

increase in particle uptake with increasing particle concentration levelled off at 500 µg/ml. A 

gradual increase in uptake was then observed as the concentration increased to 1000 µg/ml 

after which a slight decrease in uptake was observed at a concentration of 2000 µg/ml. As 

indicated in this study, the uptake of PLGA NPs by Caco-2 cells was concentration 

dependent with a saturation limit. Michaelis-Menten equation was used to fit with the data 

and Vmax of 294 µg/mg protein and Km of 149.3 µg/ml was obtained using GraphPad Prism 

software (San Diego, CA, USA) (Figure 4-5).  

The rate and extent of NPs uptake via endocytosis pathway is dependent on the 

availability of receptors/carriers. Saturation of these carriers results in a decrease in particle 

internalization. In the present study, particle uptake at a concentration of 500 µg/ml was 4.0-
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fold greater than to that at 50 µg/ml, 2.2-fold at 100 µg/ml, and 1.02-fold at 2000 µg/ml. 

Although the uptake of particle at a concentration of 1000 µg/ml slightly increased in 

comparison to that at 500 µg/ml, the cytotoxicity increased as particle concentration 

increased. Thus, particle concentration of 500 µg/ml was selected for all other uptake 

experiments.      
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Figure 4-5 Effect of particle concentration on uptake of 256 nm diameter LD-loaded FITC-
PLGA NPs by Caco-2 cells. 
NPs were incubated with cells at various concentrations at 37°C for 2 h. Data were presented 
as mean ± S.D. from three determinations.    

4.4.3.4. Effects of Exposure Time 

Figure 4-6 shows that the uptake of 256 nm particles first increased and reached a plateau 

after 2 h exposure to cells and then decreased when the exposure time increased to 8 h. 

Results indicated that the uptake of PLGA NPs was time-dependent and there was a 

saturation limit in exposure time. Fewer particles were internalized into the cells after 4 h 

incubation suggesting that they could be lost via exocytosis by P-glycoprotein (P-gp) which 

transports particles from serosal to mucosal direction. (Cartiera et al., 2009). Thus, 2 h 

exposure time was selected for all other uptake studies. 
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Figure 4-6 Effect of exposure time on uptake of 256 nm diameter LD-loaded FITC-PLGA 
NPs by Caco-2 cells. 
NPs with concentrations of 500 µg/ml in 5 ml of HBSS were incubated at 37°C for 0.5-8 h. 
Data were presented as mean ± S.D. from three measurements.    

4.4.3.5. Effects of Temperature 

To determine whether the uptake of NPs into Caco-2 cells was mediated by endocytosis, 

the cells were incubated with NPs at either 4°C or 37°C for 2 h (Figure 4-7). Experiments 

performed at 37°C showed 2.4 flods greater uptake than that at 4°C. Endocytosis, an energy 

dependent process, is blocked at low temperature. Upon incubation at 37°C, the cells are 

metabolically active and energy consuming uptake can occur. In contrast, at 4°C the 

metabolism is reduced so that binding of NPs to the cell membrane is reduced. Our results 

provided evidence that NPs uptake is mediated by endocytosis. This is in accordance with a 

previous research which demonstrated that endocytosis is the mechanism of NPs uptake by 

Caco-2 cells (Desai et al., 1997).  

On the other hand, some residual attachment and internalization can be observed at some 

extent even after several washes of cells to remove the excess formulation. This suggested 

that the NPs are tightly bound to the Caco-2 cells. Adherence of a particle to the cell 

membrane is known as the precondition step leading to internalization (Foster et al., 2001). 

Hence, PLGA NPs which are tightly bound to the surface of the cells is suitable for use as a 

DDS.  
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Figure 4-7 Effect of incubation temperature on uptake of 256 nm diameter LD-loaded FITC-
PLGA NPs by Caco-2 cells. 
NPs with concentrations of 500 µg/ml in 5 ml of HBSS were incubated at 4 or 37°C for 2 h. 
Data were presented as mean ± S.D. from three determinations. * shows significant different 
between the groups at p < 0.05.    

4.4.3.6. Investigation by CLSM 

The uptake of FITC labelled PLGA NPs by Caco-2 cells was also qualitatively evaluated 

by confocal microscopy. CLMS allows a 3-D cross-sectioning image of cells to be observed 

and gives information on the localisation of particle. Labelling the cells with Tracker Red and 

DAPI resulted in the extracellular membrane, nuclei as well as the fluorescence labelled NPs 

being clearly visualized.  

Figure 4-8 shows the distribution of green NPs within Caco-2 cells after 2 h incubation at 

a particle concentration of 500 µg/ml at 4°C. The image indicates that NPs were clearly 

adsorbed on the cell membrane and a few of them were localised in cytoplasm. The 

internalization of NPs within the cells indicates a process other than endocytosis might exist. 

Transduction or direct NPs entry may contribute to the internalization (Zaro et al., 2003). 

Passive diffusion may also play a role in the transportation of extremely small particles (< 50 

nm) into the cells.  

Figure 4-9 shows the green scattered NPs were distributed throughout the cytoplasm and 

perinuclear region when the particles were incubated with cells at 37°C. A remarkable 

increase of intracellular distribution of NPs at 37°C in comparison to 4°C suggests that the 

uptake of PLGA NPs by Caco-2 cells is mainly governed by an active, energy consuming 

process.  
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The same slice was also viewed in an optical sectioning manner. The optical slice 

sections of 1 µm were taken and the localisation of particles within cells can be observed. 

The series images confirm that internalization of NPs has truly occurred and the particles 

were not only adsorbed onto the cell membrane (Figure 4-10).   

Figure 4-11 demonstrates the effect of incubation time on the extent of particles uptake. A 

significant increase of the green particles within the cells was observed when NPs were 

incubated for 4 h in comparison to that for 2 h. Cells showed a heterogeneous intracellular 

distribution of the FITC labelled particles. This may indicate that the process of PLGA NPs 

uptake is time dependent. 

The confocal images evidently indicated that the cellular uptake of PLGA NPs by 

endocytosis is a temperature- and time-dependent process, which is consistent with the results 

presented in the quantitative studies.  

 

Figure 4-8 Confocal laser scanning microscopy 3D cross-section image of Caco-2 cells after 
2 h incubation with LD-loaded FITC-PLGA NPs at 4ºC. 
Merged image of nuclei stained with DAPI (blue), cytoplasm stained by Tracker Red (red) 
and FITC labelled NPs (green). Magnification = 600x. 
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Figure 4-9 Confocal laser scanning microscopy 3D cross-section image of Caco-2 cells after 
2 h incubation with LD-loaded FITC-PLGA NPs at 37ºC showing a perinuclear accumulation 
of particles. 
Merged image of nuclei stained with DAPI (blue), cytoplasm stained by Tracker Red (red) 
and FITC labelled NPs (green). Magnification = 600x.    
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Figure 4-10 Intracellular distribution of FITC-PLGA NPs in Caco-2 cells after incubation for 
2 h at 37ºC as observed by CLSM. 
Nine images of optical sections taken in the vertical axis at intervals of 1 µm from the apical 
surface (left to right; top to bottom, depths 0, 1, 2, 3, 4, 5, 6, 7 and 8 µm from apical surface) 
confirming the internalization of particles. Magnification = 600x   
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Figure 4-11 Confocal laser scanning microscopy Z-stack images of Caco-2 cells after 4 h 
incubation with LD-loaded FITC-PLGA NPs at 37ºC showing a perinuclear accumulation of 
particles. 
Blue channel (A) obtained by DAPI filter, red channel (B) obtained by Tracker Red filter, 
green channel obtained by FITC filter and colour overlay (D) images are provided. 
Magnification = 600x.     
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4.4.3.7. Investigation by CryoSEM 

 

 Figure 4-12(A): Cryo-SEM of Caco-2 cells incubated with LD-loaded PLGA NPs. 
Arrow indicates NPs adhere on the surface of the cells. (B): Cryo-SEM of untreated Caco-2 
cells showing regular surface morphology.  

Cryo-SEM was performed to demonstrate the interaction/adherence of the NPs on the 

surface of Caco-2 cells as an indirect method to confirm the uptake of particles. Figure 4-12A 

shows the SEM images of Caco-2 cells after incubated with LD-loaded PLGA NPs at 37°C 

for 2 h. From the images, it can be seen that the NPs adhered on the membrane surface of the 

cells. Some invagination of the cell membrane to form pockets can be observed. Such pockets 

were detaching into the cell to form endocytotic vesicles (primary endosomes) filled with 

extracellular fluid and particles. Some particles can be found contained in the trafficking 

vesicles. In contrast, SEM images of untreated Caco-2 cells showed regular surface 

morphology with brush border membrane which significantly increased the cell surface area 

(Figure 4-12B). The formation of endosomes indicated that particles were internalized into 

Caco-2 cells via endocytosis. Membrane binding of particles and fusion of particles with cell 

membrane endocytotic vesicles may imply that the LD-loaded PLGA NPs underwent 

intracellular trafficking.   
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4.5. Conclusion 

The cytotoxicity of LD-loaded FITC-PLGA NPs with/without P80 coating to Caco-2 

cells was examined using SRB assay. P80 coated NPs were found to be less cytotoxic 

compared to non-coated NPs. According to the results, the uptake of PLGA NPs by Caco-2 

cells seems to be mediated by endocytosis. Caco-2 cells took up PLGA NPs via a saturable, 

and temperature dependent process. The rate and extent of cellular uptake of PLGA NPs are 

mainly affected by particle size and hydrophilicity of particle surface. A decrease in particle 

size or particle surface hydrophilicity led to an increase in cellular uptake. The enhanced 

uptake is a consequence of better particles-cells interaction resulting in higher endocytotic 

uptake and/or higher retention time of NPs in cells. 

Overall, the results in this study demonstrated that the uptake of PLGA NPs by Caco-2 is 

dependent on concentration, time and temperature of incubation, via an energy dependent 

process of endocytosis. PLGA NPs of small particle size with hydrophobic surface may be 

employed as a drug delivery system for oral delivery of therapeutic agents, such as LD. This 

is a very encouraging result for the development of LD incorporated PLGA NPs to improve 

LD bioavailability via oral administration.  
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Chapter 5. TRANSPORT OF PLGA NANOPARTICLES across BBB 

MODEL 

5.1. Introduction 

The results reported in Chapter 4 clearly show that the uptake of PLGA NPs by Caco-2 

cells can be controlled by modifying particles size and surface properties of the NPs. Thus, 

LD incorporated in NPs can be protected from GI tract enzymatic degradation. The aims of 

the research reported in this Chapter were to evaluate the extent of cellular uptake of LD 

loaded PLGA NPs by the brain endothelial cells (ECs) and to elucidate the mechanism(s) of 

PLGA NPs transport across BBB.   

There are many in vivo, in situ and in vitro methods to study the drug permeability across 

BBB. Several animal-based in vivo models that preserved the normal anatomical organisation 

of the cells in the BBB have been developed. However, they have poor temporal and spatial 

resolution. Slow penetrating substances are difficult to be detected and have poor access to 

the brain side of the endothelium (Abbott et al., 1992). In situ brain perfusion technique 

allows extended exposure of the cerebral vascular endothelium to the drug solution, hence is 

particularly suitable for the solutes which penetrate the brain slowly (Fenstermacher et al., 

1981). It is a simple method that is sufficiently sensitive to examine permeability coefficient 

between 10-8 and 10-4 cm/s at constant cerebral blood flow (Takasato et al., 1984). The 

disadvantages of this technique are the requirement to ligate branches of the common carotid 

artery (Renkin, 1959), and the use of large number of animals as well as the process is time 

consuming.  

An ideal in vitro BBB model should possess all the characteristic features that exist in the  

BBB in vivo as far as possible, such as high transendothelium electrical resistance (TEER), 

polarisation, presence of intercellular TJs, low paracellular permeability, expression of BBB-

specific transporters and enzymes such as gamma-glutamyl transpeptidase (γGT) (DeBault et 

al., 1980), uptake of acetylated low-density lipoprotein (AcLDL), monoamine oxidase 

(MAO), catechol-ortho-methyl-transferase (COMT), glucose transporter (GLUT-1) 

(Pardridge et al., 1990), L-system, and the P-glycoprotein (P-gp) (Cordon-Cardo et al., 

1989). The first in vitro BBB model was described in 1978 by Panula et al (Panula et al., 

1978). So far, a number of in vitro BBB models have been developed for various applications 
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in the past three decades. Many different techniques have been developed and most of these 

techniques are based on procedures reported by Bowman (Bowman et al., 1983) and Audus 

(Audus et al., 1986).  

Nevertheless, none of the developed in vitro models fulfil all of these requirements. For 

example, none of the in vitro BBB models at present can produce a tight junction with the 

same level of tightness that exists in the in vivo BBB with a TEER > 1000-2000 Ω cm2. 

Hence, in vitro BBB models with a minimal TEER of more than 150-200 Ω cm2 is sufficient 

for assessing solute and drug transport across the BBB (Hu, 1993).  

Since the monolayer of endothelial cells comprising the brain capillary is one of the 

primary components of the BBB, researchers used brain ECs from different species (rat, 

bovine or porcine) in primary culture alone to develop BBB model. However, these models 

undergo undesirable rapid differentiation losing several specific BBB properties. The in vitro 

reconstituted models of BBB require multiple cell types: the brain microvascular ECs that 

serve as the main cell type providing the biological barrier and non-endothelial cells, such as 

astrocytes, that promote the induction and formation of the barrier and its maintenance (Li, 

2004). Astrocytes are important for the development of BBB as they up-regulate P-gp 

function, enhance TJs and induce BBB specific transporters and enzymes (Roux et al., 2005). 

Nowadays, the most widely used technique to develop BBB model is co-culturing ECs on the 

upper side of porous membrane and astrocytes on the bottom side or at the bottom of a 

multiwall plate. Our attempt to develop an in vitro BBB model was based on the described 

co-culture technique using rat brain microvascular endothelial cells (RBMVECs) and 

astrocytes cell line which was established from primary cultures of type I astrocyte from 

brain frontal cortex tissue of 1 day old rats. 

The aim of this study was to establish and morphologically and functionally characterise 

an in vitro BBB model which can mimic BBB in vivo. The developed BBB model was 

eventually used to elucidate the mechanism(s) of brain delivery of LD-loaded P80 coated 

PLGA NPs. The brain endothelium cellular uptake efficiency of LD-loaded PLGA NPs was 

also investigated.  
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5.2. Materials  

Rat brain microvascular endothelial cells (RBMVECs), rat brain endothelial cell growth 

media and acetylated Dil-low density lipoprotein (Dil AcLDL) were purchased from Cell 

Applications, Inc (San Diego, CA, USA). Rat astrocyte cell line was provided by American 

Type Culture Collection (ATCC, Rockville, MD, USA). Collagen solution type I from rat 

tail, sulforhodamine B (SRB), FITC conjugated lectin, sodium azide, and verapamil were 

obtained from Sigma-Aldrich (St. Louis, MO, USA).  Dulbecco’s modified Eagle’s medium 

(DMEM), fetal bovine serum (FBS), horse serum, penicillin-streptomycin, Hank’s balanced 

salt solution (HBSS) containing HEPES and 25 mM glucose, phosphate buffered saline 

(PBS), and trypan blue were supplied by Invitrogen (Auckland, New Zealand). Mill Q water 

was used throughout the studies and all other reagents were of analytical grade. 
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5.3. Methods 

5.3.1. Cell Culture 

RBMVECs were grown in T-75 Collagen type I coated culture flasks (BiocoatTM). Cells 

were cultured in growth media obtained from Cell Applications Inc (San Diego, CA, USA), 

fully supplemented with essential and nonessential amino acids, vitamins, inorganic salts, 

organic compounds, trace elements, 100 U/ml penicillin and gentamicin, 10% FBS, and 

growth factors including endothelial cell growth factor (ECGF) (1 ng/ml), transferrin (5 

µg/ml), and insulin (5 µg/ml) at 37°C in a humidified atmosphere of 5% CO2-95% air. The 

medium was changed every other day. When confluent, cells were passaged with 0.25% 

trypsin-0.53 mM EDTA in a split ratio of 1:4. Cells can be cultured and propagated to 

passage 16 without losing their morphological and phenotypic properties. Cells were used in 

passages 3-7 only in this study. 

Astrocytes were grown in DMEM supplemented with 10% FBS and penicillin-

streptomycin (100 U/ml and 100 µg/ml, respectively) in plastic culture flasks (Falcon, New 

Zealand) and maintained in a 5% CO2, 95% air atmosphere at 37°C. Cells were given fresh 

medium every other day. When confluent, the cultures were passaged with trypsin-EDTA in 

a split ratio of 1:4. The medium from astrocyte was collected and stored at 4°C for the 

preparation of astrocyte-conditioned medium (ACM). ACM was prepared by mixing the 

medium from astrocytes and an equal volume of fresh RBMVECs growth medium. 

5.3.2. Development and Characterisation of In Vitro BBB Model 

5.3.2.1. Coculture of RBMVECs Cells and Astrocytes 

In order to reconstruct some of the cellular environment complexities that exist in vivo, 

the in vitro BBB model was developed by co-culturing RBMVECs and astrocytes on type I 

collagen-coated 12-well TranswellTM polycarbonate filter insert (growth area, 1.12 cm2; pore 

size, 0.4 µm; Corning Costar, Cambridge, MA, USA). RBMVECs and astrocytes were co-

cultured using a modified “contact through feet” method (Gaillard et al., 2001; Demeuse et 

al., 2002; Jeliazkova-Mecheva et al., 2003).  

Before co-culturing the cells, the polycarbonate inserts were coated with rat tail collagen 

(type I). One hundred microlitre of collagen solution at a concentration of 2 mg/ml dissolved 
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in 0.1% acetic acid was added to the upper side of filters. Inserts were dried overnight at 4°C 

and washed twice with HBSS prior to plating cells. 

To construct an in vitro BBB model, the following procedures were performed: 

(1). Astrocytes were seeded at a density of 1x105 cells/filter on the bottom side of the 

collagen-coated filter insert by placing the insert upside down. 

(2). Cells were allowed to attach to the membrane for 30 min, then the insert was turned 

over and placed in a 12-well culture plate. Fresh astrocyte medium was added to both upper 

and bottom sides of the filter with a volume of 0.5 and 1.5 ml, respectively.   

 (3). Two days later, RBMVEC were seeded on the upper side of the filter at a density of 

5x105 cells/filter. Medium in the upper chamber was changed to ACM and that in the bottom 

chamber was replaced with fresh astrocyte growth medium. In this way, the upper side of the 

filter (apical compartment) referred to the in vivo blood side and the bottom side (basolateral) 

referred to the brain side. In this way, astrocytes were close to EC and they might come in 

contact through the membrane pores.  

(4). Cells were fed with the same feeding pattern every 24 h. 

(5). Experiments were performed when the cells had reached integrated confluence 6 to 8 

days after RBMVECs seeding. 

 

Figure 5-1 Diagram of an in vitro BBB model. 
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5.3.2.2. Characterisation of Brain Microvescullar Endothelial Cells 

The primary brain microvascular ECs exhibit specific characteristics which can be used to 

determine whether cultured cells are of endothelial origin. Surface membrane glycoproteins 

have been reported to play an important role in the structure, function and characterisation of 

the BBB and can be detected by lectin staining (Persidsky et al., 2006). Lectin from Ulex 

europaeus (UEA I) can specifically binds to the ECs thus it is used as an ECs marker. 

(Jackson et al., 1990). To perform lectin histochemical staining, cells were seeded in collagen 

pre-coated two-well chamber slide at a density of 1x105 cells/cm2 and fed with growth 

medium. After 3 days, the medium was aspirated and the cells were washed with PBS twice 

followed by fixation with 2.5% paraformaldehyde in PBS for 30 min at room temperature. 

After three washes with PBS, cells were blocked with 2% horse serum in PBS for 20 min. 

The cells were then incubated with FITC-lectin at a concentration of 20 µg/ml in PBS for 3 h 

at room temperature in the dark. After washing, cells were then mounted with Citifuor and 

viewed by fluorescence microscope (Leica DMRA; Leica, Solms, Germany) using a standard 

fluorescence excitation/emission filter (λex 495, λem 525 nm) (Deli et al., 2005).  

Dil-Ac-LDL uptake was also performed to characterise the endothelium cells. The cells 

were seeded on the collagen coated two-well chamber slide at a density of 5x105 cells/cm2 

and cultured in RBMVECs medium for 7 days to 95% confluent. On the day of experiment, 

the medium was removed and 400 µl of fresh medium containing Dil-Ac-LDL at a 

concentration of 10 µg/ml was added to each well. The cells were incubated at 37ºC for 4 h 

then the medium was removed. After washing the cells three times with PBS the cells were 

mounted with Citifuor. The cells were examined with a fluorescence microscope (Leica) 

using a standard rhodamine excitation/emission filter (λex 552, λem 570 nm). 

5.3.2.3. Transmission Electron Microscope (TEM) 

The morphology of BBB model was examined by TEM. The BBB co-culture model 

procedure for TEM evaluation is as follow: 

1. Wash cultures in warm (37°C) serum-free DMEM three times 

2. Rinse with 0.1 M sodium cacodylate buffer 

3. Fix in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer on rotator at 4°C 

for 3 h 
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4. Wash in 0.1 M sodium cacodylate buffer three times 

5. Post fix in 1% osmium tetroxide (OsO4) in 0.1 M sodium cacodylate buffer on 

rotator at room temperature for 1 h 

6. Wash in 0.1 M sodium cacodylate buffer twice 

7. Dehydrate sample through graded ethanol (70, 80, 90%) for 10 min for each 

followed by three times of dehydration with 100% ethanol for 15 min for each on 

rotator at room temperature  

8. Infiltrate with resin 

9. Embed and polymerise at 60°C for 48 h 

10. Sample was cut and viewed in a TecnaiTM G2 spirit twin transmission electron 

microscope (FEI, Hillsboro, USA)    

5.3.2.4.  Electrical Resistance Measurement 

The BBB integrity was assessed by transendothelium electrical resistance (TEER) 

measurement using a Millicell-ERS apparatus (Millipore, Bedford, MA, USA). TEER is an 

indicator of ionic permeability through TJs. Confluent monolayers of RBMVEC exhibit a 

high TEER that is a characteristic for these brain-specific endothelial cells. TEER enables 

direct evaluation of an experimental condition that may include barrier ‘tightness” or 

“leakiness”. TEER (Ω cm2) was calculated from the displayed reading by subtraction of the 

electrical resistance of a blank filter and a correction for filter surface area (1.12 cm2). The 

TEER was checked routinely and the integrity of cells monolayers was confirmed when 

TEER exceeded 400 Ω cm2. To determine whether sample application had resulted in any 

adverse effects on the TJ function of the confluent cell monolayer, TEER was measured 

regularly before and after experiments. 

5.3.2.5. Permeability Assay 

The BBB integrity was also assessed by the measurement of permeability for sucrose 

through the EC monolayers. The BBB model on the Transwell inserts was considered as an 

open-two compartments vertical side-by-side dynamic model. The upper (luminal) chamber 

was used as donor compartment and the lower (abluminal) chamber was used as receiver. 
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Sucrose is widely used as a marker of paracellular diffusion, which is very low in the BBB 

due to the presence of TJs. Since sucrose is not a substrate for receptor-mediated endocytosis 

either by active or facilitated transport (Rubin et al., 1991; Peterson et al., 1993), and exhibit 

poor partitioning into the lipid bilayer cell membrane, the permeability of sucrose solely 

depends on the paracellular barrier tightness.  

For permeability study, the inserts of cells with TEER values higher than 300 Ω cm2 were 

used. On the day of experiments, cell monolayers were washed twice with HBSS and 

incubated in transfer buffer containing HBSS with 10% FBS for 15 min in a 5% CO2, 95% 

air atmosphere at 37°C. After the incubation, 0.5 ml sucrose solution dissolved in the transfer 

buffer at a concentration of 500 µg/ml was added to donor chamber and 1.5 ml of fresh 

transfer buffer was added to the receiver chamber. The concentration of sucrose in the 

receiver chamber at 15, 30, 60, 120 and 180 min was determined by colourimetric technique 

(Garrett et al., 1967).   

The apparent permeability coefficient (Papp) of sucrose was calculated using the equation: 

0
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Q
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Equation 5-1 

where ΔQ/Δt is the permeability (flux) rate (µg/min) which is equal to the slope of the linear 

region of the cumulative amount of sucrose in receiver chamber versus time (t), A is the 

surface area of the membrane (cm2), and C0 is the initial concentration in the donor chamber 

(µg/ml). 

Sucrose permeability was checked regularly throughout the course of various experiments 

in order to confirm that sample application did not result in any adverse effects on the BBB 

integrity. 

The concentration of sucrose was determined by colourimetry method. Briefly, the 

sample was treated with equal volume of 2.0 M HCl at 80°C for 9.25 h to produce an 

ultraviolet chromophore. The intensity of chromophore was measured using UV-Vis 

spectroscope at a wavelength of 283 nm. A standard curve of sucrose in HBSS with 10% 

FBS was established under the same sample treatment protocol. The chromophore intensity is 

a direct function of the sucrose concentration. The sucrose concentration in the receiver 

chamber was calculated from the standard curve. 
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5.3.3. In Vitro Cytotoxicity Studies 

The cytotoxicity of drug-free FITC-PLGA NPs and LD-loaded FITC-PLGA NPs 

with/without coating to RBMVECs was assessed using SRB method as described previously. 

RBMVECs were seeded in 96-well culture plates at a density of 5x103 cells/well and cultured 

in 100 µl RBMVECs medium for 24 h to allow cell attachment. The cells were then exposed 

to increasing concentrations (5-1000 µg/ml) of NPs suspension at 37°C. After 1, 2, 4, 8 or 24 

h incubation, the culture medium was removed and the cells were fixed with ice-cold TCA 

followed by cells staining with SRB. Cell bound dye was extracted with 10 mM Tris buffer 

(pH 10.5) and absorbance measured with a plate reader at a wavelength of 597 nm. Cells 

viability was expressed as a percentage of viable cells in comparison with that of the control, 

which comprised the cells without exposure to the particles. At 200 µg/ml NPs, cells were 

exposed to NPs suspensions for 2, 4, 8, 24 and 48 h to establish the time-dependent 

cytotoxicity.    

5.3.4. Uptake of PLGA Nanoparticles by RBMVECs  

The uptake of lyophilized FITC-PLGA NPs containing LD by RBMVECs was 

investigated by fluorescence activated flow cytometry, also known as fluorescence activated 

cell sorting (FACS) and confocal laser scanning microscopy (CLSM). 

5.3.4.1. Investigation by Fluorescence Activated Flow Cytometry (FACS) 

The uptake of LD-loaded FITC-PLGA NPs by RBMVECs was examined in confluent 

cell cultures grown on 60 mm plastic dishes. On the day of experiments, the RBMVECs 

medium was aspirated and cell monolayers were washed twice with HBSS. The cell 

monolayers were then pre-incubated with 5 ml of transfer buffer (HBSS with 10% FBS) for 

15 min at 37°C. Thereafter, the medium was replaced with 5ml of 200 µg/ml P80 coated or 

uncoated NPs (F8) suspension in transfer buffer and the cells were incubated at 37ºC for 120 

min. At the end of the experiments, NPs suspensions were removed and the cell monolayers 

were washed three times with ice-cold HBSS. The cells were then scraped off and transferred 

to 4 ml FACS tubes (BD Falcon, USA) and centrifuged at 250 g for 7 min at 4ºC. The 

supernatant was removed and the cells were suspended in 300 µl of HBSS and kept on ice 

until analysis using a FACScaibur® (BD LSR II, BD Bioscience, CA, USA). The samples 

were excited with 488 nm (λex = 485 nm) laser, and signals were detected with λem = 515-545 

nm filter. The relative extent of cellular uptake was determined. A parallel experiment was 
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carried out by incubating cells in the same conditions with HBSS containing no NPs and used 

as a negative control (background control).  

The uptake of FITC-PLGA NPs was expressed as mean fluorescence intensity (MFI) of 

cell-associated fluorescence as well as the percentage of fluorescence cells in the total 

population (percentage parent). The individual fluorescence of 10,000 cells was collected for 

each sample. The autofluorescence and percentage positive following the incubation of 

RBMVECs with NPs-free transfer buffer (negative control) were subtracted from the values 

measured in each analysis. 

To determine the effect of NPs concentration on the uptake efficiency, P80 coated FITC-

PLGA NPs (F8) suspension at concentration of 10, 50, 100, 200, 500, and 1000 µg/ml in 

transfer buffer were incubated with cells for 120 min. The effect of incubation time was also 

evaluated by incubating 200 µg/ml suspension of coated FITC-PLGA NPs (F8) at 37ºC for  

30, 60, 120 and 240 min. The membrane binding of NPs was evaluated by incubating 200 

µg/ml suspension of coated FITC-PLGA NPs (F8) at 4ºC for 120 min. 

5.3.4.2. Investigation by Confocal Laser Scanning Microscopy (CLSM) 

The uptake and intracellular localisation of FITC labelled NPS was also assessed by 

confocal laser scanning microscopy. RBMVECs were seeded in 2-well chamber slides (BD 

Falcon, USA) at a density of 2x105 cells/well (5x104 cells/cm2) and grown in ACM for 3-4 

days until cells reached confluent. The cells were then incubated with NPs suspension (10-

1000 µg/m) in transfer buffer for up to 4 h at 37ºC or 4ºC. At the end of the incubation, the 

transfer buffer and excess NPs were removed and cell monolayers were washed three times 

with ice-cold HBSS. Cells were then fixed with 3% paraformaldehyde solution and counter 

stain with DAPI as described previously. After three washes with PBS, cells were mounted 

using CITI-Fluor and slides were sealed by nail polish. Slides were visualized by CLSM 

(Olympus FV1000; Olympus, Heidelberg, Germany). 

5.3.5. Transport of PLGA Nanoparticles across BBB Model 

Transport experiments were performed on in vitro co-culture BBB model in 12-well 

Transwell inserts. After the RBMVECs have been seeded, the TEER across the cell 

monolayers was measured routinely. Transport studies were performed when cells had 

reached confluence 6 to 10 days after RBMVECs seeding and the inserts with TEER values 
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higher than 400 Ω cm2 were selected for experiments. In parallel experiments, the efflux of 

sucrose added in the donor chamber was measured to evaluate the paracellular permeability. 

On the day of experiments, the cells were rinsed twice with HBSS buffer followed by 

equilibration with HBSS at 37ºC for 15 min. Thereafter, 1.5 ml of transport buffer (HBSS 

with 10% FBS) was added to the receiver chamber in 12-well plates. The NPs (F8) 

suspension at various concentrations (10-1000 µg/ml in transfer buffer) was added to the 

donor chamber at a volume of 0.4 ml per insert. The cells were incubated with NPs 

suspension at 37ºC. At predetermined times (15, 30, 60, 120 and 240 min), the inserts 

containing NPs suspension were removed to the new wells containing 1.5 ml fresh transfer 

buffer. After transport experiments, the samples were collected from the receiver chambers at 

each time point and the donor chamber at the last time point. Sample solutions were treated 

with equal volume of 1% Triton 100/1 M NaOH at 37ºC with the aid of ultrasonication for 10 

min. The intensity of fluorescence of the extracted PLGA-NPs was determined using 

fluorescence spectrophotometer (Perkin Elmer Precisely, USA, λex 495, λem 525 nm). The 

amount of NPs that has transported across the BBB model was calculated from the calibration 

curve as mentioned before. 

The effects of temperature, ATPase inhibitor (sodium azide) and P-gp inhibitor 

(verapamil) were also investigated in RBMVECs. To determine the effect of temperature on 

NPs transport across BBB model, the cells were washed twice with HBSS followed by 

incubating with transfer buffer at 4ºC for 15 min. Thereafter, the buffer in the donor chamber 

was replaced with NPs (F8) suspension at a concentration of a 200 µg/ml in transfer buffer. 

The cells were then incubated with particles suspension for 2 h. To determine energy 

dependency of NPs transport, sodium azide (ATPase inhibitor) at a concentration of 10 mM 

was added to both donor and receiver chambers and the monolayers were incubated with NPs 

suspension for 2 h at 37ºC. The inhibitory effect of verapamil on NPs transport was 

investigated by adding 100 µM of vervapamil to both chambers and incubating NPs 

suspension with the cell monolayers for 2 h at 37ºC. All inhibitors were dissolved in DMSO 

and diluted with HBSS. The final DMSO concentration was 0.2% (v/v). All inhibitors were 

pre-incubated with the cells for 2 h prior to co-incubating with PLGA NPs.    

At the end of each experiment, TEER and the transendothelium transport of paracellular 

marker of sucrose were determined to confirm the integrity of the cell monolayers.     
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5.3.6. Data Analysis 

Results are presented as mean ± SD of at least two replicates. Both student’s t test and 

one-way ANOVA followed by Turkey-test were used to evaluate the significance of 

differences between the groups (SigmaStat 3.5, Systat Software, USA), with the level of 

significance set at p < 0.05, as appropriate. Michaelis-Menten constants (Km) and maximal 

transport rate (Vmax) for the P80 coated PLGA NPs transport across RBMVECs monolayers 

and IC50 were calculated from nonlinear regression analysis using GraphPad Prism 5.02 

statistics software (GraphPad software Inc, San Diego, USA). 
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5.4. Results and Discussion 

5.4.1. Characterisation of Brain Microvascular Endothelial Cells 

The brain capillary ECs can be characterised by their particular morphological and 

enzymatic features as well as the existence of specific receptors. The surface lectin staining 

of ECs monolayers and specific Dil-Ac-LDL uptake by ECs were performed and the 

fluorescence microscopic images are presented in Figure 5-2 and Figure 5-3.  

Figure 5-2 shows the specific binding of RBMVECs with FITC-lectin. The FITC-lectin 

extensively stained the ECs showing the characteristic elongated spindle-shaped ECs. The 

confluent cell monolayer showed a small tightly packed, non-overlapping and contact-

inhibited morphology. The specific binding of lectin to ECs suggests that enhancement of 

drug carriers across BBB can be achieved by conjugating carriers with lectin.  

The uptake of Dil-Ac-LDL by RBMVECS was observed under a fluorescence 

microscope (Leica) using standard rhodamine filter. The fluorescence microscopic images of 

Dil-Ac-LDL uptake by RBMVECs showed the TJs between adjacent cells (Figure 5-3).  
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Figure 5-2 FITC-lectin staining of endothelial cells. The fluorescent images were observed 
under a phase contrast fluorescence microscope. Magnification was 200x. 
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Figure 5-3 Dil-Ac-LDL uptake by RBMVECs showing the TJs among adjacent RBMVECs. 
Magnification was 200x (A) and 400x (B). 
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5.4.2. Morphology of in vitro BBB Model 

The morphology of RBMVECS co-cultured with astrocytes on Transwell membrane was 

observed by transmission electron microscopy (Figure 5-4). RBMVECs reached confluence 

5-7 days after seeding. The TEM images of RBMVECs monolayers (Figure 5-4A) shows 

some organelles within EC and some invaginations morphologically consistent with clathrin-

coated pits on the apical plasma cell membrane (indicated by arrows). Such coated pits have 

different receptors that are responsible for the receptor-mediated endocytosis, e.g. low density 

lipoprotein (LDL), transferring, lectin, and antibodies, etc. 

A TJ complex can be seen between adjacent cells from the TEM image (Figure 5-4B). 

Such TJs extremely restrict the passive diffusion of water soluble compounds across BBB. In 

this study, the formation of TJ is induced by co-culturing RBMVECs with astrocytes through 

a “contact with feet” method. Astrocytes are separated from ECs in vivo by an extracellular 

matrix. Hence, astrocytes do not direct contact with ECs in vivo. Previous studies have 

revealed that the modulation of BBB properties and maintenance of the integrity of TJs by 

astrocytes were achieved by intercellular exchange of chemical signals (Silva, 2007). The 

existence of TJs confirmed the integrity of the in vitro BBB model.   
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Figure 5-4 Morphology of RBMVECs grown on collagen coated Transwell membrane 
inserts. 
(A) TEM showing high density of interacellular vesicles within the RBMVECs cytoplasm 
and the arrows mark the clathrin-coated pits on the apical plasma membrane. (B). TEM 
image indicates the TJ complex between two RBMVECs.  
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5.4.3. TEER Measurement and Sucrose Permeability Determination 

The integrity of in vitro BBB model was determined either by the TEER values of ECs 

monolayers, or following the transendothelium transport of a paracellular transport marker, 

sucrose.  

 

Figure 5-5 TEER values of in vitro BBB model as a function of co-culture time. 
Results were presented as mean ± S.D. (n = 12). 

RBMVECs co-cultured with astrocytes formed a barrier as indicated by the TEER 

increase over time until the resistance reached a steady state with the characteristic high 

TEER on day 7 after RBMVECS were seeded (Figure 5-5). Once the steady state of TEER 

reached, the barrier became integrated. As co-culture time continuously increased, the 

resistance declined and dropped to 338 Ω cm2 on day 10. The decrease of TEER value on the 

over-matured co-cultured barriers might be due to the cell contact inhibition behaviours. The 

TEER value for the RBMVECs co-cultured with astrocytes was about 457 ± 86 Ω cm2 which 

was in the range of 300-1000 of in vitro BBB model (Konan et al., 2002). Hence, RMBVECs 

co-cultured with astrocytes on Transwell insert can form an integrated barrier, as evidenced 

by the high TEER values. Transport studies were therefore performed on 7-9 days after 

RBMVECs were seeded.  

The BBB models with TEER values higher than 400 Ω cm2 were randomly selected for 

the determination of sucrose permeability. In the selected BBB model, the Papp of sucrose 

across the BBB model from apical to basolateral direction was 5.28x10-6 cm/s indicating an 

integrated barrier. The TEER values recorded by other researchers varied from 140 to 800 Ω 
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cm2 (Fenstermacher et al., 1981; Jeliazkova-Mecheva et al., 2003; Perrière et al., 2007); even 

as high as ~1500 Ω cm2 can be achieved within a short period (Rubin et al., 1991).   

However, the TEER value varied depending on the experimental techniques and the cells 

being used. It is difficult to compare or repeat the obtained results in other lab. Similarly, the 

permeability coefficient for sucrose varied from lab to lab. It is commonly believed that the 

permeability coefficient for sucrose higher than 6x10-6 cm/s is an indicator for a leaky BBB. 

Results from TEER measurement and sucrose permeability assessment suggested that the 

current co-cultured BBB models were suitable for the transport studies. 

5.4.4. Cytotoxicity of PLGA NPs to RBMVECs Monolayers 

Cytotoxicity of PLGA NPs to RBMVECs was assessed using SRB assay. The results of 

cell viability upon addition of PLGA NPs showed that the cytotoxicity of drug free NPs, non-

coated NPs, P80 coated NPs depended on their concentration ranging from 5 to 1000 µg/ml. 

As the PLGA NPs concentration increased, an apparent trend of lower cell viability was 

observed, and the cell viability was significantly decreased at PLGA NPs concentrations 

greater than 400 µg/ml. The cell viabilities were similar to those found with drug-free NPs 

and non-coated NPs with the lowest percentage viability values of 80% at their highest 

concentration of 1000 µg/ml. On the other hand, the cell viability reduced significantly to an 

extent of 73% when cells were incubated with P80 coated LD-loaded NPs for 24 h indicating 

the impact of surfactant coating on the cell viability. From the dose-response curves (Figure 

5-6), the IC50 of drug-free NPs, non-coated NPs and P80 coated NPs were derived as 4.6, 3.7 

and 2.4 mg/ml, respectively. 

As described previously, the release of encapsulated LD from PLGA NPs was very low. 

Therefore, it was unlikely for the LD to cause the decrease of cell viability. The PLGA 

polymers are produced from biocompatible and biodegradable materials. Thus, the reduction 

of cell viability at high concentration (1000 µg/ml) could be attributed to particles 

intravascular coagulation and/or to the cell interaction with the particles rather than to the 

chemical toxicity of PLGA. P80 coated NPs exhibited higher cytotoxicity in comparison with 

the non-coated particles suggested that the surface property of NPs is another key factor 

affecting cell viability. 

The PLGA NPs cytotoxicity toward RBMVECs was also found to be dependent on 

incubation time (Figure 5-7). When cells were incubated with NPs (200 µg/ml) at 37°C, the 
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cell viability was observed to be reduced as the incubation time increased. More than 70% of 

cells survived after 48 h incubation for all three formulations suggested that PLGA NPs were 

“safe”, at least at the concentration herein applied (5-1000 µg/ml).  
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Figure 5-6 Concentration-response of PLGA NPs on RBMVECs viability. 
The percentage of control was plotted as a function of logarithm of NPs concentration. Data 
were fitted using sigmoidal dose-response equation. Data were the mean ± S.D. from six 
measurements.  

 

 

Figure 5-7 Effects of length of exposure on cytotoxicity of drug-free NPs, LD-loaded 
uncoated NPs and LD-loaded P80 coated NPs toward RBMVECs.  
NPs concentrations were 200 µg/ml. Data represented as mean ± S.D. from six 
measurements. 
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5.4.5. Uptake of PLGA Nanoparticles by RBMVECs Monolayers 

5.4.5.1. Investigation by FACS 

To compare the extent of uptake of P80 coated NPs and non-coated NPs, RBMVECs 

were co-incubated with these two kinds of particles at 37ºC for 2 h. The results are expressed 

as MFI and percentage positive cells and are illustrated in Figure 5-8 and Figure 5-9, 

respectively. FACS results showed that a greater fraction of P80 coated PLGA NPs was taken 

up within cells than that of uncoated particles. Similarly, the percentage of ECs associated 

with P80 coated NPs was 2.7-fold over that with uncoated particles (Figure 5-8 and Figure 5-

9). The transport of drug loaded NPs across BBB was reported to be via receptor-mediated 

endocytosis (Lockman et al., 2002). Polysorbate 80 has been widely used as a surface coating 

agent to enhance transport of drug DDS across BBB. It is proposed that P80 coated NPs can 

selectively adsorb plasma apolipoprotein (e.g. ApoE, ApoB) on the surface followed by 

recognition by LDL receptors located at BBB (Kreuter et al., 2002). The apolipoprotein E 

(ApoE), the lipoprotein fraction of LDL are responsible for the interaction with the LDL 

receptor. This suggests that NPs coated with such ligands mimic lipoprotein particles interact 

with LDL receptor and to be transported via LDL receptor-mediated endocytosis leading to 

the loaded drug to be transported into the brain (Ramge et al., 2000). Furthermore, the use of 

surfactant P80 is a moderate inhibitor of P-gp which is responsible for the efflux of drug from 

ECs to plasma. Furthermore, as described in the previous chapter, coated NPs present less 

negative zeta potential in comparison with the non-coated particles. NPs charge has been 

reported to modify the mechanism of BBB crossing (Jallouli et al., 2007). Positive or less 

negative charge on NPs has a favourable effect on the BBB binding and uptake of NPs. 

Therefore surface coating with specific ligands plays an important role in the enhancement of 

drug delivery across BBB.   

 



Chapter 5 – Transport of PLGA NPs across BBB Model  

164 
 

 

Figure 5-8 Mean fluorescence intensity (FITC-PLGA) of RBMVECs following incubation 
with LD-loaded uncoated PLGA NPs and LD-loaded P80 coated PLGA NPs for 2 h. 
NPs concentrations were 200 µg/m. Data were mean ± S.D. from two measurements. 

 

 

Figure 5-9 Percentage of RBMVECs having associated FITC-PLGA (% positive) following 
incubation with coated or uncoated LD-loaded PLGA NPs for 2 h. 
NPs concentrations were 200 µg/ml. Data were mean ± S.D. from two measurements.  
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The results for the incubation of ECs with P80 coated NPs at various concentrations (10-

1000 µg/ml) at 37ºC for 2 h are illustrated in Figure 5-10 and Figure 5-11. The mean 

fluorescence intensity increased with increasing concentration of NPs. This suggested that the 

uptake of NPs via receptor-mediated process was concentration-dependent. On the other 

hand, the uptake efficiency of NPs decreased at higher concentration, suggesting that the 

endocytosis pathway was saturable. It can be seen from Figure 5-11 that the percentage of 

ECs incorporated with NPs increased as the particles concentration increased, and reached a 

peak at the concentration of 400 µg/ml, followed by a decrease in the percentage. The 

decrease of percentage positive at highest concentration (1000 µg/ml) might due to the 

cytotoxicity of the NPs. 

When incubated P80 coated NPs with ECs at 37ºC over 8 h, the uptake of particles, 

expressed as MFI and percentage positive cells, increased with increasing time, suggesting 

the internalization of NPs by ECs was time-dependent (Figure 5-12 and Figure 5-13). The 

uptake of NPs occurred as early as at 30 min and linearly increased with time during the first 

4 h before a saturation uptake was achieved. When cells were incubated with NPs at 4ºC over 

8 h, both MFI and percentage positive cells were significantly lower than that at 37ºC (Figure 

5-12 and Figure 5-13). The uptake of NPs and the percentage of positive cells incorporated 

with particles quickly reached saturation. The reduction in uptake at 4ºC can be explained by 

the fact that receptor-mediated endocytosis is a metabolic, energy-dependent process. 

Therefore, at 4ºC the endocytosis is suppressed resulting in reduced uptake of NPs. The 

attachment and internalization of NPs by ECs at low temperature to some extent suggested 

that P80 coated NPs have the ability to adhere to ECs. As discussed previously, adherence of 

a particle to the cell membrane is known as the precondition step leading to internalization. 

Hence, P80 coated PLGA NPs which are tightly bound to the surface of RBMVECs are 

suitable for a system to delivery drug across BBB. 
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Figure 5-10 Mean fluorescence intensity (FITC-PLGA) of RBMVECs following incubation 
with LD-loaded P80 coated PLGA NPs at various concentrations for 2 h. 
Data were mean ± S.D. from two measurements. 

 

 

Figure 5-11 Percentage of RBMVECs having associated FITC-PLGA (% positive) following 
incubation with LD-loaded P80 coated PLGA NPs at various concentrations for 2 h. 
Data were mean ± S.D. from two measurements. 
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Figure 5-12 Mean fluorescence intensity (FITC-PLGA) of RBMVECs following incubation 
with 200 µg/ml LD-loaded P80 coated PLGA NPs for 0.5, 1, 2, 4 and 8 h at 4ºC or 37ºC. 
Data were mean ± S.D. from two measurements. 

 

 

Figure 5-13 Percentage of RBMVECs having associated FITC-PLGA (% positive) following 
incubation with 200 µg/ml LD-loaded P80 coated PLGA NPs for 0.5, 1, 2, 4 and 8 h at 4ºC or 
37ºC. 
Data were mean ± S.D. from two measurements. 
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5.4.5.2. Investigation by CLSM 

The cellular uptakes of LD-loaded FITC-PLGA NPs were also qualitatively evaluated by 

using confocal laser scanning microscopy. Confocal analysis demonstrates that RBMVECs 

were capable of intracellular uptake of P80 coated NPs (Figure 5-14). There was no 

significant fluorescence inside the cells after the cells were incubated with non-coated FITC-

PLGA NPs for 2 h (Figure 5-14A). In contrast, large amount of fluorescence particles were 

observed within cells when P80 coated NPs were applied (Figure 5-14B). The fluorescence 

particles were distributed throughout the cytoplasm and perinuclear region. This finding is in 

agreement with the previous FACS results indicating that modification of the NPs surface 

with P80 coating enhances the cellular uptake efficiency by RBMVECs via receptor-

mediated endocytosis. Less fluorescence particles were observed when cells were incubated 

at 4ºC in comparison with those cells at 37ºC suggesting the uptake process was energy 

dependent (Figure 5-15). Figure 5-16 and Figure 5-17 illustrated the effect of NPs 

concentration and incubation time on the extent of cellular uptake, respectively. These 

confocal images evidently indicated that the RBMVECs uptake of PLGA NPs by receptor-

mediated endocytosis is a concentration- and time-dependent process, which is consistent 

with those results presented in the quantitative studies. 

The localisation of NPs within ECs was evaluated by taking optical slice sections of 

approximately 1 µm from the apical surface. The series images confirm that internalization of 

NPs has truly occurred and the particles were not only simply adsorbed onto the cell 

membrane (Figure 5-18). 
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Figure 5-14 Confocal laser scanning microscopy 3D cross-section image of RBMVECs after 
2 h incubation with uncoated (A) and P80 coated (B) LD-loaded FITC-PLGA NPs at 
concentration of 200 µg/ml at 37ºC. 
Merged image of nuclei stained with DAPI (blue) and FITC labelled NPs (green). 
Magnification = 600x.   

 

 

Figure 5-15 Confocal laser scanning microscopy 3D cross-section image of RBMVECs after 
2 h incubation with P80 coated LD-loaded FITC-PLGA NPs at concentration of 200 µg/ml at 
4ºC (A) and 37ºC (B). 
Merged image of nuclei stained with DAPI (blue) and FITC labelled NPs (green). 
Magnificantion = 600x.  
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Figure 5-16 Confocal laser scanning microscopy 3D cross-section image of RBMVECs after 
2 h incubation with P80 coated LD-loaded FITC-PLGA NPs at 37ºC at concentration of 100 
µg/ml (A) and 400 µg/ml (B). 
Merged image of nuclei stained with DAPI (blue) and FITC labelled NPs (green). 
Magnification = 600x.  

 

 

Figure 5-17 Confocal laser scanning microscopy 3D cross-section image of RBMVECs after  
incubation with P80 coated LD-loaded FITC-PLGA NPs at concentration of 200 µg/ml at 
37ºC for 1 h (A) and 4 h (B). 
Merged image of nuclei stained with DAPI (blue) and FITC labelled NPs (green). 
Magnification = 600x.   
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Figure 5-18 Intracellular distribution of FITC-PLGA NPs in RBMVECs after incubation for 
2 h at 37ºC as observed by CLSM. 
Nine images of optical sections taken in the vertical axis at intervals of 1 µm from the apical 
surface (left to right; top to bottom, depths 0, 1, 2…8 µm from apical surface) confirming the 
internalization of particles. Magnification = 600x. 



Chapter 5 – Transport of PLGA NPs across BBB Model  

172 
 

5.4.6. Transport of PLGA Nanoparticles across BBB Model 

Transport experiments were performed on the BBB model set up on a polycarbonate 

porous membrane with a pore size of 400 nm. Therefore, particles larger than 400 nm were 

not used for transendothelial transport study because such particles could not pass through the 

cell-free filter. In this study, all transport experiments were only performed using formulation 

8 (F8) with P80 coating on their surface. Experiments only performed on the confluent cell 

monolayers which exhibited high TEER value (> 400 Ω cm2). 

The time course of LD-loaded PLGA-NPs coated with P80 transport from apical to 

basolateral chambers has been examined and the results are presented in Figure 5-19. After 

incubation of NPs at a concentration 200 µg/ml at apical side, FITC-PLGA NPs appeared in 

the receptor chamber by 15 min. The cumulative mass of NPs linearly increased up to 60 min 

of incubation time. The Papp calculated from the first hour transport was 3.13x10-5 cm/sec.     

 

Figure 5-19 Effect of incubation time on the transport of P80 coated PLGA NPs across BBB 
in vitro model. 
Data were mean ± S.D. for three measurements. 

The effect of particle concentrations on the transport rate was determined by adding NPs 

(10-1000 µg/ml) in the apical side of RBMVECs monolayers and co-incubated at 37ºC for 2 

h. Due to low fluorescence intensity, FITC-NPs having a concentration of 10 µg/ml could not 

be included for comparison with other NPs. The flux of NPs (µg/min/cm2) was directly 

proportional to the particle concentration. One-binding site model was fitted to describe the 

kinetics of the active transport rates using Prism GraphPad Prism 5.02 statistics software 

(Figure 5-20). Michaelis-Menten equation was applied: 
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Equation 5-2 

where v is the apparent linear initial rate, [S] the initial concentration, Vmax the maximum 

transport rate, and km is the Michaelis-menten constant. 

The flux of NPs was essentially linear for the particle concentration up to 400 µg/ml, 

indicating that the flux of NPs across BBB model was concentration-dependent. The flux rate 

increased with increasing NPs concentration. The Papp at NPs concentration 50 µg/ml was 

about 3.46x10-5 cm/s which was 3-fold higher than that at 1000 µg/ml. The significant 

decrease in Papp with increasing particle concentration indicated that the transport of NPs 

across RBMVECs was saturable. Model fitting indicated that the active flux followed one 

binding-site kinetics, with a Km of 417.8±66.8 µg/ml, and Vmax of 0.995±0.07 µg/min/cm2.    
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Figure 5-20 Effect of concentration on the flux of NPs through BBB model from apical to 
basolateral chamber. 
Data were mean ± S.D. for three measurements. Curve represents the fit of model with one 
saturable transport system. 

 TEER monitoring during the whole experiments showed that the addition of NPs at 

concentrations of 10-1000 µg/ml did not influenced the resistance. The cells incubated with 

PLGA NPs at this concentration range maintained a TEER of 90-105% of the initial value 

throughout the whole experiment indicating no impact on the BBB model integrity. This 

consistent TEER also reflected in unchanged sucrose permeability. Therefore, we can 

conclude that the addition of LD-loaded PLGA NPs did not disrupt the BBB integrity, at least 

at the concentration used in the experiments.  
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The effects of ATPase inhibitor and P-gp transporter inhibitor on the transport of PLGA-

NPs (200 µg/ml) in BBB model were also investigated. Addition of the transport buffer at 

both sides with ATPase inhibitor, sodium azide (10 mM), significantly (P < 0.05) decreased 

the flux of NPs by 63.2%. This evidently confirmed the transport of PLGA NPs across 

RBMVECs monolayer was energy dependent. Interestingly, addition of P-gp inhibitor, 

verapamil (100 µM) only led to a slight increase of flux rate by about 17% in comparison 

with those cells without addition of P-gp inhibitor. Coating of NPs with Polysorbate 80 could 

lead to the blockage of P-gp (Renad et al., 2000). If P80 can block the P-gp’s efflux function, 

the addition of verapamil could not further improve the flux rate any further. Transport of 

P80 coated PLGA NPs (200 µg/ml) across BBB model showed a temperature dependency, 

with a 46.3±4% reduction when the incubation temperature was at 4ºC compared to those at 

37ºC (P < 0.05). 

So far, the mechanisms of NPs across BBB have not yet been fully understood. We 

hypothesize the transendothelium transport of LD loaded PLGA NPs with P80 coating was a 

time-, concentration- and energy dependent endocytotic process. Coating NPs surface with 

P80 played an important role in the binding and uptake of NPs by brain ECs. The mechanism 

behind the transport of P80 coated NPs across BBB might include: preferential adsorption of 

NPs to the cell membrane, receptor-mediated endocytosis via specific LDL receptor and 

blockage of P-gp (Kreuter, 2001). Other mechanisms may also involve in the NPs BBB 

transport such as: increase retention of the NPs in the brain ECs with an adsorption to the 

capillary walls, opening of TJs and fluidisation of the ECs membrane which were not 

observed in our studies. All these mechanisms could work in concert resulting in the 

enhancement of NPs transport across BBB. 
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5.5. Conclusion 

In this work, we established and functionally characterised an in vitro BBB model 

consisting of co-culture of rat brain microvascullar endothelium cells on one side of 

Transwell filter and astrocytes on the other. The model retained both endothelium and BBB 

features and resembled the in vivo BBB for examination of PLGA NPs transport studies. The 

brain specific targeting via apolipoprotein adsorption is believed to be the major criteria for 

P80 coated NPs transendothelium transport. Our results confirmed that the transendothelium 

transport of P80 coated PLGA NPs was via a time-, concentration- and energy dependent 

endocytosis process. This DDS may have the ability to block Pgp efflux function leading to 

an increase of the flux rate of NPs into the brain.   

The unchanged TEER and sucrose paracellular permeability proved that P80 coated 

PLGA NPs with a concentration lower than 1000 µg/ml did not compromise the integrity of 

BBB. The incorporated LD was then successfully delivered across BBB without undergoing 

peripheral enzymatic degradation. Therefore, we conclude that P80 coated PLGA NPs was a 

promising biocompatible and biodegradable brain DDS with low toxicity. This DDS provides 

a novel effective non-invasive technique for brain delivery of LD with the purpose of 

bioavailability enhancement.  
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Chapter 6. GENERAL DISCUSSION AND FUTURE DIRECTIONS 

6.1. Discussion 

Parkinson disease affects 1-3% of people of all races over the age of 65 years, making it  

the second most common movement disorder after Alzheimer’s disease, the age-related 

neurodegenerative disease (Lang et al., 1998; Jallouli et al., 2007). Age is believed to be the 

most consistent risk factor for PD. With the prevalence increases exponentially from ages 65 

to 90 (Cicchetti et al., 2009). The major pathology of PD is the loss of DA in the striatum due 

to progressive degeneration of SNc (Hirsch et al., 1988). It produces severe motor symptoms 

such as hypokinesia, bradykinesia, rigidity, and resting tremor (Singh et al., 2007). The 

mortality due to PD is 2 to 5-fold higher among the affected persons than among age-

matched controls, leading to a significant reduction in life expectancy (Bennett et al., 1996; 

Morens et al., 1996; Louis Ed, 1997). Because of the aging populations, an increased 

incidence of PD above the current 1 in 800 persons per year can be anticipated (Lees et al., 

2009). 

There is no effective treatment for preventing and curing PD. All treatments currently 

available for PD aim to treat the symptoms of the disease. Currently, the frontline therapy for 

PD is oral administration of DA agonists such as LD. LD remains the gold standard for the 

treatment of PD, although its bioavailability is very low. Only 1% of the administered LD 

dose is transported unchanged to CNS after oral administration (Zorc et al., 1993; D et al., 

1996). The low bioavailability is mainly due to peripheral decarboxylation. Our pre-

formulation studies demonstrated that LD was rapidly metabolized by AADC in the intestine 

cell culture model. Due to significant peripheral metabolism, large dose of LD in 

combination with AADC inhibitor is required to produce adequate therapeutic effect but also 

often produces severe side-effects. When LD is orally administered alone, the initial dose is 

250 to 500 mg twice a day (Tomlinson et al., 2010). However, patients experience short 

duration of response to individual doses (Lieberman et al., 1970) which called “end-of dose 

wearing-off” (Hely et al., 2000). This occurs when the prescribed dose is no longer able to 

effectively manage the symptoms of the disease. As a result, patients have to be given an 

increasing frequency/quantity of dose of LD with 3000 to 6000 mg divided into 4 to 6 times a 

day. The maximum consumption of LD is 6000 mg per day. 
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Currently, drug delivery to the brain for the treatment of brain diseases remains highly 

challenging. Many drugs are ineffective for brain diseases treatment due to ineffective deliver 

and sustain of the drugs within the brain (Shah, 2003). The obstacles for treatment of brain 

diseases are the existence of BBB and the drug release kinetics that cause peripheral side-

effects. Intensive research in the development of polymeric NPs as an effective drug delivery 

system for the treatment of CNS diseases has taken place since NPs have potential as a 

possible solution to overcoming the brain delivery challenges by offering targeted drug 

delivery and enhancing the bioavailability and/or efficacy of LD.  

 Polymeric NPs are solid colloidal particles in which therapeutic agents can be adsorbed, 

entrapped or covalently attached (Lockman et al., 2002). After administration, the drug 

encapsulated in the NPs can be released in a controlled manner by desorption, diffusion 

through the NP’s matrix or NP’s erosion (Lockman et al., 2002; Costantino et al., 2009). 

Eventually, the polymer matrix of NPs degrades into non-toxic molecules. NPs isolate the 

encapsulated drugs from the external medium in the GI tract thereby protecting the drugs 

from chemical or enzymatic degradation, thus, improving the bioavailability. Particles can be 

made into small enough size to allow paracellular or transcellular passage and undergo 

appropriate coating to promote adhesion to, and uptake by brain endothelial cells. 

The application of nanoparticulate delivery systems in a wide range of therapy is under 

intensive investigation. These systems include: dalargin poly(butylcyanoacrylate) (PBCA) 

NPs for central analgesia (Schroeder et al., 1998); diminazenediaceturate P80 NPs for the 

treatment of second stage human African trypanosomiasis (Olbrich et al., 2004); insulin 

poly(caprolactone)/Eudragit NPs for the management of diabetes mellitus (Damgé et al., 

2007); and paclitaxel PLGA NPs for the treatment of cancer (Feng et al., 2007). PBCA NPs 

coated with P80 have been successfully designed to deliver dalagin and loperamide across 

BBB (Moghimi et al., 1994). However, PBCA is cytotoxic and is not FDA approved to 

application in human. The non specific permeability of the BBB by PBCA NPs probably is 

related to the toxicity of the carrier (Olivier et al., 1999). Therefore, considering the in vivo 

toxicity on the PBCA NPs, biodegradable and biocompatible PLGA polymer was selected for 

preparing NPs in this study. 

Cationic albumin conjugated peglated PLA NPs (Lu et al., 2005), transferring-coated 

PLGA NPs (Chang et al., 2009) and lactoferrin-conjugated PEG-PLA  NPs (Hu et al., 2009) 

were under investigation as drug carriers for the brain delivery of drugs. These 
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immunonaoparticles have the ability to cross the BBB via specific receptor-mediated 

endocytosis. The limitations proteins coated NPs are expensive cost and the instability 

property of the coating, as proteins are extremely labile and can be significantly degraded in 

the gut if not protected well. The advantages of these NPs are specific brain delivery and 

reduction of in vivo drug degradation. Surface coating with cationic materials also offer 

advantage of being transported across BBB by adsorptive-mediated transport mechanism. 

Surface modification of PEG also enables the particles to escape the arrest by mononuclear 

phagocytic system so as to prolong their half-life in plasma(Bazile et al., 1995).  

In this study, biodegradable PLGA NPs were successfully prepared with modified w/o/w 

double emulsion solvent evaporation method. As it is a challenge to incorporate hydrophilic 

molecule into hydrophobic polymer, this w/o/w emulsion technique is best suited to 

encapsulate water-soluble LD by taking the advantage of high energy mixing. A primary w/o 

emulsion of LD and PLGA was dispersed into a PVA solution to form the secondary w/o/w 

double emulsion. Subsequently, the NPs were precipitated upon organic solvent removal. 

NPs were then recovered by ultracentrifugation.  

The initial emulsion step for PLGA NPs production is performed through 

homogenisation. Formation of emulsion droplet is a critical step for NPs fabrication. The size 

of particles obtained is directly influenced by the emulsion droplet. During particle 

preparation, several types of instability associated with the emulsion can lead to changes in 

the final particle size. Creaming is one of the emulsion instabilities. Creaming is the rise of 

dispersed droplets due to the gravitational forces, depending on the difference of density 

between dispersed and continuous phase (Sinko, 2006). However, this instability was 

prevented by using DCM solvent which is heavier than water, and allowed a counter force 

against the gravitational effects that generally cause emulsion droplets to upward to the 

surface. Flocculation and aggregation are another two types of emulsion instability. 

Flocculation occurs when small droplets held together by van der Waals forces but do not 

fully coalesce. Aggregation involves the spontaneous coalescence of small emulsion into 

larger droplets. The formation of flocculation or aggregation may result in an increase of 

PLGA droplet size. However, these instabilities can be well controlled by the addition of 

stabilizer such as PVA which can low the interfacial tension and act as a barrier for the 

droplets(Sherman, 1968; Sinko, 2006).  
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In this study, the particle size significantly decreased from 414 nm to 184 nm when PVA 

concentration increased from 0.5 to 6%. However, when the PVA concentration was higher 

than 6%, the particle size did not further decrease. As the PVA concentration exceeded a 

certain point, the excess PVA could not further stabilize the emulsion. On the other hand, the  

external aqueous phase viscosity increased produced by the concentrated PVA solution 

would result in size increase due to a decrease in the net shear stress (Budhian et al., 2007). 

In addition, modification of the particle surface hydrophobicity by PVA may change the 

cellular uptake of the particles. NPs prepared with high concentration of PVA will have lower 

rate of cellular uptake due to a decrease in the particle hydrophobicity (Foster et al., 2001). 

The concentration of PVA also has an impact on the surface charge of NPs. As the PVA 

concentration increased from 0.5 to 8%, the zeta potential of NPs decreased from -24.7 to -

10.7 mV due to the shielding of surface charge by the absorbed layer of PVA. Because cells 

membranes are negatively charged, particles with positive charge or less negative charge may 

have enhanced ability to adhere to, and interact with cells (Lu et al., 2005). An increase of 

PVA concentration from 0.5 to 8% resulted in an increase of LD encapsulation from 44 to 

58%. An entrapment efficiency of 100% was not achieved in this experiment. This is because 

LD tends to diffuse out of the inner phase to the external phase. The hardening of PLGA NPs 

was not fast enough to prevent the drug from diffusing into the outer aqueous phase 

(Bodmeier et al., 1988; Lamprecht et al., 1999). The amount of drug entrapped into particles 

is dependent on the speed of polymer precipitation from the organic phase (Bodmeier et al., 

1988). Moreover, a certain amount of LD is released from the harden particles during the 

long duration of solvent removal step (Cho et al., 2005). Therefore, more efforts have been 

made on improving drug encapsulation efficiency. Increasing the viscosity of the external 

aqueous phase via increasing PVA concentration,  will in turn increased the difficulty for LD 

to partition across the interface from the internal water phase to the external water phase, 

leading to increase LD retention in the particle and thus increased the extent of encapsulation. 

Data foe size dependent drug release was obtained for different particles size prepared with 

different concentrations of PVA. Smaller particles (191 nm) prepared with 6% PVA 

exhibited a faster release kinetic than bigger particles (255 nm) prepared with 2% PVA. 

Factors contributing to fast drug release are large surface area and short diffusion path. The 

most desirable release profile would show a constant release rate with time. The release of 

LD from PLGA NPs exhibited biphasic profile showing a burst release in the first 24 h 

followed by slow and steady release over 7 days. The bust release may be due to the adsorbed 

LD detaching from the particles surface and the following slow release rate reflecting the 
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release of drug encapsulated in the particles (Agnihotri et al., 2004). Prolonged release in the 

later stage can be attributed to the slow degradation of PLGA particles through the hydrolytic 

process and the slow diffusion of LD from the polymer matrix (Jain, 2000; Costa et al., 2001; 

Panyam et al., 2003). In most cases, the second steady release can be well controlled by 

manipulating the particles properties. An enhanced controlled release and possible reduction 

of the initial burst release could be obtained by the addition of an outer layer with a dipping 

procedure, mixing procedure, or emulsion procedure (Huang et al., 1999; Yuksel, 1999; Lee 

et al., 2002). Our study proved that post-coating of particle s with P80 resulted in a reduction 

of burst release effect in comparison with the non-coating particles.     

The effects of PLGA concentration and solvent removal rate on the physicochemical 

properties of the PLGA NPs were also investigated in this study. It was found that an increase 

in the PLGA concentration (from 2 to 5%, w/v) resulted in bigger particles (200 – 370 nm), 

and higher encapsulation efficiency (40 – 60%). The increase in the PLGA concentration 

increased the viscosity of the organic phase, thus prevented the diffusion of LD into the 

external aqueous phase. Although the encapsulation efficiency was increased with the 

increase of PLGA concentration, the loading capacity was decreased. This was because the 

increase amount of drug loading was not proportional to the increase amount of polymer. 

Therefore, it is not economical method to improve the drug encapsulation efficiency by 

increasing the polymer concentration. An increase in the organic solvent removal rate led to a 

decrease in the particle size, but an increase in the drug encapsulation efficiency. The zeta 

potential of the PLGA NPs was approximately -20 mV and this surface charge was not 

significantly influenced by the change of either the PLGA concentration or the rate of solvent 

removal. An identical size-dependent drug release was obtained for different sizes of PLGA 

NPs prepared with different PLGA concentrations and solvent removal rates. It should be 

noted that solvent removal rate had a greater effect on the drug release from the particles. 

Solvent evaporation during particle hardening caused irregular porous formation on the 

particles outer surface, as can be seen in our SEM images. The pore nature on the NPs’ 

surface is an important characteristic of drug delivery systems responsible for the controlled 

release of entrapped drugs. According to the Higuchi model, the release of entrapped drugs 

from the polymeric particles is dependent on the porosity of the particle matrix (Higuchi, 

1963; Costa et al., 2001). As the evaporation rate of organic solvent increased, more and 

more pores formed on the surface of the particles, through which release buffer could easily 

penetrate into the particles. This porous surface also resulted in the increase of the total 
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surface area of the particles. Therefore, faster release could be obtained by faster solvent 

removal. In order to obtain NPs with slow release profile, evaporation rate should be 

controlled at a slower level, and temperature should be controlled not too close to the organic 

solvent boiling point, which is 40°C for DCM. Thus, the evaporation of DCM in this study 

was carried out at room temperature (25°C).  

    In order to find optimum formulation, simultaneous analysis of the influence of 

different factors (PVA concentration, PLGA concentration and solvent removal rate) on the 

NPs’ properties (particle size and drug entrapment efficiency) was carried out by optimizing 

the formulation using a central composite design. It was found that solvent removal rate had 

the greatest effect on the particle size, whereas, PLGA concentration had the greatest impact 

on the entrapment efficiency among the three factors being investigated. Analysis of the 

experimental results led to the polynomial equations which described adequately the 

influence of the selected factors. This allowed calculating a formulation for PLGA NPs with 

the desired particle size and entrapment efficiency value. After a process of optimization of 

the formulation parameters, PLGA NPs of a reproducible desirable size with narrow size 

distribution and high encapsulation efficiency were achieved by using 5% (w/v) PLGA, 6% 

(w/v) PVA and working at 700 rpm solvent removal rate. Morphological inspection showed 

that all particles had a spherical shape with porous outer surface. DSC and FT-IR revealed 

that LD was present in the NPs in an amorphous state and that no interactions between drug 

and polymer were observed. This indicated that PLGA NPs is a suitable delivery system for 

LD. 

Our data demonstrate that the physicochemical properties of PLGA NPs can be modified, 

and also, in principle, a controlled release of drug is possible by changing the formulation 

parameters of the PLGA NPs. Drug release rate can be modified by varying the PLGA 

copolymer composition, the polymer molecular weight, crystallinity, particle size 

distribution, and the porosity of the polymer matrix. Because PLGA is biodegradable over 

time, the particles are expected to protect LD from decarboxylation prior to release.   

Since these LD-loaded PLGA NPs were for oral administration, the degree of intestinal 

absorption of the particles is an important factor in the determination of clinical success. The 

uptake of orally administered NPs takes place through the intestinal epithelium. The intestinal 

epithelium is a monolayer of cells, comprised of enterocytes, globlet cells that secrete mucin, 

endocrine cells, paneth cells and M cells that present antigens to immune cells. The most 
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common epithelial cells are enterocytes. They allow absorption of nutrients, electolytes, and 

fluid, and also act as a barrier to prevent the uptake of microorganisms and other particles 

(Balimane et al., 2000; Rieux et al., 2005). Therefore, it is important to investigate factors 

influencing epithelium uptake of particles in order to develop an efficient NPs based oral 

delivery system. In this study, the human colorectal carcinoma cells (Caco-2 cells) were used 

as an in vitro model to evaluate the cellular uptake of NPs.   

Cytotoxicity studies showed drug loaded particles were non-toxic up to 1000 µg/ml. Cell 

viability decreased with the increase of particle concentration and incubation time. Since 

PLGA polymer is biocompatible and non-toxic, thus, the reduction of cell viability at high 

PLGA NPs concentration (> 1000 µg/ml) could be a result of NPs internalization and/or from 

cell interaction with the particles. In addition, stabilisers, such as PVA in this study, 

polysorbate 20 and 80, are used to prevent PLGA NPs aggregation during solvent 

evaporation process. However, such stabilisers are difficult to be removed even through 

complete washing and some of them can be toxic to cells (Olivier et al., 1999). This finding 

is similar to the results reported by other researchers. Katsikari et al reported that Caco-2 

cells viability is significantly reduced at PLGA NPs concentration greater than 500 µg/ml 

(Katsikari et al., 2009). The cells viability did not significantly change by varying the 

incubation time when cells were exposed to NPs at a concentration of 500 µg/ml. This 

suggested that the effect of PLGA NPs on the Caco-2 cells viability was mainly dependent on 

particles concentration.  

The results of in vitro Caco-2 cells uptake studies revealed that the internalisation of 

PLGA NPs by Caco-2 cells was a temperature-dependent process. Experiments performed at 

37ºC showed 2.4-fold greater uptake than those at 4ºC. Efficiency of NPs uptake dramatically 

increased at 37ºC than at 4ºC, indicating that the localisation of PLGA NPs by Caco-2 cells 

was an active, energy-dependent process such as endocytosis rather than passive diffusion.  

Our results indicated that non-coated PLGA NPs had advantage in favour of the cellular 

uptake over the P80 coated NPs. The accumulation of NPs inside the cells was lower for the 

P80 coated formulation (181 µg/mg cell protein) in comparison with the uncoated 

formulation (254 µg/ml cell protein). Some researchers claimed that PVA-coated PLGA NPs 

enhanced the uptake by 2.9-fold more than that of the NPs of the same particle size (Yin Win 

et al., 2005). Other literatures showed that decreasing surface hydrophobicity, by adsorption 

of polyxamers 235, 238, 407, or polyxamines 901, 904, and 908, may decrease the uptake of 
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polystyrene microparticles into the immune system cells (Davis et al., 1988; Moghimi et al., 

1991; Moghimi et al., 1994). It was reported that hydrophobic particles can interact with cells 

through non-specific hydrophobic interactions with the “link” glycorprotein (Sajjan et al., 

1990). Particles surface of high hydrophobicity may retard opsonisation resulting in decrease 

uptake of particles through endocytosis (Vonarbourg et al., 2006; Shan et al., 2009). Based 

on these hypothesises, we suggest that coating the surface of PLGA NPs with hydrophilic 

P80 would lead to a decrease of the uptake of particles. On the other hand, results also 

demonstrated that the uptake efficiency was depending on the particle size. A decrease in the 

particle size led to an increase in the cellular uptake efficiency. Therefore, the uptake of 

PLGA NPs by Caco-2 cells is governed by the particles’ physicochemical properties, such as 

particle size and hydrophobicity. An observed plateau effect of the cellular uptake efficiency 

against the particle concentration or incubation time suggested that the cellular uptake of 

PLGA NPs is saturable. Confocal laser scanning microscope confirmed that the particles 

were indeed taken up and localised intracellularly but not simply adsorbed onto the cell 

surface when PLGA NPs were incubated with Caco-2 cells for 2 h at 37ºC. 

 The uptake of particles by rat brain microvescular endothelial cells was also evaluated in 

this study. PLGA NPs coated with P80 was found to have improved uptake efficiency 2.7-

fold over those uncoated particles. In a preliminary study, the uptake of P80 coated PLGA 

NPs by RBMVECs was not improved when the medium was in absence of FBS. This 

suggested that the protein within the FBS may play an important role in the uptake process.  

It is proposed that P80 coated NPs can selectively adsorb plasma apolipoprotein on their 

surface followed by recognition by LDL receptors located at BBB (Kreuter et al., 2002). This 

suggests that NPs coated with P80 mimic lipoprotein particles interacted with LDL receptor 

and transported via LDL receptor-mediated endocytosis into the brain (Ramge et al., 2000). 

Moreover, the coated NPs have less negative zeta potential in comparison with those non-

coated particles. Positive or less negative charge on NPs has a favourable effect on the BBB 

binding and uptake of NPs. Therefore surface coating with specific ligands plays an 

important role in the enhancement of drug delivery across BBB. The temperature-dependent 

process confirmed that the uptake of PLGA NPs by endothelial cells was a metabolic and 

energy-dependent process. The uptake of NPs was also a time- and concentration-dependent 

process. However, when the particle concentration was too high (1000 µg/ml), the extent of 

uptake was decreased. This was due to the cytotoxicity effect of the high particle 

concentration. However, the mechanism of the uptake of P80 coated PLGA NPs by 
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endothelial cells is still not yet clears. Due to the technical difficulty, we were unable to 

measure the exact amount of P80 coated on the particle surface. However, the P80 coated 

particles exhibited remarkable different in terms of particle size, zeta potential, in vitro 

release profile and cell uptake profile in comparison with the uncoated particles. Therefore, 

we supposed that the coating process was a critical step for improving the uptake of PLGA 

NPs by BBB.      

  To assess the ability of PLGA NPs to cross the BBB, an in vitro BBB model was 

established and characterized. The BBB model was developed by co-culturing RBMVECs 

and astrocytes on a polycarbonate Transwell insert: astrocytes were seeded on the bottom of 

inserts prior to endothelial cells being seeded on the top of the insert. Endothelial cells spread 

as a monolayer on the top of the insert, while astrocytes formed layers of overlapping cellular 

sheets on the bottom part. This model can reconstruct some of the cellular environment 

complexities that exist in vivo. Characterisation studies demonstrated that the developed 

model exhibited specific binding of lectin and Ac-Dil-LDL. The average TEER value was 

about was about 450 Ω cm2 which was within the range of 300-1000 of the in vitro BBB 

model (Konan et al., 2002). The Papp for sucrose, paracellular diffusion marker, was 5.28x10-6 

cm/s indicating an integrated barrier. 

The transport of P80 coated PLGA NPs at a concentration of 200 µg/ml was performed 

on the selected BBB model with TEER values higher than 450 mV. Considering 1% of the 

given dose of LD can be transport unchanged to the brain, the therapeutic dose for 3000 mg 

of maintenance dose is equivalent to 30 mg. To achieve a therapeutic dose of 30 mg, a dose 

of 1200 mg of LD-loaded PLGA NPs will be required based on their loading capacity value 

of 2.5%. A typical adult has a blood volume of approximately 4 litre (80 ml/kg for an adult 

weight of 50 kg) (Selkurt, 1984). Therefore, 1200 mg of given dose will produce a blood 

concentration of 40 µg/ml. This concentration is deemed to be safe based on the PLGA NPs 

cytotoxicity to Caco-2 cells and to brain vessel endothelial cells studies. Therefore, treating 

the BBB with LD-loaded PLGA NPs at a concentration of 200 µg/ml is deemed to be 

sufficient for a therapeutic effect. The Papp was calculated as 3.13x10-5 cm/s. This value was 

nearly significantly higher than the sucrose permeability. The Papp for sucrose reflected the 

tightness of the BBB. Since sucrose is a water-soluble compound and is not a substrate for 

receptor-mediated transport, the permeability of sucrose solely depends on the paracellular 

barrier tightness. The increase in permeability of PLGA NPs was because NPs was 

transported across the BBB by an active endocytosis process. Furthermore, the TEER values 
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remained unchanged after the transport study indicating that the addition of PLGA NPs at a 

defined concentration did not alter the integrity of the BBB. This unchanged TEER value 

proved that the flux of PLGA NPs across the BBB was unlikely through the gaps between 

adjacent cells. The flux rate of the particles was found to be directly proportional to the 

particle concentration. The Papp at NPs concentration 50 µg/ml was about 3.46x10-5 cm/s 

which was 3-fold higher than that at 1000 µg/ml. The significant decrease in Papp with 

increasing particle concentration indicated that the transport of NPs across RBMVECs was 

saturable. Addition of ATPase inhibitor resulted in a decrease of flux of NPs by 63.2% 

suggesting that the transport of PLGA NPs across BBB model was energy dependent. 

Addition of P-gp inhibitor only slightly increased the flux rate by 17%. This could be 

explained by the fact that coating of NPs with P80 may lead to the blockage of P-gp (Renad 

et al., 2000). Therefore, the addition of P-gp inhibitor did not further improve the flux rate 

any further.  

6.2. Limitation and Future Work 

This study was carried out to investigate the feasibility and potential of polymeric NPs for 

use in LD delivery across blood-brain barrier. During the project, the following limitations 

were encountered. The drug entrapment efficiency was relatively low (< 62%). Introduction 

of a hydrophilic compound into a hydrophobic polymer device is challenge which has not 

been completely resolved. Increase the hydrophilicy of polymer may produce a better LD 

entrapment. The loading capacity was also relatively poor (< 3%). This was because the 

solubility of LD in water is very low (66 mg/40 ml) (Merck, 2001) resulting in a low amount 

of LD in the aqueous phase. 

The release kinetics of LD from NPs exhibited a large (> 20%) burst release. The burst 

effect of the NPs attracted much attention because it may result in the severe adverse action. 

The burst release was attributed to the release of the drug on the surface of NPs or underneath 

the surface of NPs. So the burst release was connected closely with those factors that affected 

the drug dispersion in microspheres and the porosity and curvature caused by the organic 

solvent evaporation (Le Corre et al., 1997; Matsumoto et al., 1997). Formulation parameters 

need to be further optimised to reduce the burst release. 

Although our BBB model met the criteria for measuring the permeability of investigated 

drugs and drug delivery systems, further improvement should be carried out. Some literatures 
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reported higher TEER values and lower paracellular permeability for BBB models than ours 

(Franke et al., 2000; Gaillard et al., 2001). Further efforts can be made with respect to the 

medium composition, attachment factors, seeding density, and culture days.  

Further studies can be planned to evaluate: blood protein binding to these NPs coated 

with P80; detailed mechanism of NPs transport across BBB, their biodistribution after in vivo 

administration, and treatment in rat model of PD. 

6.3. Conclusion 

From all the studies performed, this research fulfilled the objective for the development 

and optimisation of nanoparticulate system for brain delivery of L-DOPA. Specially, the 

results of the studies showed that: 

i. A stability-indicating HPLC analytical method was developed and validated. This 

method has been used for the LD concentration measurement and for the LD stability 

study. 

ii. The LD was successfully encapsulated into PLGA NPs DDS and the delivery system 

was optimised using CCD. 

iii.  The optimised PLGA NPs were characterised in terms of particle size, surface 

charge, drug entrapment efficiency, in vitro drug release, particle morphology, 

crystalline state and drug-polymer compatibility (DSC, FT-IR). 

iv. The rate and extent as well as the mechanism of Caco-2 cell uptake of LD-loaded 

PLGA NPs were investigated. 

v. In vitro BBB model based on co-culture of RBMVECs and astrocytes was established 

and characterised;  

vi. The transport and cellular uptake mechanism of LD-loaded P80 coated PLGA NPs in 

the developed BBB model were investigated 

This project has demonstrated that PLGA NPs can be utilised as a controlled release DDS 

for the brain delivery of LD. Encapsulated LD can be protected from peripheral 

decarboxylation before they are released. The physicochemical properties of NPs can be 

optimized by controlling formulation parameters. NPs can be effectively taken up by 

intestinal epithelial cells when the particles are orally administered. P80 coated PLGA NPs 
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represent a very promising preparation for the delivery of LD across the blood-brain barrier 

without opening the BBB tight junction. This technique proves to be a potential to enhance 

LD bioavailability by protecting LD from peripheral decarboxylation.  

While this drug delivery system has been developed with the aim to encapsulate LD in 

the treatment of PD, it is not exclusive to this disease as the polymeric drug delivery system 

may be applicable to numerous other brain diseases. This nanoparticle engineering technique 

will allow numerous other CNS drug to be delivered to the brain tissue, mostly retaining their 

native characteristics, reducing systemic side effects and enhancing bioavailability. 
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