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Abstract……..…. 

Targeted drug delivery has always been used as an important strategy to overcome 

challenges presented by undesirable pharmacokinetics or biodistribution of drugs, 

especially when the targets of these drugs are inside the brain. There are examples 

including drugs for treating central nervous system (CNS) diseases such as 

Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis Huntington’s 

disease, brain tumour and multiple sclerosis. Our brain is naturally protected by the 

blood-brain barrier (BBB) that restricts drug delivery into the brain tissue. Many drugs 

which have shown effectiveness in vitro, failed in vivo because of it.  

Nanoparticulate drug delivery system (DDS) has been extensively researched as a 

promising formulation to deliver drugs into the brain because of its small size; capable 

of carrying hydrophilic and hydrophobic, large and small size of therapeutic agents; 

feasibility in surface modification to allow the attachment of targeting ligands; and 

relatively easier of providing controlled drug release. Recent progress in understanding 

the BBB and brain made possible to design better ligands to target the BBB and the 

brain. The aim of this project was to develop a novel type of poly(D,L-lactide-co-

glycolide) (PLGA) based nanoparticulate DDS, with dual ligands to enhance the 

delivery of a model drug, rivastigmine hydrogen tartrate (RHT, a drug for treatment of 

mild AD) across the BBB into the brain. The dual ligand nanoparticles (NP) were 

surface modified with two hydrophilic ligands – (1) a BBB targeting ligand for higher 

brain penetration capability, and (2) a neurone targeting ligand for longer NPs 

residence time in the brain parenchyma. 

These hydrophilic ligands were conjugated with hydrophobic moieties for the ease of 

their incorporation to the NPs formulation. The BBB targeting ligand, trans-activating 

transcriptional activator (TAT) peptide was conjugated with DSPE-PEG whereas the 

neurone targeting ligand, sialic acid (SA) was chemically attached with 

octadecylamine (ODA) to form conjugates. Both reaction schemes were developed 

and optimised concerning the reaction temperature, time and purification procedures. 

Several analytical methods (NMR, HPLC, MS, FTIR) were developed and optimised 

for the analysis of the final products.  
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The TAT conjugate was prepared by a nucleophilic substitution reaction and purified 

by dialysis. The reaction time was optimised using HPLC analysis and found to be 72 

hours at which point a maximum reaction yield of about 83% w/w was achieved. The 

SA conjugate was synthesised via carbodiimide cross-linking reaction and purified by 

dialysis. NMR analysis revealed that the ODA was 100% conjugated with SA and the 

product yield was about 100%. FTIR spectra showed the appearance of a new amide 

bond and disappearance of the SA carboxylic bond, confirming the formation of a new 

conjugate.  

HPLC analysis of RHT for drug loading and drug release samples was developed, 

optimised and fully validated for its selectivity, accuracy, linearity, precision and 

ruggedness. Limit of detection (LOD) and limit of quantification (LOQ) of the assay 

were 60ng/mL and 201ng/mL, respectively. This HPLC method exhibited good 

linearity over the assayed concentration range and satisfactory accuracy and 

selectivity, good intra- and inter-day precision. The developed HPLC method was 

accurate and selective for RHT analysis with good detection and quantification limits 

and was suitable for its intended use. 

The dual ligand PLGA NPs were prepared using the synthesised ligand-hydrophobic 

chain conjugates employing double emulsion solvent evaporation technique. RHT was 

loaded in the NPs as a model drug. Also, two independent lipophilic tracers were 

loaded separately for the simple fluorometric quantification in plate readers and 

detection under the fluorescence microscope for the purpose of cellular 

characterisation of the dual ligand NPs. The NPs formulation was optimised to achieve 

the particle size between 70nm and 200nm as well as to achieve highest possible drug 

loading in the NPs. The optimised NPs formulation was evaluated for in vitro 

characteristics including particle morphology, size, zeta potential, drug loading 

efficiency, release profile and stability studies. The RHT-loaded optimised PEGylated 

dual ligand NPs were found to have negative zeta potential (−24.3 ± 2.5mV) and 

narrow size distribution (139.5 ± 3.9nm) ideal for targeting the BBB. DSC 

thermograms indicated that RHT was dispersed as an amorphous state in PLGA NPs 

whereas FESEM studies revealed that the NPs were spherical.  
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In vitro release studies showed 57.9 ± 3.3% release from PLGA NPs in 24 hours. Our 

investigation suggests that the optimised NPs systems were stable for at least seven 

days at 4°C in terms of their particle size, zeta potential and drug leaching.  

Extensive cellular investigation of the dual ligand NPs system was carried out 

including - (a) the cell viability studies in two cell lines upon exposure to the system, 

(b) cellular uptake studies of the NPs system, and (c) their transport across an in vitro 

BBB model. The immortalised human cerebral microvascular endothelial cell line 

(hCMEC/D3) and human colon carcinoma cell line (Caco-2) were found to be more 

than 90% viable at as high as 200µg/mL NPs concentration. The cell uptake of the 

optimised dual ligand PLGA NPs were found to be superior (3.4-fold increase) to that 

of NPs without any ligand (p < 0.005) thereby showed a clear correlation between the 

ligand incorporation and cellular uptake. This investigation also demonstrated that the 

TAT peptide facilitates cellular uptake of the NPs systems which was temperature, 

time and particle concentration dependent, indicating the major update mechanism is 

endocytosis. The confocal microscopic study revealed that the dual ligand 

nanoparticles were accumulated in the nucleus and its qualitative results correlated 

well with those observed using a quantitative fluorescent spectroscopic method. 

Likewise, the NPs conjugated to the TAT peptide displayed significantly higher 

cellular transport than the tracer solution (12.6-fold, p < 0.001) and RHT solution (1.2-

fold, p < 0.05). 

Thus, it can be concluded that, the novel dual ligand nanoparticulate DDS developed 

has shown promising results with ability to enhance the uptake by human brain 

capillary endothelial cells and transport in an in vitro BBB cell model while exhibiting 

the versatility in carrying molecules of interest and has biocompatibility (low toxicity), 

potential to be used as a platform technology for brain drug delivery. 
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Chapter 1 General Introduction 

1.1 The Human Brain-A Challenge for CNS Drugs 

The human brain is the major organ of the central nervous system (CNS) that controls 

almost all physical and mental activities including cognition, sensation, sensory 

perception, communication and metabolism. Even with today’s modern and 

sophisticated technology, the complete functional understanding of the human brain is 

yet to be explored (Bassett & Gazzaniga, 2011; Roy & Dwivedi, 2017). The human 

brain is roughly divided into three parts, the cerebral hemispheres (the cerebrum), 

cerebellum and brainstem. It contains approximately 100 billion neurones, 100 billion 

glial cells (oligodendrocytes, astrocytes, microglia etc.) and thousands of blood vessels 

(Herculano-Houzel, 2009; Auffret et al., 2017; Yang et al., 2017). It is well protected 

by a strong skull, suspended in the cerebrospinal fluid (CSF), and separated from the 

circulatory system by the blood-brain barrier (BBB).  

Apart from the risk of physical injuries and neurotoxicity, there are hundreds of known 

CNS disorders reported in the literature including stroke, brain tumours, Alzheimer’s 

disease (AD), Huntington’s disease (HD), Parkinson’s disease (PD), Prions disease, 

Down syndrome, ataxia, multiple sclerosis, Creutzfeldt-Jacob disease, schizophrenia, 

tardive dyskinesia, amyotrophic lateral sclerosis (ALS), herpes encephalitis and 

cerebral toxoplasmosis (Azevedo et al., 2009; Kovacic & Somanathan, 2012; Khanam 

et al., 2016). Neurodegenerative diseases (ND) have received immense attention in 

scientific society because of their increased incidence, mainly associated with the 

increase in life expectancy. ND are conditions which affect normal brain function 

resulting from deterioration over time of neuronal cells or their myelin sheath in the 

brain and/or spinal cord. These cells are responsible for our day-to-day activities such 

as processing sensory information, making decisions, and controlling movement. 

Neurones are not easily regenerated; therefore their damage leads to age-related 

diseases such as AD, PD, HD, multiple sclerosis and ALS (Cannon & Greenamyre, 

2011; Khanam et al., 2016).  



Chapter 1 – General Introduction 

2 

There are two main types of ND: (a) conditions related to dementia affecting cognition 

and memory and; (b) conditions causing problems with movement. AD is the most 

common form of dementia which causes a progressive decline in functionality 

including but not limited to loss of memory, rationality, intellectual abilities and social 

skills (Banks, 2012). It was the 2nd leading cause of death in Australia in 2015, because 

of its prevalence in people over 85 years, and is predicted to be the leading cause of 

death in Australia within a few years ("Causes of Death, Australia, 2015," 2016). 

About 47 million people worldwide were living with dementia in 2015 (Wimo et al., 

2017). It has been predicted that unless an appropriate medication is developed for the 

prevention or treatment of AD, it will affect 1 in 85 people globally by 2050 (Story, 

2016; Ariga, 2017). PD, the second most common ND, produces one or more of three 

major symptoms: tremor, rigidity (stiffness of the muscles) and akinesia (abnormal 

movement) (Geng et al., 2016; Vermeiren & De Deyn, 2017). It is estimated that there 

are about 100,000 people living with PD in Australia, with a worldwide occurrence of 

approximately four million people (~1 in 1000) or about 1% of the population over the 

age of 60 years. Researchers have predicted that the number of PD patients will double 

by 2030 (Hurelbrink & Lewis, 2011; Tan et al., 2013; Hiorth, 2016). 

These two examples clearly highlight the growing global burden of ND. The disorders 

are devastating and expensive, both on a personal and global level. Currently, there is 

no effective therapy to prevent, cease or reverse the progression of many types of the 

ND despite that limited treatments available in assisting the management of symptoms 

and delay the progression of the disease. For example, PD is most often treated by 

replacing the missing dopamine with levodopa. Extensive research is in progress that 

is reflected by hundreds of on-going clinical trials to test various drugs against ND 

(Frank et al., 2016; Bachurin et al., 2017; Reiman, 2017). The challenge, however, is 

not just in finding right molecules to combat CNS diseases, but also effectively 

delivering it into the brain. More than 98% of the promising known small-molecule 

drugs and almost 100% of macromolecular biopharmaceutical products cannot be 

delivered into the brain due to the presence of the BBB (Pardridge, 2007; James et al., 

2016). Thus, effective treatment of many CNS diseases such as AD, PD, brain 

tumours, multiple sclerosis is considerably impaired (Gao et al., 2013; Patel & Patel, 

2017).  



Chapter 1 – General Introduction 

3 

The BBB (Figure 1.1) is the brain endothelial cell layer between the cerebrospinal fluid 

of the CNS and the circulating blood system. The works of Paul Ehrlich, the father of 

modern chemotherapy, in the late l9th century first raised the concept of this barrier 

(Ehrlich, 1906). He observed that coloured dyes injected into the blood circulation of 

animals failed to stain the brain which phenomenon was attributed to the 

characteristics of the brain tissues rather than the compartmentalization theory. Later, 

his student Edwin Goldmann confirmed the existence of the BBB by directly injecting 

the dye into the CSF of animals' brains. This experiment demonstrated that in this case, 

the brains did become stained, while the rest of the body did not (Goldmann, 1913; 

Feng & Chien, 2003). Thus, it was hypothesised that the main function of BBB is to 

guard the delicate nerve cells against foreign substances and microorganisms in the 

systemic circulation. However, the protective mechanisms of the BBB also hinder the 

transport of many drugs in the CNS.  

In general, a drug is transported from the blood to brain by paracellular and 

transcellular pathways, transport proteins, receptor-mediated transcytosis (RMT), 

adsorptive-mediated transcytosis (AMT) and cell-mediated transcytosis (CMT) (Chen 

& Liu, 2012). BBB severely restricts all these transport routes because it contains a 

very limited number of transport vesicles, and there is no fenestration. Furthermore, 

there is a lack of the gap between adjacent endothelial cells in many regions of the 

brain and if present, it is tight junction (TJ) formed by the most intimate cell-to-cell 

connection. A number of proteins including junctional adhesion molecule (JAM) -1, 

occludin, claudin, zonula occludens (ZO) -1, 2 are involved in generating this structure 

(Gonzalez-Mariscal et al., 2016; Greene & Campbell, 2016). 
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Figure 1.1. Biology of BBB that presents a major obstacle to drug delivery in the CNS 

(Timbie et al., 2015). 

 

The tightness of endothelial cells of BBB is upregulated by synergistic induction of 

pericytes, astrocytic end-feet, microglia, and a basement membrane made from 

structural proteins such as the extracellular matrix proteins collagen and laminin 

(Banerjee et al., 2016; Erdo et al., 2017). The resulting tight “neurovascular unit” only 

grants access about 2% of presently known small molecular weight drugs and very few 

of available large molecular weight drugs into the brain (Rautio et al., 2008). As there 

is no lymphatic drainage, the BBB also restricts the passage of lymphocytes and other 

immune cells. Thus, it acts as a physical barrier, a transport barrier, an enzymatic 

barrier and an immunological barrier (Chen & Liu, 2012). This highly organised 

structure demonstrates a selective permeability for only the unionised compounds 

having a molecular weight (MW) of less than 500Da, lipophilicity (log P value close 

to 2) and less than ten hydrogen bonds (Pardridge, 2005a, 2005b). While the BBB 

performs the vital task of protecting the brain from harmful fluids, chemicals and 

toxins; it also poses a major challenge for brain drug development and delivery. This 

is considered to be the most important factor limiting the future growth of 

neurotherapeutics (Greene & Campbell, 2016; Erdo et al., 2017). A better 

understanding of the existing BBB transport systems might assist the development of 

drug delivery system (DDS) with enhanced capability of delivering bioactive 

molecules into the brain. 
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1.2 Transport Mechanisms Across the BBB and DDS 

Development 

Although human brain is well guarded by the BBB, several transport systems are in 

place to keep the brain functional (Chen & Liu, 2012; Patel & Patel, 2017). 

Biomolecules that are essential for the survival and proper functioning of the nervous 

system are transported in between blood and CSF via these transport facilities. 

Very few small molecules can cross the BBB by simple diffusion due to their 

hydrophilic or lipophilic nature. Small water-soluble molecules, such as sodium and 

potassium ions, diffuse through the TJ utilising paracellular aqueous pathway. Small 

lipid-soluble molecules, such as alcohols and steroid hormones, use transcellular 

lipophilic pathways to get into the brain. Due to very strict rule present in this type of 

transport system, such as specific MW, charge, hydro- or lipophilicity, drug delivery 

into the brain exploiting passive diffusion did not get much attention (Upadhyay, 

2014b; Rassu et al., 2017; Wang & Wu, 2017). 

The adenosine triphosphate-binding cassette (ABC) efflux transporter P-glycoproteins 

(P-gp), multidrug resistance protein (MRP) family and breast cancer resistance protein 

(BCRP) actively transport many lipophilic drugs (such as P-gp substrates) out of the 

brain through BBB. This transport mechanism plays a very important role in drug 

distribution to, and elimination from, the CNS. These active efflux transporters 

significantly minimise or completely eradicate the potential neurotoxic effects of many 

foreign materials, but also limit the CNS concentration of drugs that are potentially 

beneficial for the treatment of brain diseases. Suppressing P-gp at the BBB has been 

demonstrated to enhance drug accumulation in the CSF; therefore it appears to be an 

effective strategy to enhance drug delivery into the brain (Lingineni et al., 2017; Sivak 

et al., 2017; Tournier et al., 2017). 
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Essential nutrients such as glucose, amino acids, hormones, bile salts and 

monocarboxylic acids are spontaneously transported into the brain by carrier-mediated 

transport systems. The process starts when these molecules bind to protein transporter 

on one side of the BBB, triggering a conformational change in the protein, resulting in 

the transport of the substance to the other side of the membrane. Usually, these systems 

solely work on the structural modification of the transport proteins without needing of 

any additional energy. However, in special situations, adenosine triphosphate (ATP) 

may provide energy to facilitate the process when compounds need to be moved 

against a concentration gradient (Pulicherla & Verma, 2015; Oberoi et al., 2016). 

Macromolecules like insulin, transferrin, and other endogenous peptides, are 

selectively transported through the BBB by RMT. Endothelial cells of BBB have 

specific receptors to bind and uptake these large biomolecules into the brain by 

vesicular trafficking technology. As soon as the ligands bind to their corresponding 

receptors on one side of the cell, the macromolecules are captured in vesicles, drawn 

across the cell and ejected on the other side of the cell. Unlike carrier-mediated 

transport systems, RMT is highly specific, works against the concentration gradient 

and can “ferry” high MW substances. This active transport system has much scope for 

developing drug delivery therapeutics and has been extensively studied for brain 

targeting (Kim et al., 2015; Kuo & Chen, 2015). However, widespread expression of 

many receptors (such as transferrin receptors) on peripheral organs limits the 

capability of RMT for specific brain delivery. Also, the targeting ligand must compete 

with natural ligand present in the bloodstream to bind with the specific physiological 

receptor, thereby limiting the efficiency of the DDS (Jones & Shusta, 2007). 
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Another interesting transport system present in the BBB is AMT which does not rely 

on the receptors as the RMT (thus, less specific), however, is capable of transporting 

molecules at a higher rate. The driving force of the AMT is the electrostatic interaction 

between oppositely charged molecules. Peptide molecules with positive surface charge 

are usually transported upon binding with the negatively charged plasma membrane 

surface (Malhotra et al., 2013; Sharma et al., 2016a). Although AMT is not as specific 

as the RMT, this transport system has higher capacity and hence, attracts much 

attention for drug delivery. Furthermore, drastic alternations of the BBB receptor 

system have been reported earlier in many neurodegenerative disease conditions that 

may render the RMT based drug delivery system less efficient, if not completely 

useless (Weiss et al., 2009). The AMT has been successfully used to deliver drugs in 

severe CNS disease conditions (such as tetanus) giving the indication that this transport 

system undergoes which insignificantly affects its drug transport capability (Hervé et 

al., 2008). The targeting ligands, in this case, are either positively charged proteins or 

cell-penetrating peptides (CPP) such as trans-activating transcriptional activator 

(TAT) peptide (Qin et al., 2011b; Milletti, 2012). 

All transport mechanisms mentioned above permit only solute molecules, whereas 

CMT is capable of transporting whole cells. Monocytes, macrophages and other 

immune cells are transported into the brain via CMT (Pang et al., 2017). The drug 

delivery approach exploiting CMT uses the physiological phagocytic cells (like 

monocytes) to load the desired drug or DDS and the drug-loaded cells traffic the 

desired molecule across the BBB. Advantages of this method include the possibility 

of high drug loading, elimination of the need for nano-sized carriers, the inclusion of 

magnetic guidance and possibility of treating brain under inflammation. Selectivity 

seems to be an issue with this drug transport system because a high percentage of 

administered dose was reported to be ended up in liver and spleen (Jain et al., 2003). 

Although a relatively new concept, drug or nano-sized drug carriers loading via 

phagocytosis into monocytes, and then using the loaded monocytes to deliver the 

molecule of interest into the brain, seems to be a valid and promising approach (Tong 

et al., 2016; Pang et al., 2017). 

The various physiological transport mechanisms present at the BBB are shown in 

Figure 1.2. 
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Figure 1.2. The various physiological transport mechanisms present at the BBB (Chen 

& Liu, 2012). 
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1.3 Strategies to Enhance CNS Drug Transport 

As of 2017, there is no ideal DDS that can guarantee to deliver the majority dose of 

the loaded drug into the brain at an optimum concentration to exert their intended 

pharmacological activities (Patel & Patel, 2017). Research is going on continuously to 

overcome this problem – ranging from directly injecting the drug into the CSF 

(intrathecal injection) to incorporating the drug carrier into physiological cells to be 

trafficked via the BBB. In the former approach, the drug is injected into the spinal 

canal or the subarachnoid space so that it directly reaches the CSF without any loss. 

This method must be carried out by a specialist (such as a Neurosurgeon) in an 

appropriate clinic or hospital capable of handling the unwanted complications that may 

arise from the action. Consequently, direct intracerebral injection is only occasionally 

used, to avoid tissue destruction at the site of injection and the high risk of intracerebral 

infection. This approach is not patient-friendly, and the number of suitable drugs for 

intrathecal delivery is very limited (Pardridge, 1998). All other methods to enhance 

brain drug delivery can be roughly divided into three categories, namely-(1) bypassing 

the BBB, (2) non-carrier mediated drug delivery, and (3) carrier-mediated drug 

delivery. This section briefly discusses these strategies, their scope and limitations: 

1.3.1 Bypassing the BBB 

Alternative routes, like intranasal administration of drugs, offer the potential to 

completely avoid the BBB instead of crossing it. This approach can directly deliver 

lipid-soluble small molecules into olfactory lobe CSF, demonstrating a rapid onset of 

action. However, serious mucosal irritation and irreproducible absorption pattern due 

to nasal congestion are major drawbacks of this route that are yet to be addressed to 

make it clinically safe and successful. There is also a chance of partial degradation of 

the drug in the nasal mucosa, and frequent use of the intranasal route can result in 

mucosal damage (Nagpal et al., 2013; Kaur et al., 2016). 
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1.3.2 Non-carrier Mediated Drug Delivery 

In non-carrier mediated drug delivery, either the drug is chemically modified to 

increase its BBB permeability or the target (BBB) is compromised to offer better 

penetrability to the drug. For example, in the lipophilic prodrug synthesis method, drug 

molecules that are normally unable to cross BBB are chemically altered into lipophilic 

prodrugs or active analogues to enhance their CNS absorption by passive diffusion. 

Heroin (diacetyl derivative of morphine), for example, exerts more than 30 times 

bioavailability in the brain compared to its original substance (Oldendorf et al., 1972). 

Prerequisite for this tactic is a starting drug molecule with low MW, and even after the 

modification, the MW should be below the threshold of 500 Da. Unfortunately, many 

drug molecules discovered by high-throughput screening (HTS) have already 

significantly high MW making them unsuitable candidates for this approach. For 

example, doxorubicin (MW 543.5) is used for a wide range of cancer treatment except 

those in the brain because of its poor CNS distribution (Aryal et al., 2015). However, 

this drug is not a suitable candidate for prodrug synthesis due to its high MW. The 

second problem with this method is that with increasing lipid solubility, plasma 

solubility of the substance becomes low with high albumin protein-binding resulting 

in higher drug distribution in non-target tissues. It is difficult to find an appropriate 

balance between optimum hydro- and lipo-philicity of the substance with ideal 

pharmacokinetics parameters which is in favour of brain drug delivery/targeting 

(Pardridge, 1998; Misra et al., 2003). 

Another way to increase the BBB permeability of a drug is to use cationization 

technique. The BBB surface is negatively charged; therefore cationic molecules have 

better chance to get adsorbed onto the surface of the BBB and to get absorbed inside 

eventually. An approach to chemically modifying a drug molecule into a positively 

charged molecule is one strategy to enhance its brain uptake. However, potential 

toxicity and non-specific distribution of the cationized molecule has hindered further 

development of this method (Witt et al., 2001; Witt & Davis, 2006). 
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Since very few pharmacologically active molecules retain their desired activity after 

chemical alteration, BBB modifications by different techniques have been attempted. 

For example, administration of hyperosmolar mannitol or arabinose solutions into the 

carotid artery leads to a temporary reduction in BBB functionality by "cell shrinkage" 

of the endothelial cells. This ‘osmotic opening’ of the BBB ultimately opens the TJ for 

a period of about 20-30 minutes and thus enables the paracellular transport of the drug. 

However, these are non-specific openings of the BBB for all substances including 

toxins and neurotransmitters from the systemic circulation that can lead to brain cell 

damage and infections (Azad et al., 2015; Garg et al., 2015). 

Histamine, bradykinin and bradykinin analogues are used for biochemically disrupting 

the function of the TJ. Organic solvents such as ethanol and dimethyl sulfoxide 

(DMSO) or emulsifiers, such as sodium dodecyl sulphate (SDS), polysorbate 80 and 

alkylglycerols have also been reported to open the TJ (Pardridge, 2005a; Escalona-

Rayo et al., 2017; Joseph & Saha, 2017). However, this approach is clinically unsafe 

and may cause permanent breakdown of brain’s self-defense mechanism. Temporary 

disruption of the BBB can also be initiated via physical stimuli such as ultrasound, 

microwave, and electromagnetic field. Many proteins, peptides, mRNA and DDS such 

as liposomes or nanoparticles (NP) have been reported to be effectively delivered into 

the brain using this technique. However, existing technology is still unable to control 

the extent and duration of the BBB opening precisely, thus demands more research in 

this field. 

Finally, inhibition of efflux pumps present in the BBB can enhance brain retention 

time of some drugs. These drugs are substrates to P-gp, which means active efflux 

transport by P-gp “kicks” the drug out of the brain as soon as they enter. This can be a 

devastating situation and major obstacle for getting high enough drug concentration 

inside the brain. To tackle this problem, either the drug can be modified chemically, 

or P-gp inhibitor can be administered alongside the drug (Kabanov et al., 2002; Fang 

et al., 2016). Efflux pump suppressors work by blocking the P-gp and other related 

proteins thereby retaining the drug inside the brain. Batrakova et al. (2015) showed 

that when Pluronic® P85 was co-administered with P-gp substrate drugs, a 

significantly higher amount of the drugs was found in the brain.  
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The approach of suppressing efflux pump is better suited only to acute diseases 

treatment where maximum drug concentration is desired for a relatively short period. 

Repeat administration of efflux pump suppressors for chronic disease treatments 

causes prolonged P-gp inhibition that may interfere with P-gp regulated homeostatic 

regulation. Obstructing efflux pumps in BBB may lead to a high drug concentration in 

the brain due to the reduction in drug elimination that can also result in serious 

neurotoxicity even at a much lower dose than well-tolerated doses (Silva et al., 2015). 

A very important criterion for the successful drug transport across the BBB, apart from 

its pharmacokinetic properties, is that the drug must be present at a high concentration 

in the circulatory system for prolonged period. This issue cannot be addressed with the 

non-carrier mediated drug transport system because their biological half-life can only 

be increased by altering their molecular structure. This approach is seldom practical 

due to the potential loss of the desired pharmacological properties of the drug 

molecules. Thus, an alternate method of drug delivery was sought that involves 

carrier(s) to fulfil the higher blood residence time of drug thereby increasing its chance 

of getting absorbed into the brain. 

1.3.3 Carrier-mediated Drug Delivery 

In the carrier-mediated drug delivery approach, an inert vehicle is usually employed 

to carry and deliver the drug(s) of interest to its site of action. Popular carriers for CNS 

drug delivery include liposomes and NPs. Liposomes are particles composed of a 

single or multilayer phospholipid bilayer outer membrane and an inner hydrophilic 

pocket, which can be loaded with various kinds of agents (Peng et al., 2017). 

Phospholipids are the major component of the biological systems; therefore, they 

possess low toxicity and are biodegradable. Conventional liposomes are rapidly taken 

up by the reticuloendothelial system (RES) and thus have a very short plasma half-life 

(Schnyder & Huwyler, 2005). Sterically stabilised liposomes are formulated to 

overcome this problem by incorporating hydrophilic polyethylene glycol (PEG) chain 

on the surface, a process called PEGylation. This results in a significantly lower 

particles uptake in the RES and offers them longer blood circulation time (She et al., 

2014). These modified liposomes are commercially available as a drug carrier (Hau et 

al., 2004; Wibroe et al., 2016), such as in Caelyx® (Essex Pharma GmbH, Munich, 

Germany), a liposomal doxorubicin formulation for the treatment of glioblastoma.  
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Particulate carrier systems also include nanocrystals/nanosuspensions, polymeric NPs, 

solid lipid NPs and nanostructured lipid carriers. All systems can be adopted as drug 

carriers and have a size in the nanometer range (<1 micron). An ideal particulate carrier 

system should meet the following conditions: 

 Controlled, sustained release in the target tissue 

 Non-toxic, non-immunogenic 

 Chemically and physically stable 

 Biodegradable 

 Sterile 

 Cheap and simple production 

 Tunable for targeted drug delivery 

NPs based on poly(D,L-lactide-co-glycolide) (PLGA) satisfy many of the above 

requirements. They are simple and inexpensive to manufacture, have good storage 

stability, are readily biodegradable, non-immunogenic and do not show acute toxicity 

(Cheng et al., 2011; Fonte et al., 2012). There is the potential to achieve controlled 

release, and specific ligands can be attached to the surface to direct the NPs to target 

tissue (Cheng et al., 2007; Sahana et al., 2008; Zhou et al.). NPs are spherical, solid, 

colloidal particles, having a size in the range between 10 and 1000 nm (De Jong & 

Borm, 2008). Their small size allows easy intravenous (IV) application because the 

smallest capillaries of the human body have an average diameter of 3 - 8 microns 

(Singh & Lillard, 2009). NPs for drug delivery can be prepared from biocompatible 

synthetic or natural polymers or lipids. There are many NPs manufacturing procedures 

developed and described. The main production processes are desolvation, ionic 

gelation, salting out, nanoprecipitation and solvent evaporation. The most common 

types of the polymers used for developing nanoparticulate DDS include human serum 

albumin (HSA), gelatin, chitosan, poly(methyl methacrylate) (PMMA), poly(lactic 

acid) (PLA), PLGA and poly(alkyl cyanoacrylate) (PACA) (Norakankorn et al., 2007; 

Valente et al., 2013; Azimi et al., 2014; Langiu et al., 2014; Zhang et al., 2014; 

Sulheim et al., 2016; El-Hammadi et al., 2017).  
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Nanoparticulate DDS offer several benefits over IV administration of a drug solution:  

 protect the drug from degradation,  

 the possibility of drug targeting,  

 reduced adverse drug reactions and  

 a sustained release 

The advantages of NPs over liposomes are the low cost in production, uncomplicated 

preparation techniques and their great physical stability (Olivier, 2005). The drug may 

be: (a) adsorbed to the surface, (b) included in the solid, i.e., dispersed into the polymer 

matrix, (c) encapsulated by the polymer, or (d) covalently bound to the matrix (Singh 

& Lillard, 2009; Mahapatro & Singh, 2011). Drug loading inside the NPs may occur 

during or after its production, but former is more common (Lu et al., 2011). Covalent 

binding of the drug to polymer matrix is often carried out with the help of covalent 

bonding between the polymer and drug. Since the only free drug is pharmacologically 

active, it should be noted that bond between drug and polymer must be designed to be 

cleaved at the target site. An example of the drug-polymer conjugate (paclitaxel-

albumin) containing nanoparticulate finished product is Abraxane®, manufactured 

and commercialised in the United States by Abraxis BioScience (Los Angeles, USA). 

An up-to-date list of albumin-based systems in clinical trials and marketed products 

can be found in the literature (Larsen et al., 2016). 

The real beauty of the nanoparticulate DDS resides in its capability of targeted delivery 

of the biomolecule to its intended site of action. At the end of the 18th century, Paul 

Ehrlich developed the concept of targeted drug therapy. He proposed to develop a 

"magic bullet" that could specifically recognise diseased cells and kill without harming 

the healthy cells (Ehrlich, 1902). The usage of NPs as a drug carrier for the site or 

disease specific pharmacological activity has been investigated for several decades 

with reports of selective enhancement of drug delivery in the target tissue (Huang et 

al., 2014; Kim et al., 2015). After IV administration, bare lipophilic NPs are rapidly 

coated with lipoproteins of blood, opsonized and absorbed by various organs (liver, 

spleen and lungs) and cells of the RES. This concept was reported to be highly 

beneficial for the delivery of antivirals, such as azidothymidine, to macrophages 

(Lobenberg & Kreuter, 1996). The distribution of the NPs within the body is based 

only on their physicochemical properties, therefore this kind of drug targeting is 

referred to as ‘passive targeting’.  
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One way to change this primary distribution pattern of the NPs is to modify their 

surface. For example, hydrophilic PEG chains can be grafted on the NPs surface to 

increase the overall particle hydrophilicity thereby minimising their chance of 

inclusion within the phagocytic system. Almost all the recent particulate DDS 

designed for IV administration, have been reported to include PEG either as an 

independent chain or as conjugated with the core polymer (Chen et al., 2016; Jenkins 

et al., 2016; Mogoşanu et al., 2016; Liang et al., 2017). PEG is considered as the 

current gold standard to “hide” NPs from macrophages and other organs of the RES. 

Likewise, NPs can also be coated with polysorbate 80, poloxamer 188 or other 

surfactants to increase their surface hydrophilicity thereby increasing their capability 

to escape the RES (Wilson et al., 2008; Kreuter, 2014). NPs with a reduced chance of 

getting engulfed by the RES are termed “Stealth NP” (Brigger et al., 2004). 

Furthermore, targeted accumulation of the NPs in brain cells can be accomplished by 

the binding of BBB-specific molecules to the particle surface. Significantly higher 

brain selectivity can be achieved by including a neuron-specific ligand to the NPs 

surface. Tosi et al. (2010) demonstrated that PLGA NPs, which bear on their surface 

a BBB-penetrating peptide (similopioid peptide) for BBB crossing and also a sialic 

acid (SA) to interact with brain receptors, exhibit enhanced accumulation in brain cells. 

This changed body distribution due to the modified NPs structure is called ‘active 

targeting’. 

PLGA based NPs are a promising approach especially for the biodegradability, 

biocompatibility and non-immunogenic properties of the polymer. Unlike many other 

polymers, PLGA is approved by the US Food and Drug Administration (FDA) as a 

safe polymer to be used on patients (El-Hammadi et al., 2017). With the help of PLGA 

NPs, it is possible to modify the biodistribution of drug molecules. As a result, 

optimum concentrations of pharmacologically active ingredients can be achieved at 

the desired organ and at the same time side effects in the other organs are reduced 

(Bondioli et al., 2010; Danhier et al., 2012). Since unmodified PLGA NPs, like all 

other lipophilic NPs, are taken up by non-phagocytic eukaryotic cells, macrophages 

and dendritic cells, they can be used for targeting the liver, spleen, kidney and lung 

(Alexis et al., 2008). However, the ability of surface-modified PLGA NPs to transport 

drugs across the BBB is particularly interesting for drug delivery into the brain (Cheng 

et al., 2007). 
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Many promising targeted PLGA nanoparticulate drug delivery systems have been 

reported so far using d-α-tocopherol polyethylene glycol 1000 succinate (vitamin E-

TPGS) as an emulsifier. Most of these studies were based on the pioneering works of 

Feng’s group those can undoubtedly considered as a major contribution in this area. A 

substantial amount of work has been carried out to develop and optimise 

nanoparticulate formulation of paclitaxel, a popular anticancer drug including their in-

depth in vitro and in vivo characterisations. (Mu & Feng, 2003; Feng et al., 2004; Dong 

& Feng, 2006). 

In theory, nanoparticulate DDS seems to be very promising with the possibility of both 

passive and active drug targeting capabilities. Practically, a very limited number of 

nanoparticulate dosage forms are available commercially demonstrating that 

pharmaceutical manufacturers are not fully convinced about the potential of this 

technology or are struggling to turn it into commercial reality. Problems that contribute 

to this slow development of nanoformulations are related to their stability, toxicity, 

challenges in providing adequate quality assurance and batch-to-batch variation 

(Duncan & Gaspar, 2011; Wicki et al., 2015). For hydrophilic drugs, in particular, 

drug loading in the NPs is a challenging task and is critical regarding dose 

determination and practical implication of the final formulation. 
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1.4 PLGA NPs for Brain Drug Delivery 

The concept of using PLGA polymer as controlled drug release was introduced back 

in the 1980s (Sanders et al., 1984; Fong et al., 1986; Schakenraad et al., 1988). Since 

then numerous investigations proved its biological safely and drug release efficacy. 

Hence, PLGA NPs have been employed by many research groups to deliver 

biomolecules to various organs including the brain (Amass et al., 1998; Feng, 2006; 

Win & Feng, 2006). In this section, we will first briefly discuss typical formulation 

approaches for PLGA NPs preparation, and then, different approaches that have been 

developed to enhance brain drug delivery using PLGA NPs will be discussed. 

1.4.1 Preparation Techniques for PLGA NPs 

Many research groups have formulated PLGA NPs by several techniques including 

emulsion solvent evaporation, membrane emulsification, nanoprecipitation, salting-

out, microfluidic technology and flow focusing methods. They are discussed here: 

In the oil-in-water (O/W) emulsion solvent evaporation method, PLGA and drug 

solution in the organic phase is emulsified in an aqueous phase containing stabiliser; 

and the organic solvent is removed by evaporation leading to the formation of PLGA 

NPs via emulsion droplet solidification. A high-energy device (such as probe sonicator 

or high-speed homogenizer) capable of producing high shear stress is generally 

employed for the emulsification procedure (Bhardwaj et al., 2009; Özcan et al., 2013). 

Commonly used stabilisers are polyvinyl alcohol (PVA), polysorbate, poloxamer, 

PEG, SDS and vitamin E-TPGS. The size, surface charge, drug entrapment efficiency 

(EE), drug release, pharmacokinetics and cellular interaction of NPs varies depending 

on the type and concentration of the stabiliser used. The stabiliser should be selected 

keeping the final usage of the NPs in mind (Mu & Feng, 2002; Win & Feng, 2005; 

Kulkarni & Feng, 2013). The organic solvent may either be evaporated by continuous 

stirring at room temperature (RT) and ambient pressure or if the formulation allows, 

can be accelerated under vacuum or elevated temperature. Dichloromethane (DCM) 

or ethyl acetate (EtAc) have been used as the organic solvent for this technique. 

Hydrophobic drugs have been reported to be encapsulated into PLGA NPs using this 

NPs preparation method (Mainardes & Evangelista, 2005; Kuo & Yu, 2011). 
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Water-in-oil-in-water (W/O/W) emulsion solvent evaporation method is a 

modification of O/W solvent evaporation method and is employed to encapsulate 

hydrophilic drugs into PLGA NPs. The inner aqueous phase containing hydrophilic 

drug is emulsified in the water-immiscible organic solvent containing PLGA. The 

resulting primary water-in-oil (W/O) emulsion is emulsified again in a stabiliser-

containing external aqueous phase, forming the final double emulsion (W/O/W). The 

organic solvent is removed either slowly by continuous stirring at RT and ambient 

pressure, or quickly under vacuum and/or elevated temperature to produce PLGA NPs. 

The escaping tendency of the hydrophilic drug into the external aqueous phase during 

the NPs preparation may result in poor drug EE (Zhang et al., 2011). To address this 

issue, some researchers modified the aqueous solvent systems by incorporating 

electrolytes and/or adjusting the pH (Astete & Sabliov, 2006; Misra et al., 2009). 

In the O/W salting-out, nanoprecipitation or solvent displacement technique, a water-

miscible organic solvent (e.g., acetone) containing PLGA and drug is emulsified into 

an electrolyte-saturated aqueous solution by a low-energy mixing device such as the 

magnetic stirrer. Either solvent system can be added to the other, either in a drop-wise 

fashion or all at once. When the organic solvent and a large amount of water mix 

together, the organic solvent diffuses out of the emulsion droplets into the aqueous 

phase (salting-out), thereby lost its ability to dissolve PLGA and PLGA NPs are 

produced holding the drug in their matrix. Several electrolytes have been used in this 

process, such as sodium chloride, magnesium chloride, magnesium acetate, and 

calcium chloride. Acetone is the most preferred organic solvent for this technique. 

Other solvents such as DMSO, acetonitrile (ACN), dimethylformamide (DMF), PEG 

and tetrahydrofuran (THF) are also employed (Govender et al., 1999; Karve et al., 

2011; Sah & Sah, 2015). This NPs preparation technique does not use halogenated 

solvents or high-energy devices for the emulsification. However, the method has 

limitation in encapsulating hydrophilic drugs due to the usage of a high amount of 

water during the NPs preparation (Konan et al., 2002). Chen et al. (2008b) showed 

that the incorporation of an ionic additives (dextran sulphate) with the hydrophilic 

peptide drug (dalargin) can offer significant increment in the drug loading in PLGA 

NPs. 
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The nanoprecipitation method has been modified to prepare PLGA NPs by 

spontaneous emulsion solvent diffusion (SESD) technique. A solvent mixture 

composed of two miscible solvents (such as DCM-acetone) is used as the organic 

phase where one of the solvents is water-immiscible (DCM) while the other one is 

water-miscible (acetone). The interfacial tension between water-immiscible solvent 

and water is lowered by the water-miscible solvent during the emulsification 

procedure. Additionally, the rapid diffusion of water-miscible solvent from emulsion 

droplets to water results in nanosized droplets. Solid PLGA NPs is produced when the 

water-immiscible solvent is evaporated from the nanoemulsion (Niwa et al., 1993; 

Murakami et al., 1999; Ibrahim et al., 2013). 

There are some other NPs preparation techniques employed by different research 

groups throughout the globe in order to increase the loading efficiency of hydrophilic 

drugs into PLGA NPs. For example, membrane emulsification technique, hydrophobic 

ion pairing technique, reverse micelle-hybridized O/W emulsion technique and 

microfluidic technology platforms (Sah & Sah, 2015). Some of the methods even 

achieved 100% EE and very narrow particle size distribution. However, the reported 

particle size of the NPs produced by these methods ranged from 200 to 500nm which 

is not suitable for brain drug delivery. Win and Feng (2005) conducted their cell uptake 

study in caco-2 cell line and found that ideal particle size for targeting BBB is about 

100nm but further increase in particle size could render the DDS less efficient. 

1.4.2 PLGA NPs Surface Modification for CNS Drug 

Delivery 

Many approaches have been investigated over the last few decades to tailor PLGA NPs 

for brain-specific drug delivery. These approaches can be classified into three major 

categories - (1) enhancement of systemic circulation time, (2) enhancement of NP-

BBB interactions and (3) enhancement of NPs-brain cell interactions. 

Enhanced/optimum systemic circulation time for the NPs has been achieved by 

adjusting the particle size and surface hydrophilicity of the PLGA NPs. Firstly, NPs 

with diameters of 70-200 nm show the best results for in vivo applications (Owens & 

Peppas, 2006). Any NPs smaller or larger than this have been reported to be either 

excreted from the blood very quickly or are captured by the liver or spleen. 
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Controlling the size of the PLGA NPs is critical to ensure maximum blood circulation 

time. The desired particle size can be achieved by adjusting the method of NPs 

synthesis, polymer type and concentration, stabiliser type and concentration, drug-

polymer ratio and type of organic solvent (Astete & Sabliov, 2006; Khare et al., 2014). 

After achieving the target particle size, the next challenge is to prolong the systemic 

circulation time of the PLGA NPs. These NPs are hydrophobic in nature and hence 

undergo extensive removal by the RES.  

Hence, Secondly, the PLGA NPs have been coated with hydrophilic molecules to 

overcome this problem. Many long chain hydrophilic molecules are helpful to resolve 

this issue, such as PEG, human serum albumin (HSA), poloxamers, polysorbate, TPGS 

and polysaccharides (Dinarvand et al., 2011; Cai et al., 2016). PEG is the most 

commonly used molecule, which is either physically mixed with the PLGA during the 

NPs manufacturing process or chemically conjugated with PLGA prior to NPs 

preparation (Chen et al., 2008b; Tehrani et al.). Some researchers also reported that 

inclusion of a second hydrophilic molecule along with the PEG may be advantageous. 

Chen et al. (2013) clearly demonstrated that when PLGA NPs are PEGylated, they can 

escape/delay RES removal, offering significantly higher systemic circulation time. 

Therefore, these NPs were reported to have superior antinociceptive properties 

compared to the non-PEGylated NPs. HSA, a human protein, also has received special 

interest hydrophilicity-imparting agent for the PLGA NPs and demonstrated success 

as an NPs surface grafting molecule (Kratz, 2008; Wohlfart et al., 2011). 

Enhanced NPs-BBB interaction can be achieved by modifying the NPs surface with 

CPP, receptor-mediated endocytosis ligands or adsorptive-mediated endocytosis 

ligands (Kreuter, 2013, 2014). There are several reports of the incorporation of CPP 

on NPs surface for improved biomolecule delivery across the BBB for treatment of 

CNS diseases. Most commonly used CPP are TAT peptide, angiopep, penetratin, 

rabies virus glycoprotein, prion peptide and SynB. The TAT peptide is an arginine-

rich CPP first isolated from human immunodeficiency virus (HIV)-1 protein, that can 

now be custom synthesised following the amino acid template (Margus et al., 2012; 

Raucher & Ryu, 2015).  
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On the other hand, the receptor-mediated endocytosis ligands target highly expressed 

BBB receptors including low-density lipoprotein receptor, leptin receptor, transferrin 

receptor, insulin receptor, insulin-like growth factor receptor, diphtheria toxin 

receptor, nicotinic acetylcholine receptor and scavenger receptor class B type (Cai et 

al., 2016; Gao, 2016b). When appropriate ligands are attached, these receptors can be 

exploited to transport drug loaded PLGA NPs across the BBB. For example, Tosi et 

al. (2010) successfully used the opioid peptide like structure named as g7 (NH2-Gly-

L-Phe-D-Thr-Gly-L-Phe-L-Leu-L-Ser(O-β-D-Glucose)-COOH) to efficiently deliver 

an antinociceptive drug (loperamide) into the CNS. In the later years, applicability of 

this glycopeptide has been further investigated by different research groups and g7 

demonstrated superior BBB targeting efficiency (Tosi et al., 2014; Salvalaio et al., 

2016). Active transport systems present in the BBB (such as amino acid, hexose, and 

monocarboxylate transporters) can also be used for brain-targeted delivery. Lastly, 

positively charged PLGA NPs can assist its interaction with the negatively charged 

BBB surface. As a consequence, the NPs have been reported to experience higher 

absorption rate in the brain through adsorption-mediated endocytosis (Hervé et al., 

2008). Thus, molecules that can render a positive surface charge to the NPs (like 

chitosan, polyethylene imine, poly(b-amino ester), poly-L-lysine and 

polymethacrylates) have been used to improve PLGA NPs interaction with BBB 

resulting in better transcytosis (Bilensoy, 2010; Jaruszewski et al., 2012). 

Finally, after crossing the BBB, the residence period of the PLGA NPs in the brain is 

extended by enhancing NPs-brain cell interactions. This is achieved by modifying NPs 

surface with the ligand capable of interacting with brain cells. It should be noted that 

the surface ligand type depends on the specific disease. For example, brain tumour 

cells often overexpress several receptors, including transferrin receptor, low-density 

lipoprotein receptor, interleukin-13 receptor, epidermal growth factor receptor, matrix 

metalloproteinase-2, integrins and nucleolin (Maletinska et al., 2000; Hovanessian et 

al., 2010; Zhan & Lu, 2012). Hence, scientists have focused on these receptors for 

brain tumour-targeted DDS. For example, Cui et al. (2013) coated their PLGA NPs 

with transferrin that demonstrated prolonged brain residence time and consequently, 

strong anti-glioma effect on the brain tumour. In vitro cellular study also reported the 

high absorption of the transferrin-coated PLGA NPs over the unmodified NPs (Chang 

et al., 2009).  
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Similarly, PLGA NPs were functionalized with Pep-1, another ligand which targets 

interleukin-13 receptor (Wang et al., 2014a). The DDS exhibited a significantly 

enhanced cellular association (2.2 fold) in rat glioma cells and able to suppress tumour 

effectively compared to the non-targeting NPs. Researchers used SA as neurone 

targeting ligand on PLGA NPs which demonstrated their significantly better brain 

distribution than the unmodified NPs for up to 24 hrs (Tosi et al., 2010). 

The selection of brain targeting ligands on the nanoparticulate DDS mainly depends 

on the target physiological BBB transport mechanism. Because of their demonstrated 

potentiality, here we will only focus on the CPP for targeting the BBB and SA for 

targeting at brain receptors: 

AMT is believed to be a well-characterised physiological BBB transport mechanism 

to exploit for brain drug delivery and has been reported to show promising results 

(Section 1.2 above). The polyethylene glycol-distearoyl phosphatidylethanolamine 

(DSPE-PEG) coupled with the CPP peptide (Gly-Leu-Pro-Arg-Arg-Arg-Arg-Arg-

Arg-Arg-Arg-Arg) has been used as a ligand on liposome surface that significantly 

improved BBB trafficking of the drug using AMT (Yang et al., 2013). However, a 

much shorter TAT peptide (RKKRRQRRR) can be used for brain targeting with an 

added advantage of smaller NPs (Vogel et al., 1993).  

SA is another ligand that we found interesting due to its capability of increasing the 

brain resident time of the NPs. This physiological acid is an essential nutrient for brain 

development and has been reported to successfully interact with brain receptors when 

grafted on the particulate DDS (Bondioli et al., 2010; Tosi et al., 2010). The SA family 

includes 43 derivatives of the neuraminic acid, but, in this thesis we will be using the 

N-acetylneuraminic acid (Neu5Ac) (Figure 1.3) and for simplicity, will call it SA. 
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Figure 1.3. The molecular structure of sialic acid. 

1.5 Dual Ligand Targeting for Brain Drug Delivery 

Targeting the brain using more than one ligand for drug delivery is relatively new 

concept, however, being a very promising approach, research has been carried out by 

many groups within short period (Kibria et al., 2011; Miao et al., 2014; Doolittle et 

al., 2015; Gao, 2016b; Gao, 2016a; Gao et al., 2016). Main focus of these 

investigations, however, was to target cancer cells using dual ligand decorated 

liposomes and polymer micelles. Several studies have been conducted to deliver 

antinociceptive drug into the brain using CNS-targeted dual ligand NPs (Tosi et al., 

2010; Tosi et al., 2014). The authors found that the dual ligand nanoparticulate system 

was able to deliver and retain the model drug inside the brain parenchyma over 24 

hours compared to the single ligand system that was capable of retaining the drug only 

for 5 hours. As yet, no research has been conducted for efficient CNS delivery of RHT 

employing SA and TAT peptide as targeting ligands for nanoparticulate DDS. Thus, 

in this thesis, we will focus on RHT delivery in the brain using NPs surface modified 

with dual ligands (SA and TAT peptide) as a better targeting approach.  
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1.6 Characterisation of NPs 

To produce reliable, good quality and reproducible biological data, it is mandatory to 

properly characterise nanoparticulate DDS in vitro. This section briefly describes the 

commonly used techniques used for quality control of NPs except in vivo 

characterisation which is beyond the scope of this thesis, hence excluded. 

1.6.1 Dynamic Light Scattering (DLS) 

Once administered intravenously, the size of the NPs plays the most important role on 

determining the fate of the NPs. DLS, also known as photon correlation spectroscopy 

(PCS) or Quasi-Elastic Light Scattering (QLS) is the most commonly used method for 

determining the size of NPs (Brar & Verma, 2011). The measurement method is based 

on the light scattering property of colloidal suspensions. When a monochromatic light 

beam (usually, laser) passes through a colloidal suspension, scattering light 

perpendicular to the laser beam can be observed. Now, micro- or submicron particles 

suspended in a liquid undergo Brownian motion which is inversely proportional to the 

size of the particle (Xu, 2015; Bhattacharjee, 2016). The intensity and fluctuation of 

the scattered light as a function of time can be used to monitor the velocity of Brownian 

motion (i.e., translational diffusion coefficient) and ultimately for determining the size 

of the colloids. Theoretically, the size of particles of low specific gravity in the range 

of 3nm-3µm is measurable, however, the DLS is commonly used in the particle size 

range of < 1 µm (Brar & Verma, 2011). 

 

Figure 1.4. Schematic diagram of DLS instrumentation (Bhattacharjee, 2016). 
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1.6.2 Zeta Potential (ζ-potential) 

The surface charge of NPs in suspension is called the Nernst potential or Stern 

potential (ψδ) and is often controlled by the surface groups present on the NPs. The 

zeta potential (ζ) rather Nernst potential is often used to describe the surface charge of 

particles as the former can be easily determined. In most cases, zeta potential is 

proportional to the Nernst potential. The zeta potential is the electrical potential of a 

charged particle at its shearing plane. A charged particle in suspension will attract its 

counterion in solution and any surface-active molecules to its surface resulting in the 

formation of the electric double layer (Attwood, 2013). The shear plane is the interface 

between the fixed and diffused portion of the electric-double layer (Sinko, 2011). The 

magnitude of zeta potential, which is determined by the electrophoretic mobility of the 

NPs under the influence of applied electric field, is the most important factor that 

determines the stability of a colloidal dispersion. Therefore, measurement of zeta 

potential will not only provide an indication of the charge nature of the NPs (i.e., 

positive or negative) but also the likelihood of the stability of the colloids.  

 

 

Figure 1.5. Illustration of (a) the electric double layer on a negatively charged particle 

in a dispersion medium, and (b) changes in potential with distance from the particle 

surface showing surface, stern and zeta potentials (Attwood, 2013). 
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1.6.3 Entrapment Efficiency (EE) 

The EE of an NPs formulation is calculated from the ratio of nanoparticulate-bound 

drug to the total amount of drug used at the start of the formulation procedure (Guo et 

al., 2017). Determination of EE is generally carried out indirectly by determining the 

amount of free, i.e., unbound drug. For this purpose, the supernatant containing free 

drug is separated from the NP suspension by centrifugation, filtration or other suitable 

methods, and the supernatant is analysed for unbound drug determined. The amount 

of bound drug is calculated from the total amount of the drug minus the free drug. The 

formula for calculating the EE is : 

𝐸𝐸 (%)  =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 (𝑚𝑔) − 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑑𝑟𝑢𝑔 (𝑚𝑔)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 (𝑚𝑔)
 ×100 

Knowing the EE of NPs formulation is important to evaluate the formulation technique 

that offers minimum drug wastage and has a higher potential for scaling up. However, 

it is worth mentioning that the EE can be very much influenced by the added amount 

of the drug at the start and the drug: polymer ratio. Thus, a high EE may be obtained 

due to the fact that initial amount of the drug used was small and it may not reflect an 

optimum formulation because the final NPs can still be associated with a low drug 

loading (i.e., low payload of NPs). 

1.6.4 Drug Loading (DL) 

DL is often reported as the percentage of the nanoparticulate-associated drug 

compared to the total weight of the NPs (Guo et al., 2017). It is also determined 

indirectly following the same method mentioned above. However, it should be noted 

that the ‘drug loading’ indicates the actual amount of drug entrapped inside and/or 

associated with the NPs reflecting drug dose carried by them. The ‘entrapment 

efficiency’, on the other hand, indicates how efficient the nanoparticles production 

procedure. The formula for calculating the DL is: 

𝐷𝐿 (%)  =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑁𝑃 (𝑚𝑔)

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝑎𝑛𝑑 𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒𝑠 (𝑚𝑔) +  𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑁𝑃 (𝑚𝑔)
 ×100 

Knowing the NPs DL is of great importance and the information is critical to check 

the reproducibility of the manufacturing process and to calculate the drug dose that a 

nanoparticle formulation carry. In this work, DL was used as one of the criteria for 

assessing the optimum formulation. 
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1.6.5 Drug Release Study 

A drug release assay is a powerful tool in dosage form development that gives an 

indication of the active pharmaceutical ingredient release from NPs polymeric matrix. 

It is an essential evaluation technique during the initial development stage of any 

dosage form despite the route of administration. The in vitro drug release study 

involves exposure of the dosage forms to a set of conditions that will induce drug 

release and subsequently, quantification of the amount of drug release. During the 

study, an in vitro setup is selected to simulate in vivo parameters, and more 

importantly, all batches under investigation are tested under the same state. This 

important experiment not only provides information about the total amount/percentage 

drug release from a dosage form but also evaluates the potentiality to employ it as 

controlled/sustained release formulation (Gupta & Mohanty, 2017).  

Several in vitro drug release study methods have been reported including dialysis bag, 

reverse dialysis bag, microdialysis and different USP dissolution apparatus techniques. 

Among them, the dialysis bag technique is employed extensively to determine drug 

release from nanoparticulate systems due to simplicity and satisfactory reproducibility 

of the method (de Andrade et al., 2015). This method offers convenience in drug 

sampling and replacement of release medium. A sealed dialysis bag containing the 

final NPs formulation is placed inside the release medium; usually, phosphate buffered 

saline (PBS) pH 7.4, under a sink condition, at a temperate of 37°C under agitation to 

simulate physiological conditions (Seidlitz et al., 2011). Samples collected 

periodically are analysed to produce drug release pattern from the NPs. Different types 

of dialysis devices are commercially available to make the job easier (such as Float-

A-Lyzer®), however, release studies with simple dialysis bag method have been 

reported to produce consistent data with small inter-study variation (Badran et al., 

2017; Hu et al., 2017). 
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1.6.6 Morphological Study of NPs by Microscopic Method 

Light microscopic methods are not suitable for visual characterisation of 

nanoparticulate dosage forms because of their limited resolution due to the wavelength 

of visible light (400-800 nm). Electron beams have a much higher resolution since they 

have a much smaller wavelength than visible light. The resolution in the transmission 

electron microscope (TEM) is less than 1 nm and less than 5 nm in the field emission 

scanning electron microscope (FESEM) (Pawley, 1997; Havrdova et al., 2014).  

FESEM provides a very large depth of field as well as superb digital image processing 

capability. These features made FESEM a major visual characterisation tool in the 

field of nanoscience. The principle of FESEM is well known - when the metal-coated 

NPs are irradiated with a high energy electron beam, interactions between the 

specimen electrons and incident electrons produce various signals including secondary 

electrons and back-scattered electrons (Klang et al., 2013). These different types of 

signals are then detected, converted into electric signals and finally amplified to feed 

into the display unit. High-resolution topographical information of the sample surface 

can be obtained by scanning a beam of the electron across the sample and forming the 

complete image point-by-point (Chang et al., 2014; Postek et al., 2016). 

As discussed, FESEM works with scattered electrons, however, TEM is based on 

transmitted electrons. Instead of focusing to a fine point and scanning line by line, 

TEM uses a broad static beam to provide the details about nanoparticle’s internal 

composition. Samples in TEM must be cut thinner to enable it to provide valuable 

information such as morphology, crystallisation, atomic arrangement in material or 

even magnetic domains. Although TEM has much higher resolution than SEM, it only 

provides two-dimensional pictures, unlike SEM that is able to provide three-

dimensional images (Yaghmur & Glatter, 2009). 
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1.6.7 Cell Study 

Once the NPs formulations are optimised and deemed to have sufficient drug loading, 

final sets of in vitro experiments are carried out with cell lines before performing 

relatively expensive in vivo (animal) studies. There are hundreds of cell lines available 

for different types of research and, the ultimate therapeutic goals of the NPs should be 

considered for selecting appropriate experimental cell lines. For example, NPs 

designed for delivering drugs into the brain need a cell line capable of producing TJ 

mimicking physiological characteristics of BBB (Weksler et al., 2013). 

Cytotoxicity or cell viability assay is designed to determine the mortality rate of the 

cells under experiments upon exposure to the drug and its carrier, such as NPs. The 

result is reported as percent viability compared to the untreated/control group of cells. 

Researchers whose goal is to target specific cells and destroy them (like, cancer 

research), a high cell morbidity is expected. However, where the goal is to cure the 

cells or to deliver a particular agent to the cells (such as diabetes research), a cell 

viability near 100% is desirable. MTT assay is a well-established method for 

determining cell viability and is used extensively in all types of research (Zhang et al., 

2014; Ciappellano et al., 2016).  

The investigation of NPs uptake in the right cell line can provide useful information 

about the efficiency of the DDS at the early stage of the development process. During 

this cell uptake study, the NPs are cultured with the cells for a predetermined time. 

The amount of drug (with NP) absorbed by the cells can be determined by (usually) 

rupturing the cells and analysing the drug content with high-performance liquid 

chromatography (HPLC). The result is often reported as the nanogram (ng) of drug 

uptake or as microgram (µg) of NPs uptake per milligram (mg) of cell protein 

(Kooijmans et al., 2012). The advantage of such chemical analysis method is that any 

active form of the drug will be quantified and any potential metabolites caused by the 

cellular enzymes will also be picked up. However, due to the usage of relatively high 

number of replicates in the cell culture works, incorporating HPLC analysis can 

sometimes be uneconomical and very time consuming for the cell uptake study. To 

address this issue, multimode plate reader can be an excellent choice for drug content 

analysis that can perform the quantification in a matter of seconds. However, they do 

not offer the capability of separating the drug from possible degraded products. 
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Many cell uptake studies have been conducted with fluorescence molecule loaded NPs 

for both qualitative (e.g., immunofluorescence assay) and quantitative (e.g., flow 

cytometry assay) determination of NPs uptake (Liu et al., 2016a). Although 

quantitative assays provide accurate numerical data, most of the times qualitative 

findings is desirable to support the analytical results. Moreover, a picture can tell a 

thousand words, and thus, visual confirmation/representation has always been 

welcomed by the scientific community. The modern, sophisticated microscopic 

techniques are capable of capturing cellular images demonstrating the NPs 

internalisation and/or their perinuclear accumulation making them as valuable as the 

quantitative data. 

Finally, the hypothesis of BBB penetration capability of the NPs can be validated by 

the cell transport study. Here the drug loaded NPs are challenged to pass through an 

intact cell monolayer that demonstrates high transendothelial electrical resistance 

(TEER) value, TJ characteristics of the BBB (Liu et al., 2016b; Papadia et al., 2016). 

Over a set time, the amount of drug passed through the cell layer is determined, and 

the pattern is analysed and compared to that of free drug to confirm or reject the 

hypothesis (Poller et al., 2008). 

1.6.8 Animal Study 

Successful cellular studies are usually followed by animal studies to establish the in 

vivo effectiveness of the nanoparticulate DDS. These experiments help to understand 

the biodistribution pattern and toxicity profile of the DDS and provide vital 

information for the future human trials (Navarro et al., 2016; Joseph & Saha, 2017). 

Initial animal studies involve small animals such as mouse, rat, guinea pig and may 

sometimes use higher mammals such as rabbit, monkey, dog. Depending on the type 

and intended application of the nanoparticulate DDS, healthy and/or disease-induced 

animals are employed (Martinez, 2011; Patravale et al., 2012). A number of in vivo 

studies to investigate the efficiency of brain targeting capability of the nanoparticulate 

DDS have been conducted (Tosi et al., 2010; Salvalaio et al., 2016). 
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1.7 Alzheimer's Disease and Rivastigmine Hydrogen 

Tartrate 

Being a vital organ of the human body, brain diseases hampering its functionality have 

a detrimental impact on human life including social negligence, financial burden and 

moreover higher mortality rate. The gradual increase in number of ND patients 

throughout the world is alarming. Presently, the most common brain disease among 

aged people is AD. Being a natural process, ageing cannot be stopped and neither the 

disease development. The increase in trend of AD development, thus, forces 

researchers to put a lot of attention on AD research, especially to find out novel 

treatments regimen to fight the disease. Generally, dementia cannot be cured with a 

single method or treatment. The mode of treatment is mainly determined by type and 

stage of dementia (Swerdlow, 2007; Zlokovic, 2008; Khachaturian et al., 2011; 

Williams & Spencer, 2012; Anand et al., 2013; Antoniou et al., 2013). Three 

approaches are suggested: (1) treating the underlying causes of the disease (if found) 

– this may include tumour, drug, excess fluid, head injury, hormone deficiencies or 

imbalanced nutrition; (2) treating the symptoms to improve or control them – this may 

include music, aroma, art activities or occupational therapy. Environmental 

modification and socialisation and involvement in everyday activities like taking a 

walk or simple cooking may be also beneficial for the person with dementia by 

preserving their dignity and self-esteem; and (3) treating the disease with some 

available medications to slow down the progress of the disease. For example, 

rivastigmine hydrogen tartrate (RHT) is a widely-used drug for the treatment of early 

stage of AD (Winblad et al., 2016). 

RHT (Figure 1.6) is chemically known as (S)-N-Ethyl-3-[(1-dimethylamino)ethyl]-N-

methylphenylcarbamate hydrogen tartrate (CAS No. 129101-54-8, MW 400.42). The 

aqueous solubility of RHT and rivastigmine free base is 8% w/v and 0.2% w/v, 

respectively. The drug has the pka of 8.85 and logP of 2.3. According to the supplier 

it is chemically stabile until exposed to alkaline substance or oxidising agents at high 

concentrations and/or for prolonged period. 
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FDA approved the drug for the treatment of AD on April 21, 2000 (Cherian & Gohil, 

2015). RHT is a “cholinesterase inhibitor” that inhibits both acetyl cholinesterase 

(AChE) and butyryl cholinesterase (BuChE) responsible for the degradation of 

acetylcholine (ACh) into non-functional metabolite. Among the many chemical 

changes that the brain encounters during AD, depletion of ACh is one of the earliest 

and biggest changes. RHT increases central cholinergic function by enhancing ACh 

level in mild to moderate AD patients that ultimately slows down AD progression. 

Also, acetyl cholinesterase interacts with beta-amyloid to promote deposition of 

amyloid plaques in the brain of AD patient, which can also be slowed down with the 

RHT therapy (Grossberg, 2003; Greig et al., 2005; Pohanka, 2014; Zemek et al., 2014; 

Kumar et al., 2015). 

RHT has been reported to improve or maintain patients’ performance viz. cognitive 

function, global function, behaviour and day-to-day activities (Birks et al., 2015; 

Farlow et al., 2015). This drug is commercially available as capsules, oral solution and 

patches. However, the current therapeutic regimen of RHT demands frequent dosing 

causing its cholinergic side effects. Like other CNS drugs, treatment efficacy is not 

threatened by drug potency but its ability to cross BBB, because RHT demonstrates 

restricted entry into the brain due to its hydrophilic nature (Wilson et al., 2008). 

First RHT-loaded NPs was developed by Wilson and his team back in 2008 (Wilson 

et al., 2008). Further research was carried out by other research groups for improving 

the formulation strategy to make the delivery system safer and more efficient. Table 

1.1 summarises some published papers that reported the use of polymeric NPs for RHT 

brain delivery. 

 

 

Figure 1.6. The molecular structure of Rivastigmine hydrogen tartrate.  



Chapter 1 – General Introduction 

33 

Table 1.1. Summary of published brain targeted RHT-loaded polymeric NPs 

compositions with their in vivo investigation outcome. 

Core polymer Coating material In vivo study result Reference 

Poly(n-butyl cyanoacrylate) Polysorbate-80 2.12-fold brain 

uptake 

(Wilson et 

al., 2008) 

Chitosan N/A 2.49-fold brain 

uptake 
(Fazil et al., 

2012) 

PLGA N/A Faster regain of 

memory loss (Morris 

Water Maze Test) 

(Joshi et al., 

2010) 
Poly(n-butyl cyanoacrylate) Polysorbate-80 

Chitosan Tween-80 Increased 

neuroprotectant 

effect 

(Nagpal et 

al., 2013) 

L-lactide-depsipeptide N/A Faster regain of 

memory loss in 

amnesic rat 

(Pagar et al., 

2014) 

 

There is scope to use many other targeting techniques to deliver RHT into the brain 

through BBB, such as using AMT. For example, polyethylene glycol-distearoyl 

phosphatidylethanolamine (DSPE-PEG) coupled with the CPP peptide (Gly-Leu-Pro-

Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg) has been used as a ligand on RHT liposome 

surface that significantly improved BBB trafficking of the drug (Yang et al., 2013). 

However, a much shorter TAT peptide (RKKRRQRRR) can be used for brain 

targeting with an added advantage of smaller NPs (Vogel et al., 1993). The 

incorporation of this short TAT peptide on RHT loaded NPs is not investigated by 

anyone as of 2017, and the effectiveness of the DDS is yet to be evaluated. On the 

other hand, NPs made of SA functionalized PLGA has been reported to successfully 

interact with brain receptors (Bondioli et al., 2010; Tosi et al., 2010). No study has 

been carried out so far which incorporates both TAT peptide and SA on the same NPs 

system, which seems to be an interesting attempt at this stage. Currently available data 

suggests that TAT and SA, when grafted separately on the NPs, improved BBB 

permeability and brain residence time are achieved, respectively. Therefore, we 

hypothesise that incorporation of both TAT and SA ligand on the same NPs DDS will 

enhance its BBB permeability as well as the brain residence time. 
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1.8 Overall Objectives 

The principle objective of this research was to develop, optimise and characterise a 

novel polymeric nanoparticulate delivery system with two surface ligands having BBB 

and neurone targeting capability for RHT delivery in the brain. The research objectives 

were sub-divided into following points:  

 Design, optimisation and evaluation of the conjugation between hydrophilic TAT 

peptide and lipophilic DSPE-PEG chain to prepare the BBB targeting ligand 

(DSPE-PEG-TAT). 

 Design, optimisation and evaluation of the conjugation between hydrophilic SA 

and lipophilic octadecylamine (ODA) chain to prepare the neurone targeting ligand, 

sialic acid-octadecylamine (SA-ODA) conjugate. 

 Formulation development and optimisation of an RHT-loaded PEGylated PLGA 

based nanoparticulate DDS with dual ligands for targeting both BBB and neurone. 

 Development, optimisation and validation of a simple, fast, economical and 

stability indicating HPLC method for RHT analysis. 

 In vitro evaluation of the developed dual ligand NPs system by extensive cellular 

characterisation, including: 

❖ cytotoxicity study to assess the effect of NPs system on cell viability of 

hCMEC/D3 and Caco-2 cells. 

❖ cellular uptake study for quantitative and qualitative evaluation of 

enhancement of NPs uptake in the cell, and  

❖ cellular transport study to assess the transport enhancement potential of the 

NPs system across the in vitro BBB model. 
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1.9 Thesis Overview  

We presented this study in four main chapters, each consisting of an introduction, 

method, results and discussion section. The main research chapters are followed by a 

general summary chapter that also includes limitation of the study and future research 

scope. The research work is presented chapter-wise as follows: 

 Ligand synthesis and analysis: This chapter explains chemical 

conjugation/synthesis of the targeting ligands and their qualitative and quantitative 

evaluation via different analytical techniques including HPLC, Fourier transform 

infrared (FTIR) spectroscopy, Nuclear magnetic resonance (NMR) spectroscopy 

and Matrix assisted laser desorption ionization-time of flight- mass spectrometry 

(MALDI-TOF-MS). The synthesised ligands were used in later studies described 

in further chapters. 

 Development and validation of analytical methods: The chapter addresses the 

development, optimisation and validation of a stability indicating HPLC analytical 

method for quantification of RHT. 

 Formulation development and characterisation: This chapter describes the 

formulation development and optimisation methods for PLGA NPs preparation. 

The optimised, ligand attached PLGA NPs formulations were characterised for 

their physicochemical properties including particle morphology, size, charge, 

stability and drug release profile. Cellular studies were performed using the NPs 

systems which were described in further chapters. 

 Cellular characterisation of NPs: This chapter focuses on the in vitro evaluation 

of the PLGA NPs formulations in two cell lines. The chapter comprises detailed 

evaluation of cytotoxicity, cellular uptake and cellular transport of the dual ligand 

NPs system. 
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Chapter 2 Ligand Synthesis and Analysis 

2.1 Introduction/Overview 

Targeted drug delivery can be achieved by grafting appropriate molecules on the NPs 

surface, called ligands. As the human circulatory system is aqueous-based, it is 

important that hydrophilic ligands are selected, and these ligands have been attached 

to or associated with NPs surface. Generally ligands can be incorporated into the NPs 

via various approaches including – (a) direct coupling with the hydrophilic end of core 

hydrophobic polymers; (b) chemically attaching the ligand to a hydrophobic molecule 

then mixing it with the core hydrophobic polymer while preparing the NP; and (c) 

coating the pre-formed NPs with targeting ligands by physical adsorption (She et al., 

2014; Son et al., 2014; El-Hammadi et al., 2017; Park et al., 2017). Irrespective of the 

ligand incorporation method, it is important that the NPs formulation procedure 

ensures the targeting ligand(s) remain exposed in the aqueous phase. 

The ultimate aim of this project was to formulate drug loaded, dual ligand containing 

NPs to selectively target – (a) the BBB to facilitate NPs entry into the brain, and b) the 

brain receptors to retain the NPs for a longer residence time inside the brain. Among 

the many targeting ligands discussed in Chapter 1, the TAT peptide was selected to 

target the BBB by enhancing NPs uptake into the brain via adsorptive-mediated 

endocytosis. On the other hand, as the brain is rich in SA receptors, the SA ligand was 

chosen due to its superior brain targeting capability and ease of incorporation in the 

NPs matrix (Tosi et al., 2010; Yang et al., 2013; Yin et al., 2015; Nair et al., 2016; 

Patel et al., 2016). These ligand molecules are hydrophilic; therefore, incorporation 

into our lipophilic PLGA NPs core required conjugation with lipophilic molecules. We 

hypothesised that the lipophilic part of the resulting conjugate would be embedded into 

the PLGA matrix by physical bonding, while the hydrophilic parts (targeting ligands) 

would be exposed to the outer aqueous phase to act as targeting ligands. 
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In this thesis, initially, we attempted to conjugate the SA ligand with the PLGA core 

polymer via attaching amine group to the polymer carboxyl group (functionalization). 

However, the preliminary synthesis steps did not show satisfactory yield, and thus the 

scheme was discontinued. As an alternative, we attached SA ligand with another 

hydrophobic molecule (ODA) while TAT peptide to DSPE-PEG for dual targeting. 

2.2 Materials 

Acid terminated PLGA (Cat. # B6013-1, intrinsic viscosity 0.19 dL/g, number-average 

MW ~3.5 kDa), with a 50/50 ratio (PLA/PGA) was supplied as LACTEL Absorbable 

Polymers (Durect Corporation, Birmingham, USA). N-boc-1,4-diaminobutane (Boc-

DAB, Cat. # 15404), fluorescamine (Cat. # F9015, ≥98%), dicyclohexyl-carbodiimide 

(DCC, Cat. # D80002, 99%), N-hydroxysuccinimide (NHS, Cat. # 130672, 98%), 

trifluoroacetic acid (TFA, Cat. # T6508, 99%), triethylamine (TEA, Cat. # 90337, 

≥99.5%), SA (Cat. # A2388, ≥98%, MW 309.27), ODA (Cat. # 74750, ≥99%, MW 

269.51), anhydrous DMF (Cat. # 227056, ≥99.8%) and mineral oil (Cat. # 330779, 

light) were purchased from Sigma-Aldrich (Castle Hill, Australia). ACN (A998-4, 

≥99.9%), THF (Cat. # T425-4) and DCM (Cat. # D/1856/17) were obtained from 

Thermo Fisher Scientific (Scoresby, Australia).  

Polystyrene standards with MW of 0.37, 3.7, 12.9, 51.2, 754 and 954kDa were 

supplied by Shodex® (Tokyo, Japan). Millex-HN Syringe-tip filters were from Merck 

Millipore (Bayswater, Australia). TAT peptide (RKKRRQRRR, Cat. # 378879, 

98.4%, MW 1340) was purchased from GL Biochem Ltd. (Shanghai, China). 1,2-

dioleoyl-sn-glycero-3-phosphoetha-nolamine-n-[poly(ethyleneglycol)]-

hydroxysuccinamide (DSPE-PEG-NHS, Cat. # PG2-DSNS-2K, MW ~2000) was 

obtained from Nanocs Inc. (Boston, USA) supplied by Life technologies (Mulgrave, 

Australia). Deuterated chloroform (CDCl3, Cat. # DLM-7TB-100S, 99.8% containing 

0.05% v/v tetramethylsilane (TMS)) and deuterated dimethyl sulphoxide (DMSO-D6, 

Cat. # DLM-10TB-10, 99.9% containing 0.05% v/v TMS) were procured from 

Cambridge Isotope Laboratories, Inc. (Andover, USA). All other analytical reagents 

were of highest possible purities. All reagents were used as obtained without further 

purification.  
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2.3 Methods 

2.3.1 Synthesis of PLGA-DAB 

The synthesis of PLGA-diaminobutane (PLGA-DAB) conjugate was attempted via 

PLGA activation to functionalize the polymer so that the BBB targeting ligand (SA) 

can be attached to it in the subsequent steps. The PLGA-DAB synthesis was carried 

out in three major steps (Figure 2.1). Carbodiimide cross-linking method using 

DCC/NHS as the coupling reagents was employed to mediate the formation of an 

amide linkage between the terminal carboxylic group of PLGA and the free amine 

group of boc-DAB. The boc group was then removed to yield the final product, PLGA-

DAB (Montalbetti & Falque, 2005; Khare et al., 2014).  

Step 1: acid terminated PLGA was activated, purified and degree of activation was 

analysed. Briefly, PLGA (175mg, 0.05 mmole), DCC (52mg, 0.25 mmole) and NHS 

(29mg, 0.25 mmole) were dissolved in 10mL ACN and stirred for 12 hrs at RT under 

nitrogen (N2) environment. Completion of this reaction was determined by 

hydroxamate method via quantifying the conjugated NHS with PLGA (Section 

2.3.1.1). The reaction mixture was filtered through a 0.45 µm syringe-tip PTFE filter 

(Merck Millipore, Bayswater, Australia) to remove insoluble by-product 

dicyclohexylurea (DCU). The activated PLGA was isolated by precipitation into 

100mL cold methanol under vigorous stirring and collected by centrifugation at 2000g 

for 20 min. The precipitate was washed with methanol 3-4 times to remove unreacted 

DCC and NHS and then dried under reduced pressure at 30°C for 10 min. The purified 

product (PLGA-NHS) was used immediately for the next reaction steps. 
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Step 2: boc-DAB (15.5 µL, 0.08 mmole), was added dropwise to the solution 

containing activated PLGA (140mg, 0.04 mmole) and TEA (225 µL, 1.6 mmole) in 

10mL ACN and kept on a stirrer for 24 hrs at RT under nitrogen environment. TEA 

acted as a catalyst to yield permanently bonded amide conjugate (Greenwald et al., 

2003). The reaction mixture was precipitated in diethyl ether under vigorous stirring 

and subsequently centrifuged at 2000g for 20 min to collect PLGA-boc-DAB 

conjugate. The resulting pellet was washed 2-3 times with cold diethyl ether to remove 

unreacted boc-DAB and TEA. The product was dried under vacuum at 30°C for 60 

min. The percentage of boc-DAB conjugated to PLGA was determined by 1H NMR 

spectroscopy. 

To remove the boc group from PLGA-boc-DAB conjugate, 100mg of the solid was 

dissolved in 5mL of DCM, 500 molar equivalents of TFA (i.e. 1mL) was added to the 

solution and stirred in an ice bath for 2 hrs under nitrogen environment. DCM (boiling 

point 39.6°C) and TFA (boiling point 72.4°C) were removed under vacuum at 40°C in 

the rotary evaporator (Büchi Rotavapor R-200, Flawil, Switzerland). The solid mass 

was redissolved in DCM, and the solvent was again evaporated using similar settings. 

This procedure was repeated 8 to 9 times to completely remove the free TFA, which 

was evident by cessation of TFA fume production (bubbling) during the evaporation 

process. The resulting PLGA-DAB-TFA salt was treated with TEA for 2 hrs at RT at 

a salt:TEA molar ratio of 1:10 to produce PLGA-DAB. The mixture was diluted and 

placed in a standard semipermeable regenerated cellulose (RC) dialysis tube with a 

molecular weight cut-off (MWCO) of 1 kDa (Cat. # 132103, Spectra/por®-Spectrum 

Labs. Inc., Rancho Dominguez, USA) and dialysed for 12 hrs against Milli-Q water 

using a dynamic flow of 1mL/min to remove TEA. Finally, the content of the dialysis 

bag was frozen at −40°C and lyophilized for 48 hrs in a Dynavac FD3 freeze dryer 

(John Morris, Perth, Australia) to acquire a white solid product.  
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Figure 2.1. Scheme for conjugation of PLGA and DAB using DCC/NHS based 

coupling. 
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2.3.1.1 Determination of PLGA Activation Degree 

Hydroxamate method was used to determine the degree of PLGA activation, as 

previously reported (Iwata et al., 1998; Khare et al., 2014). Briefly, 0.2mL of 2N 

sodium hydroxide (NaOH) was added to 1mL of PLGA-NHS solution (in between 1 

and 10mM) to produce free NHS by breaking down the PLGA-NHS conjugate. The 

reaction mixture was placed in a water bath at 40°C. After 10 min, it was acidified by 

adding 1.5mL of 0.85N Hydrochloric acid (HCl) and centrifuged to remove 

precipitated polymer. 0.5mL developing solution (5% ferric chloride in 0.1N HCl) was 

mixed with 2mL of the supernatant to produce a brown colour. The intensity of the 

developed colour represented the degree of PLGA activation. To prepare a standard 

curve, five known concentrations of NHS (1mM to 10mM, 1mL each) were used in 

place of the sample and processed/analysed by the same procedures. A UV-vis 

spectrophotometer (Shimadzu UV mini-1240 series, Shimadzu Corporation, Japan) 

was used to measure absorbance at 500 nm wavelength. The unreacted NHS in PLGA-

NHS solution was quantified directly without addition of NaOH by the same method. 

2.3.1.2 NMR Analysis 

1H NMR spectra were recorded for both the starting materials (boc-DAB and PLGA) 

and PLGA-boc-DAB conjugate by NMR spectrometer (Bruker Ultrashield Plus 

Biospin GmbH Nuclear Magnetic Resonance Spectrometer, Avance III 400 MHz, 

NaNoBay, Bremen, Germany) using DMSO-D6 as the solvent and TMS as the internal 

standard. 
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2.3.1.3 Chromatographic Analysis 

The starting material (Boc-DAB) and the final product (PLGA-DAB) were analysed 

by gel permeation chromatography (GPC), which is capable of separating and 

quantifying a molecule of interest from the polymer mixture. To accurately quantify 

PLGA-DAB, we coupled fluorescamine to PLGA-DAB and conducted analysis using 

GPC with a fluorescent detector (FLD) and refractive index detector (RID). Briefly, 

samples were derivatized with fluorescamine according to the method employed by 

Tan and Patsiga (1977) with minor modification. 1mL of boc-DAB or PLGA-DAB 

solution prepared in ACN (0.1 to 1.0µM) was mixed with 0.5mL TEA (70nM) and 

vortexed for 2 min to obtain a homogeneous basic solution. 1.5mL of 2mM 

fluorescamine solution was then added to the mixture and further vortexed for 23 min 

for the derivatization reaction to being completed. Both the derivatized solutions were 

visually clear. 

Upon derivatization, samples were filtered through a 0.45 µm nylon syringe-tip filter 

after discarding the first 2mL of the filtrate to ensure that only soluble materials were 

being injected into the GPC column. The filtration step removed any potential 

particulate by-product or entangled polymer that might be present in the reaction 

mixture. Although we have checked that the filter did not adsorb any derivatized boc-

DAB, we could not perform the same test for PLGA-DAB due to the unavailability of 

the standard. An Agilent 1200 system (Agilent Technologies Australia, Mulgrave) 

consisted of a degasser (G1379B), binary pump (G1312A), autosampler (G1329A) 

with a thermo-control unit (G1330B), thermostat controlled column compartment 

(G1316A), FLD (G1321A) and RID (G1362A) was used for the analysis. Acquired 

data were processed by Agilent ChemStation®, B.04.03 SP1 software. The GPC 

column used was a Jordi Gel DVB, 100-50000 Da MW range, 5µm particle size, 1000 

Ångström (Å) pore size, 250mm X 4.6mm ID, with a Jordi 5µm mixed bed GPC guard 

column, 50mm X 4.6mm ID (Mansfield, USA). The mobile phase was 100% THF at 

a flow rate 0.5mL/min. Duplicate injections of 50µL with needle wash by the mobile 

phase was used to analyse all samples. The analysis was performed maintaining the 

column and RID temperature at 30°C at a flow rate of 0.5mL/min and FLD 

excitation/emission wavelengths of 390 and 473nm, respectively. 
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The same method was employed to analyse the crude reaction mixture. The reaction 

mixture in ACN was first derivatized, and then the clear solution was filtered and 

injected into GPC column for analysis. Calibration curves were obtained using 0.1, 

0.2, 0.4, 0.6, 0.8 and 1.0µM boc-DAB standard solutions in ACN maintaining the basic 

pH with 70nM TEA. PLGA-DAB samples were prepared in ACN and analysed in the 

same fashion as boc-DAB. 

2.3.2 Synthesis of Sialic acid-Octadecylamine Conjugate 

The synthesis of SA-ODA conjugate was carried out by a scheme adopted from a 

recently published method (She et al., 2014) using DCC/NHS as a coupling agent 

between SA and ODA in a molar ratio of 3:1 (Figure 2.2). Briefly, 5mL anhydrous 

DMF was taken out of the septum-closed original bottle with the help of a glass syringe 

and a 26G needle. The solvent was transferred into a 50mL 2-neck round bottom flask 

(RBF), which was already purged with nitrogen gas to ensure an inert atmosphere for 

the reactions. SA (50mg, 0.1617 mmole) and DCC (33.8mg, 0.1617 mmole) were 

added to the RBF containing the 5mL DMF quickly without compromising the inert 

atmosphere. The reaction mixture was kept under moderate stirring at RT for 15 

minutes. NHS (37.2mg, 0.3232 mmole) was added to the reaction mixture and stirred 

for another 6 hrs at RT under a nitrogen atmosphere. The insoluble DCU (by-product) 

was filtered by a DMF resistant 0.45µm syringe-tip PTFE filter, and the filtrate was 

collected into another 50mL 3-neck RBF to conduct the next reaction step. 

An additional 2mL DMF was used to rinse the first RBF and passed through the same 

filter to make sure that entire reaction mixture was properly transferred into the new 

container. ODA (14.5mg, 0.0538 mmole) was then added to the reaction mixture in 

the RBF under moderate stirring. Being an air sensitive material, ODA was handled 

inside the nitrogen inflated glove bag (108D X-17-17 HG) purchased from Glas-Col 

(IN, USA). Immediately after addition of ODA, the temperature of the reaction was 

raised gradually to 60°C in an oil bath using a hot plate magnetic stirrer. The 

temperature was maintained for 12 hrs under nitrogen gas for the reaction to be 

completed. The diagram of reaction setup is given in Figure 2.3. 
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After completion of the reaction, the reaction mixture was brought to RT. An excess 

amount of Milli-Q water at a ratio of 1:5 was used to dilute the reaction mixture and 

then fully dialysed against deionized water. Dialysis was performed using a standard 

RC dialysis tube with MWCO of 1 kDa (Cat. # 132103, Spectra/por®-Spectrum Labs. 

Inc., Rancho Dominguez, USA) under constant stirring in one litre of deionized water 

exchanged five times a day for two days. The retentate was aliquoted into 20mL glass 

vials with 5mL in each. The content was frozen and then lyophilized overnight using 

Coolsafe 55-4 Pro freeze dryer (Scanvac, Lynge, Denmark) equipped with a 

Vacuubrand pump (Wertheim, Germany) to yield the final dry product. Dried product 

was stored at −20°C in tightly closed, aluminium foil wrapped, nitrogen-filled 

containers until used. Final product (SA-ODA) quality was assessed by FTIR and 

1H NMR. The theoretical yield was calculated by multiplying the number of moles of 

the rate limiting compound (ODA) and the MW of the conjugate (SA-ODA). The 

actual product yield was calculated by the following equation (detailed calculations 

are given in Appendix II): 

𝑌𝑖𝑒𝑙𝑑 (%𝑤/𝑤) =  
𝐹𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑤𝑒𝑖𝑔ℎ𝑡

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑒𝑖𝑔ℎ𝑡)
 ×100 
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Figure 2.2. Synthesis of SA-ODA through carbodiimide couplings. 

 

  

Figure 2.3. Reaction setup diagram for conjugation of SA and ODA. 
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2.3.2.1 NMR Analysis 

The product (SA-ODA) was characterised by 1H-NMR spectroscopy using a Bruker 

Ultrashield Plus Biospin GmbH Nuclear Magnetic Resonance Spectrometer (Avance 

III 400 MHz, NaNoBay, Bremen, Germany). A minute amount (6 to 20mg) of the solid 

sample was dissolved in DMSO-D6 employing 0.2% TMS as a reference. The data 

acquisition and analysis were carried out by TopSpin® software Version 3.1. 

2.3.2.2 FTIR Analysis 

FTIR spectra were acquired by FTIR spectrometer (Spectrum Two, Perkin-Elmer 

Corporation, Wellesley, USA) equipped with an attenuated total reflection (ATR) 

smart orbit accessory with diamond crystal. The sample holding plate with the crystal 

was cleaned effectively with acetone-wet Kimtech Kimwipes®. Upon complete drying 

of the acetone, the background spectrum was recorded and subtracted from the 

subsequent sample spectra. Approximately 2mg of the dry product (SA-ODA) was 

added to the sample plate ensuring that the sample entirely covered the diamond 

crystal. The arm was moved to lock over the crystal, and the metal tip was lowered to 

press the sample on the crystal. Force gauge reading was maintained between 100 and 

120 to create a uniform disk of the sample. The sample was scanned with the number 

of accumulations at 10 and resolution at 4cm-1 to obtain a spectrum. The set scan range 

was 450 cm-1 to 4000cm-1. Spectra were analysed by Perkin-Elmer Spectrum® 

software Version 10.4.00. 
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2.3.3 Synthesis of DSPE-PEG-TAT 

Synthesis of DSPE-PEG-TAT conjugate was carried out following a published 

procedure with modification (Yang et al., 2013) using DSPE-PEG-NHS and TAT 

peptide (Figure 2.4.). Briefly, 55mg TAT peptide (0.041mmole) was dissolved in 

10mL anhydrous DMF in a 50mL RBF purged with nitrogen gas. 100mg DSPE-PEG-

NHS (0.05mmole) was added to the RBF under stirring. A ratio of 1:1.2, mol/mol 

(TAT peptide: DSPE-PEG-NHS) was maintained to ensure that the reaction was fast 

and proceeded to the conjugate direction (Yang et al., 2013; Wang et al., 2016). A 

minute quantity (~30µL) of TEA was added to the reaction mixture to raise the pH to 

8-9 to facilitate the coupling reaction. pH was monitored by testing 10µL of the 

reaction mixture on pre-wet pH test strips. Inert conditions were maintained by a 

constant nitrogen gas flow, and the reaction mixture was kept under stirring for 72 hrs 

at ambient temperature. A control reaction was carried out simultaneously without 

DSPE-PEG-NHS to demonstrate the stability of the TAT peptide during the reaction 

span. The diagram of reaction setup is given in Figure 2.5. 

To remove unreacted materials and solvent, the RBF content was diluted with Milli-Q 

water at a ratio of 1:5 and fully dialysed against deionized water using a dialysis bag 

with MWCO of 1 kDa (Cat. # 132103, Spectra/por®-Spectrum Labs. Inc., Rancho 

Dominguez, USA) at RT. Lyophilisation of the residual content of the dialysis bag 

provided a dry white powder. The product was stored under inert conditions at −20°C 

away from light and moisture until used. 

The theoretical yield was calculated by multiplying the number of moles of the rate 

limiting compound (TAT peptide) and the MW of the conjugate (DSPE-PEG-TAT). 

The actual product yield was calculated by the following equation (detailed 

calculations are given in Appendix III): 

𝑌𝑖𝑒𝑙𝑑 (%𝑤/𝑤)  =  
𝐹𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑤𝑒𝑖𝑔ℎ𝑡

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑒𝑖𝑔ℎ𝑡)
 ×100 
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Figure 2.4. Scheme for conjugation of DSPE-PEG-NHS and TAT peptide to produce 

DSPE-PEG-TAT conjugate.  

 

 

 

 

 

Figure 2.5. Reaction setup diagram for the synthesis of DSPE-PEG-TAT. 
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2.3.3.1 Reaction optimisation 

Formation of product and reduction in starting material (TAT) were regularly 

monitored every 12 hrs via HPLC analysis to optimise the reaction time. Briefly, a 

10µL reaction mixture was withdrawn using a syringe from the reaction vessel without 

compromising the inert reaction conditions. The samples were diluted 20 times with 

water containing 0.1% TFA and placed in small volume HPLC inserts. 10µL samples, 

in duplicate, were injected and analysed by the following HPLC method. 

2.3.3.2 Chromatographic analysis 

A gradient HPLC method was employed for the analysis of free TAT peptide 

remaining in the reaction mixture as well as the product, DSPE-PEG-TAT. Agilent 

1200 system (Agilent Technologies Australia, Mulgrave) consisted of a degasser 

(G1379B), binary pump (G1312A), autosampler (G1329A) and variable wavelength 

detector (VWD, G1314B). Acquired data were processed by Agilent ChemStation®, 

B.04.03 SP1 software. The HPLC column was a Grace Apollo C18, 5µm particle size, 

150mm X 4.6mm (Grace Davidson Discovery Science, Baulkham Hills, Australia). A 

flow rate of the mobile phase through the gradient run was maintained at 1mL/min 

while the mobile phase composition was altered. A binary gradient mobile phase 

consisting of A) 0.1% v/v TFA in water and B) 0.1% v/v TFA in ACN was used. The 

HPLC gradient is shown in Table 2.1. TAT standards were prepared in DMF and 

diluted 20 times with water containing 0.1% TFA and used to prepare a calibration 

curve, which was used to analyse unreacted TAT in each reaction sample. The same 

HPLC assay method can also detect the peak of DSPE-PEG-TAT. The peak area of 

both TAT and DSPE-PEG-TAT were monitored to estimate the level of DSPE-PEG-

TAT in the reaction mixture at a particular reaction time. 
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Table 2.1. Gradient flow for HPLC analysis of DSPE-PEG-TAT. 

Time 

(min) 

Flow 

(mL/min) 
%A %B 

0 1.0 95 5 

5 1.0 95 5 

30 1.0 65 35 

31 1.0 95 5 

36 1.0 95 5 

A: 0.1% TFA in water; B: 0.1% TFA in ACN. 

 

 

2.3.3.3 Mass Analysis 

The mass of the reaction product was determined by MALDI-TOF-MS using an AB 

SCIEX MALDI-TOF/TOF 5800 System (ABSciex, Framingham, USA) in reflector 

mode with a mass range of 400-8000 m/z and a laser intensity of 3200V. A small 

amount of the samples was dissolved in 40µL of 2% ACN, 0.1% TFA and spotted 1:1 

with α-cyano-4-hydroxycinnamic acid (CHCA) matrix in the same solvent on an 

MALDI plate for mass analysis. 
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2.4 Results and Discussion 

2.4.1 Synthesis of PLGA-DAB 

Zero length cross-linkers, DCC and NHS were used for PLGA-DAB conjugate 

synthesis. It is a widely employed carboxylic group activation method, and the formed 

active esters are suitable for coupling with primary amines (Montalbetti & Falque, 

2005). The method involves activation of PLGA terminal carboxylic acid by DCC and 

NHS, and the formed O-acyl derivative of carboxylic acid readily reacts with a 

nucleophile like the amine group of boc-DAB. These reactions lead to amide bond 

formation between boc-DAB and PLGA. Since boc-DAB has one end amine group 

protected and leaves the other end primary amine group free, this reaction using boc-

DAB allows the specific amine group reaction and prevent any possibility of forming 

PLGA-DAB-PLGA or PLGA-DAB-DAB polymers. 

Boc-protection was removed by the addition of excess TFA (Liu et al., 2012). 

Unreacted TFA was removed by addition of DCM to form a positive azeotrope, which 

could be removed at a temperature much lower than the boiling point of TFA (72.4°C) 

(Chowdhury et al., 2006). The process of addition of DCM was repeated multiple 

times for the thorough removal of TFA from the reaction mixture. The evidence of 

TFA fume production (bubbling) ensured the detection of its removal and cessation of 

fume production indicated completion of the process.  

Later, the PLGA-DAB TFA salt was further treated with TEA to obtain free primary 

amine end group. Different salt: TEA ratio was tested and 1:10 ratio produced 

maximum conversion of the terminal TFA bound amine group to free amine group 

(Figure 2.6). 
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The activation of the starting molecule containing carboxyl group (-COOH) is a critical 

step in the carbodiimide reaction that mainly determines the final product yield. In this 

reaction step, the -COOH of the acid moiety forms a stable succinate ester that, upon 

addition of an amine compound, forms an amide. In the case of small molecules, this 

is a quick and straightforward reaction, however, in the case of large polymer 

molecules, it takes a longer time to be completed. We found that the degree of PLGA 

activation, as determined by hydroxamate method, was about 94% after 12 hrs of the 

reaction (Figure 2.7). There was no unreacted NHS present in the final PLGA-NHS 

product; therefore, we concluded that 12 hrs is the minimum reaction time required for 

the activation. 

 
Figure 2.6. Effect of TEA on conversion of the PLGA-Boc-DAB TFA salt to free 

amine. Results are expressed as mean ± SD (n=3). 

  

 
Figure 2.7. Effect of time on conversion of the PLGA to PLGA-NHS (n=3).  
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The conjugation of DAB to PLGA was confirmed by 1H NMR spectroscopy. Figure 

2.8, Figure 2.9 and Figure 2.10 show the NMR spectra of the starting materials, PLGA 

and boc-DAB as well as the PLGA-boc-DAB for the characterisation of the 

intermediate polymeric conjugate. PLGA-boc-DAB spectrum clearly shows the native 

PLGA peaks at 1.47, 4.91 and 5.20 ppm with the correct ratio (3:2:1), and also the 

largest peak from native boc-DAB (3×CH3) is present at 1.37 ppm.  

The peak at 5.20 ppm is integrated as 26.0 to closely match the number of protons at 

position ‘c’ in PLGA as per the product information supplied by the manufacturer. 

Thus, the extent of conjugation was found to be 0.53 mol of boc-DAB/mol of PLGA 

based on the NMR analysis. 

Figure 2.9 shows that the -CH2 group nearest to the boc-protected amine group and the 

other -CH2 group nearest to the free amine group in the boc-DAB produce peaks at 

2.88 and 2.51ppm, respectively. However, in the conjugate NMR spectra (Figure 

2.10), these peaks moved to 2.67 and 2.33ppm position indicating that a large molecule 

was chemically attached with boc-DAB. 

Based on the NMR spectra we postulated that the PLGA polymer molecule was 

formed amide linkage with the boc-DAB molecule to form the polymer-small 

molecule conjugate, PLGA-boc-DAB. This conjugate formation was further 

confirmed by chromatographic analysis. 

 



 

 

 

Figure 2.8. 1H NMR (400 MHz) spectra of PLGA in DMSO-D6.  
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Figure 2.9. 1H NMR (400 MHz) spectra of boc-DAB in DMSO-D6.  
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Figure 2.10. 1H NMR (400 MHz) spectra of PLGA-boc-DAB conjugate in DMSO-D6. 
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Boc-DAB and PLGA-DAB fluorescence derivatives were analysed by refractive index 

and fluorescence detection using GPC coupled with both RID and FLD. The boc-DAB 

derivatives eluted without any interfering peaks at a retention time of 6.1 min. 

Retention times were 6.1 and 4.8 min (FLD) for fluorescamine derivatives of boc-

DAB and PLGA-DAB, respectively. The RID confirmed that the peak at 4.8 min was 

a large polymer molecule. This chromatographic analysis confirmed that the conjugate 

of PLGA-DAB was formed in the reaction (Figure 2.11). All samples were analysed 

by GPC using injection volumes of 50 μL. 

  

  

  

Figure 2.11. HPLC chromatogram of derivatized boc-DAB (A), PLGA (B) and 

derivatized PLGA-DAB (C). The left three spectra are fluorescence signals whereas 

the three spectra on the right are refractive index signals.  
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The combination of NMR and chromatographic analysis allows the accurate 

quantification and qualitative confirmation of the synthesised conjugate (Queiroz et 

al., 2012). It is a challenge to conjugate PLGA to small molecules with bi-functional 

groups in a controlled manner and to accurately quantify polymer conjugates, 

especially from the crude reaction mixture (Patil et al., 2009; Cook et al., 2016). The 

use of boc-DAB solved this problem out and permitted the selective conjugation. This 

study also demonstrated GPC method that can simultaneously be used for monitoring 

the impact of reaction condition on the formation of PLGA-DAB as well as the 

analysis of final polymer-small molecule conjugates. Due to the lack of PLGA-DAB 

standard, the GPC method was used only for qualitative analysis and for monitoring 

the progress of the reaction. Quantitation of PLGA-DAB was achieved by the NMR 

spectra, which showed that in the final PLGA-DAB conjugate about 53.3% PLGA was 

attached with the DAB (mole/mole), which was satisfactory and much higher than 

earlier reports (Bhatnagar et al., 2016). However, the total amount of the final product 

was small compared to the initial weight of the reactants. The reaction intermediate 

products were purified after every step to ensure that the impurities/unreacted reactants 

from the previous step do not interfere with the next step of the reaction. As there were 

multiple steps involved and each step resulted in a loss of a certain percentage of the 

materials, the final product yield (w/w) was only 3.4%. It may be possible to rectify 

the loss of materials by optimising each purification step. However, due to resource 

and time constraints, and the availability of a more efficient alternative, this reaction 

conjugate was not used for NPs preparation, and the scheme was discontinued.   
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2.4.2 Synthesis of Sialic Acid-Octadecylamine Conjugate 

The SA-ODA conjugate was prepared by carbodiimide zero-length linking reagents – 

NHS and DCC following a method described in the literature (She et al., 2014) with 

minor modifications. The purification of the crude product was achieved by dialysis 

against deionized water. The final product appeared as odourless off-white solid. The 

product structure was confirmed by both FTIR and 1H-NMR spectroscopy and was 

found to be in agreement with the literature (She et al., 2014). 

The 1H NMR spectra (Figure 2.12, Figure 2.13 and Figure 2.14) of the starting 

materials and the final conjugate show that characteristic peaks from both SA (-CH3 

peak at 1.85ppm) and ODA (-CH3 peak at 0.85ppm and -CH2 peak at 1.24ppm) were 

present. The spectra also show that in the final conjugate, the integral of (-CH2)16- 

peaks of the ODA remained similar in the pure ODA (Figure 2.13) and the conjugate 

(Figure 2.14), indicating the long carbon chain was still intact. The ratio between the 

-CH3 groups of SA and ODA was very close to one indicating that all the ODA present 

in the sample was conjugated with the SA. FTIR analysis provided more information 

about the conjugation. A yield of close to 100% w/w of the final product (SA-ODA) 

was obtained indicating an efficient reaction scheme. 

 



 

 

 

Figure 2.12. 1H NMR (400 MHz) spectra of sialic acid in DMSO-D6.  
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Figure 2.13. 1H NMR (400 MHz) spectra of ODA in CDCl3.  

C
h
ap

ter 2
 –

 L
ig

an
d

 S
y
n
th

esis an
d
 A

n
aly

sis 

6
1
 

T
M

S
 

C
D

C
l 3

 

b 
c 

d 

e b 
c d 

e 



 

 

 

 

Figure 2.14. 1H NMR (400 MHz) spectra of sialic acid-ODA conjugate in DMSO-D6. 
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FTIR is a useful tool for qualitative analysis as it can provide the fingerprints of 

materials to prove that the reaction actually took place as planned and a new compound 

has been synthesised. Here, we have discussed the spectra provided in the Figure 2.15 

in light of the textbook (Field et al., 2013) as well as literature (She et al., 2014).  

Figure 2.15-A shows the FTIR spectra of ODA clearly indicating the amine stretching 

in between 3100-3350cm-1. Also, strong -C-H stretching bands near 2900cm-1 are 

evident. Figure 2.15-B is the FTIR spectra of SA which is a carboxylic acid that 

generally shows characteristic band at 1700-1725cm-1 because of the -C=O stretching 

(from free -COOH). Our spectrum of the sialic acid shows the peak at 1723cm-1 which 

is most probably the -C=O peak. The carboxylic acids also show a very strong and 

broad band covering a wide range between 2800 and 3500 cm-1 for the O-H stretch. 

However, alcohol groups (-OH) also appears as a strong, broad band covering the 

range of about 3000 - 3700 cm-1. Sialic acid has several hydroxyl groups thereby masks 

the O-H stretch peak of the -COOH group. Furthermore, due to the ring opening, 

the -OH group nearest to the -COOH may form an aldehyde which may produced the 

band at 1723cm-1. One of the bands at 1654 and 1528 cm-1 is generated by the amide 

group of the SA, however, we are unable to confirm which one. 

The SA-ODA conjugate spectra (Figure 2.15C) shows that the -C=O stretching (from 

free -COOH) present in SA at 1723 cm-1 disappeared and a new band appeared at 

1707cm-1 which could indicate the amide bond formation between SA and ODA. The 

physical mixture of SA and ODA (Figure 2.15D) shows all the bands from both SA 

and ODA with negligible alteration of the wavelengths. She et al. (2014) also verified 

the SA-ODA conjugation with FTIR. They assigned the 1723cm-1 band for carboxylic 

acid and claimed that the conjugation happened when the final product did not show 

this peak. From the FTIR spectra and above discussion, it can be speculated that the 

SA-ODA conjugate has formed indicated by disappearance of free -COOH peak (1723 

cm-1) and appearance of amide peak (1707cm-1).  
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Figure 2.15. Characterisation of SA-ODA by FTIR: FTIR spectra of (A) ODA,  

(B) sialic acid, (C) sialic acid-ODA, and (D) a physical mixture of sialic acid and ODA.  
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2.4.3 Synthesis of DSPE-PEG-TAT 

Following the method of Yang et al. (2013), DSPE-PEG-TAT was synthesised via a 

nucleophilic substitution reaction and purified by dialysis to get the final product as a 

white, odourless powder. We maintained strict ‘no water’ reaction environment and 

employed the pre-activated reagent (DSPE-PEG-NHS) as the lipid-PEG derivative to 

efficiently couple it with amine-group containing TAT peptide. Alkaline conditions 

were maintained to facilitate the reaction. The terminal amino group on TAT peptide 

attacked the carbonyl group of DSPE-PEG-NHS in anhydrous DMF and produced 

DSPE-PEG-TAT. The reaction time was optimised by monitoring completion of the 

reaction. The final product was confirmed to be DSPE-PEG-TAT conjugation by 

MALDI-TOF MS analysis result. 

DSPE-PEG-TAT was separated and analysed by a gradient HPLC method. The TAT 

eluted without any interfering peaks at a retention time of 13.0 min, followed by the 

reaction product DSPE-PEG-TAT at a retention time of 14.4 min (Figure 2.16). The 

analysis time was optimised to 36 minutes that ensured all molecules were cleared 

from the system, including a few impurity peaks that were well resolved from the 

molecules of interest, but retained on the column much longer than them. The peaks 

of interest eluted within first 15 min of the run, however, the impurity from the TAT 

peptide and DSPE-PEG-NHS eluted after 29 min.  

The final product yield was satisfactory (83.3%) calculated from the weight of the 

DSPE-PEG-TAT and the theoretical yield. 
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Figure 2.16. HPLC spectra of the reaction mixture at (A) zero hour and (B) 72 hrs. 

TAT peptide and DSPE-PEG-TAT peaks are indicated with (a) and (b), respectively. 
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HPLC analysis demonstrated that TAT continued to form the conjugate with DSPE-

PEG-NHS until 72 hrs (three days), shown by depletion of the starting material. After 

three days, the product formation becomes very low thus demonstrating that reaction 

had attained its equilibrium. The reaction time, therefore, was optimised to run for 

three days to get the highest yield (83.3% w/w), similar to another research group who 

performed a similar type of reaction conjugating different peptide with DSPE-PEG-

NHS (Xie et al., 2015). The control reaction without any DSPE-PEG-NHS, showed 

negligible change in TAT peptide concentration confirming that reduction of TAT 

concentration in the reaction vessel was due to conjugation reaction and not due to 

degradation of TAT peptide (Table 2.2 and Figure 2.17). The TAT peptide 

concentrations at all the time points were calculated in comparison to day zero TAT 

peptide concentration that was taken as 100%. 

 

Table 2.2. Change of the TAT concentration in the reaction and control vessel. 

Days TAT in control vessel (%) TAT in reaction vessel (%) 

0 100.0 100.0 

0.5 99.3±3.2 66.2±3.3 

1.0 98.4±2.3 43.6±2.9 

1.5 99.1±1.6 33.4±1.3 

2.0 98.6±3.1 29.4±0.9 

2.5 96.1±1.6 25.9±2.1 

3.0 97.6±3.9 24.1±1.3 

3.5 96.2±2.3 22.8±2.4 

4.0 96.8±1.3 22.1±3.1 

5.0 95.8±1.2 21.9±1.9 

6.0 94.2±1.9 22.2±1.2 
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Figure 2.17. Percentage of remaining TAT peptide under control and reaction 

conditions. Results are expressed as mean ± SD (n=3). 

 

To confirm the reaction product is DSPE-PEG-TAT, MALDI-TOF-MS analysis was 

performed. The MS spectra showed the MW of the resulting product was around 3348, 

which was in accordance with the theoretical MW of DSPE-PEG-TAT that can be 

calculated from the MW of TAT peptide (MW 1340 Da) and DSPE-PEG-NHS (MW 

2009 Da) (Figure 2.18). Slight differences between the experimental and theoretical 

MW have also been reported by other researchers (Yang et al., 2013) which is most 

probably due to the nature of polymer sample often present with a range of MW. 
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Figure 2.18. MALDI-TOF-MS spectra of (A) DSPE-PEG-NHS, (B) TAT peptide and 

(C) DSPE-PEG-TAT. The MW of DSPE-PEG-NHS, TAT peptide and DSPE-PEG-

TAT were about 2009, 1340 and 3348, respectively.  
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2.5 Conclusions 

PLGA was selected as the core polymer for NPs preparation due to favourable 

properties including biocompatibility, biodegradability, lack of toxicity and presence 

of functional carboxylic group for ease of ligand attachment. Functionalization of 

PLGA aimed to enable us to produce brain-specific NPs using ligands attached PLGA. 

Functionalization of the PLGA was carried out by chemically conjugating the polymer 

with DAB to facilitate the next step, where it would be conjugated with sialic acid. 

However, the yield was very low (about 3%), and thus the scheme was deemed too 

uneconomical to continue. Although this approach of incorporating the ligand directly 

onto the core polymer produced unsatisfactory yield, the ligands were effectively 

conjugated with PLGA molecules which introduced the -NH2 functional groups to 

PLGA for future modification. 

The alternative method of incorporating hydrophilic ligand into the NPs was 

conducted where both SA and the TAT peptide were conjugated separately with 

lipophilic molecules; SA with a relatively smaller molecule and TAT with a larger 

one. The SA ligand was successfully conjugated with ODA by carbodiimide reactions 

and produced satisfactory yield. The advantage of conjugating SA to ODA, in addition 

to it higher yield, is that it allows us to incorporate more SA ligand group into the NPs 

system due to the relative lower MW of SA-ODA. The TAT peptide ligand was also 

conjugated successfully with large commercially available lipid-PEG derivatives, 

DSPE-PEG-NHS, confirmed by MALDI-TOF-MS analysis.  

It was expected that the lipophilic part of the conjugates would embed itself into the 

lipophilic core polymer matrix during NPs preparation exposing the hydrophilic ligand 

part into outer aqueous phase. As DSPE-PEG-TAT is a large amphiphilic molecule, 

so it is expected that TAT will be exposed on the NPs surface functioning as the first 

ligand, whereas, SA-ODA will be embedded deeper and serve as the second targeting 

ligand. 
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Chapter 3 Development and Validation of 

Analytical Methods for RHT

3.1 Introduction/Overview 

The quantitative determination of RHT has been achieved using several analytical 

techniques such as spectrophotometry (Fazil et al., 2012; Nagpal et al., 2013), HPLC 

(Arumugam et al., 2008; Arumugam et al., 2011a; Yang et al., 2013; Shah et al., 

2015), gas chromatography mass spectrometry (GC-MS) (Hossain et al., 2002; Lee et 

al., 2004; Sha et al., 2004) and liquid chromatography-mass spectrometry (LC-MS) 

(Pommier & Frigola, 2003; Enz et al., 2004; Frankfort et al., 2006; Bhatt et al., 2007; 

Arumugam et al., 2011b). 

Spectrophotometry is a simple quantitative analytical method that measures the light 

absorption capacity of the sample under analysis at different wavelengths. Fazil et al. 

(2012) determined the drug loading and encapsulation efficiency by measuring the 

amount of free RHT in the NPs supernatant using UV spectrophotometer. They used 

the same technique to quantify RHT in PBS in their in vitro permeability studies also. 

Nagpal et al. (2013) employed this method for measuring the DL, EE and RHT release 

from NPs in PBS. However, spectrophotometric method is not selective and cannot 

separate dosage form excipients, impurities or degradation products from the drug 

itself.  

Mostly, RHT has been separated and quantified from various samples by HPLC, a 

powerful liquid chromatography technique that can simultaneously separate, identify 

and quantify compounds in a dissolved state (Arumugam et al., 2008; Arumugam et 

al., 2011a; Yang et al., 2013; Shah et al., 2015). The published HPLC methods so far 

used mobile phase pH ranging from 3 to 6 and different types of 250mm long column 

such as ODS, Kromasil C8, XTerra RP18, 5C18-MS etc. Most researchers used a UV 

detector for detecting the drug except a few who used fluorescence detector in order 

to obtain enhanced sensitivity. 
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HPLC exploits the ionic and/or hydrophobic interaction of the analyte with the 

stationary phase (the column) and the mobile phase. The mobile phase is usually 

composed of a mixture of an aqueous phase (e.g. buffer) and one or more organic 

solvents with variable polarity. The column can be packed with either polar (normal 

phase HPLC or NP-HPLC) or non-polar material (reverse phase HPLC or RP-HPLC) 

depending on the polarity of the target analytes. RP-HPLC is generally the technique 

of choice when the analytes are less polar compounds (most drug molecules) (Watson, 

2005). HPLC methods reported to date for separation and quantification of RHT in 

different sample matrices are summarised in Table 3.1. 

Although a mass spectrophotometer (MS) can be coupled with either GC or HPLC to 

obtain a highly sensitive instrument, MS is expensive to procure and maintain. There 

are several reported methods (Sulochana et al., 2014) for separation and quantification 

of RHT from both biological (rat, canine and human plasma, rat brain and urine) and 

pharmaceutical samples. However, for our present studies, a simple HPLC method was 

believed to be sufficient. 

RHT is a basic drug molecule having an MW of 400.428g/mol and pKa of 8.85 

(Canney, 2005). An acidic condition of at least two pH points lower than the compound 

pKa should be maintained to keep all RHT molecules positively charged. The initial 

analytical conditions were selected from the published methods and then modified to 

suit our purpose better. None of the published methods was found to be suitable for 

the available 150mm C18 column, hence, the objectives of the current study were set 

to develop and validate a simple, fast, sensitive, selective and accurate HPLC method 

using a commonly used column for in vitro RHT quantification and study its 

degradation behaviour under different stressed conditions. 



 

 

 

 

Table 3.1. Summary of published HPLC conditions for RHT determinations. 

Column Sample Matrix Mobile Phase Flow Rate Detection Technique Reference 

Waters 

Spherisorb, Silica 

Human plasma Acetonitrile-50mM aqueous sodium 
dihydrogen phosphate (17: 83 v/v, pH 3.1) 

1.3mL/min UV – 200nm (Amini & 
Ahmadiani, 2010) 

Inertsil ODS‑3V, 

C18 

Rat plasma and 

brain 

Ammonium acetate buffer (20mM, pH 4.5) 

and acetonitrile 74:26 (v/v) 

1.0mL/min Fluorescence detector, Ex/Em 

wavelength – 220/293nm 

(Arumugam et al., 

2011a) 

XTerra RP18, C18 Raw material 10mM sodium-1-heptane sulphonate (pH 

3.0) and acetonitrile 72:28 (v/v) 

1.0mL/min UV – 217nm (Rao et al., 2005) 

Monomeric, C18 Rat plasma Acetonitrile and 20 mmol/L phosphate 

buffer pH 3.0 (25:75) 

1.0mL/min Fluorescence detector, Ex/Em 
wavelength – 220/293nm 

(Karthik et al., 
2008) 

5C18-MS Capsule Methanol and water (90:10) 1.0mL/min UV – 217nm (Li et al., 2011) 

Kromasil C8 Liposomes 20 mmol L–1 phosphate buffer pH 3.0 and 

acetonitrile (75:25 %, V/V) 

1.0mL/min UV – 210nm (Arumugam et al., 
2008) 

C18 Solid lipid 
nanoparticles 

Acetonitrile and potassium dihydrogen 

orthophosphate buffer pH 6.0 (20:80 v/v) 

1.0mL/min UV – 215nm (Shah et al., 2015) 

ODS, C18 Liposomes Acetonitrile:water (20mM NaH2PO4·2H2O,  

10mM Na2HPO4·12H2O) (25:75, v/v) 

1.0mL/min UV – 218nm (Yang et al., 2013) 
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3.2 Materials 

RHT (Cat. # IC-CS-146-0-140108, ≥ 99.2%) was purchased from Innochem 

Technology Co., Ltd. (Beijing, China). HPLC grade ACN (Cat. # A998-4, ≥ 99.9%) 

was obtained from Thermo Fisher Scientific (Scoresby, Australia). TFA (Cat. # T6508, 

≥ 99.0%) was procured from Sigma-Aldrich (Castle Hill, Australia). HCl (Cat. # 256, 

32% w/v) and hydrogen peroxide (H2O2, Cat. # 260, 30% w/v) were obtained from 

Ajax Finechem Pty Ltd. (Taren Point, Australia). NaOH (Cat. # 104384F, ≥ 98.0) was 

obtained from BDH Laboratory supplies (Poole, England). Milli-Q water was 

generated using Milli-Q Ultrapure Water System (Merck Millipore, Bayswater, 

Australia).  

 

3.3 Methods 

3.3.1 Chromatographic Conditions and Optimisation 

The HPLC system used for the method development and validation was an Agilent® 

1200 instrument (Agilent Technologies Australia, Mulgrave) with a degasser 

(G1379B), binary pump (G1312A), autosampler (G1329A) with a thermo-control unit 

(G1330B) and VWD (G1314B). Assay selectivity including RHT peak purity was 

assessed using a diode-array detector (DAD, G1315B). Data acquisition and 

processing were carried out with Agilent ChemStation® software version B.04.03 

SP1.  

The HPLC column used was Grace Apollo C18, 5µm particle size, 150mm × 4.6mm 

(Grace Davidson Discovery Science, Baulkham Hills, Australia). Sample temperature 

in the autosampler was maintained at 4°C to exclude potential thermal effects on the 

stability of the analytes. The column temperature was maintained at 50°C by a 

Waters® 1122/WTC-120 external column heater (Waters Australia Pty Ltd, 

Rydalmere, Australia). 
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The ratio between the organic and aqueous phase was varied in order to achieve a good 

separation within an analysis time of 10 minutes. The final mobile phase consisted of 

a volume-by-volume (v/v) ratio of 80% water and 20% ACN containing 0.1% TFA. 

The mobile phase was filtered through a 0.2µm hydrophilic nylon filter (Cat. # 

GNWP04700, Merck Millipore, Bayswater, Australia) to get rid of any particles. An 

isocratic mode was used for all the analysis at a mobile phase flow rate of 1.5mL per 

minute. Injection volume for all samples was 50µL, and detection of RHT was 

monitored at a wavelength of 214nm. 

3.3.2 Forced Degradation Studies 

Forced degradation studies were conducted according to published protocols to 

indicate the selectivity of the proposed method (ICH, 2000; Dandekar & Patravale, 

2009; Raju et al., 2012). A constant concentration of RHT (25µg/mL) was used for all 

degradation studies. For acid decomposition (hydrolysis) studies, an RHT solution was 

prepared in 2N HCl and incubated for 48 hrs at 37° and 60°C. For base hydrolysis 

studies, RHT solution was prepared in 0.5N NaOH and was incubated at 37°C for 48 

hrs and 60°C for 4 hrs. Both the acid and alkaline samples were cooled to RT and 

neutralised before analysing by HPLC. 

To assess the stability of RHT in water, RHT solution (25µg/mL) was prepared in 

water and incubated for 48 hrs at 37° and 60°C. Effect of oxidation was determined by 

incubating RHT for 48 hrs at 37° and 60°C in 30% H2O2. 

All degraded product was analysed by HPLC, and RHT peak purity was evaluated 

using a diode-array detector by obtaining five UV spectra across the peak. The 

similarity among these five spectra was determined and reported using ChemStation® 

software to determine the peak purity. Co-elution of any degraded product along with 

the drug peak made it impure and demonstrated through dissimilar UV spectra. The 

software also reported whether the peak purity in each spectrum was within the 

automatically set threshold limit. 
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3.3.3 Method Validation 

The developed HPLC method was fully validated with respect to selectivity, linearity, 

precision, accuracy, limit of detection (LOD) and limit of quantification (LOQ) 

consistent with the International Conference on Harmonisation (ICH) Guidelines for 

Validation of Analytical Procedures, Q2B (ICH, 1996) and the United States 

Pharmacopeia and National Formulary (USP 37-NF 32).   

3.3.3.1 Selectivity 

The forced degradation study samples (all) were used to assess the selectivity of the 

method (Section 3.3.2). Also, supernatants of both blank NPs (dual ligand NPs without 

any loaded drug) and RHT-loaded dual ligand NPs were diluted 200X in the mobile 

phase and injected into the HPLC to find out whether any interfering peaks elute near 

the drug peak. The matrix interference was also investigated in the similar fashion 

from (i) PBS medium from release study of dual ligand NPs without any loaded drug, 

and (ii) uptake/transport study buffer (HBSS-P) comprised of HBSS containing 10mM 

HEPES and 20mM glucose. 

3.3.3.2 Linearity 

The linearity of the developed method was assessed in two different solvents, one 

solvent used for RHT loading in the NPs and the other for the in vitro release study. 

Firstly, different concentrations of RHT solution (0.1 to 2mg/mL) were prepared into 

0.3% vitamin E-TPGS from one stock solution (2mg/mL) in 0.3% vitamin E-TPGS. 

Each solution was diluted 200 times (50µL into 10mL) with mobile phase to obtain 

final RHT standard concentrations of 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10µg/mL. 50µL 

of these standards were injected to the HPLC, in duplicate. Secondly, another set of 

standards with the same concentration range was prepared by diluting an RHT stock 

solution in Milli-Q water (1mg/mL) with 10mM PBS (pH 7.4). Again, 50µL of these 

standards were injected to the HPLC in duplicate. Average peak area data was plotted 

against corresponding standard concentrations using Microsoft® Excel 2016 to 

construct the standard calibration curve. The linearity was established by calculating 

the R2 value. 
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3.3.3.3 Precision 

The precision of the proposed method was determined by injecting four RHT 

concentrations (1, 4, 6 and 10µg/mL) in both solvents six times into the HPLC. The 

RSD values were calculated for all concentrations. 

3.3.3.4 Limit of Detection (LOD) 

The LOD was determined as the drug concentration which produced signal three times 

greater than the baseline noise level. Two blank solvents, namely (a) 0.3% vitamin E-

TPGS diluted 200 times in the mobile phase, and (b) 10mM PBS, pH 7.4, were injected 

six times to determine the average noise levels. Standard RHT solutions prepared in 

the mobile phase were analysed and calibration curves constructed by plotting average 

peak heights against the corresponding concentrations. The LOD was calculated by 

the following formula: 

𝐿𝑂𝐷 = 3 × 
𝑃𝑒𝑎𝑘 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑛𝑜𝑖𝑠𝑒

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 𝑏𝑦 𝑝𝑒𝑎𝑘 ℎ𝑒𝑖𝑔ℎ𝑡 𝑣𝑠. 𝑐𝑜𝑛𝑐
 

3.3.3.5 Limit of Quantification (LOQ) 

Using the same data, the LOQ was determined as ten times greater than the baseline 

noise level. The LOQ was calculated by the following formula:  

𝐿𝑂𝑄 = 10 × 
𝑃𝑒𝑎𝑘 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑛𝑜𝑖𝑠𝑒

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 𝑏𝑦 𝑝𝑒𝑎𝑘 ℎ𝑒𝑖𝑔ℎ𝑡 𝑣𝑠. 𝑐𝑜𝑛𝑐
 

3.3.3.6 Intra- and Inter-day Repeatability 

Three standard concentrations of RHT (low, medium and high) within the calibration 

curve were selected for these experiments. For both solvents, the intra- and inter-day 

repeatability of the method was assessed by analysing 1, 5 and 10µg/mL RHT 

standards, in triplicate, at different time points in the same day and on two different 

days. The relative standard deviation (RSD) was calculated for each analysed 

concentration and compared with the nominal limit to evaluate the intra- and inter-day 

repeatability of the method.  
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3.3.3.7 Accuracy 

The accuracy of the developed method was determined in two solvent mixtures to 

assess the interference of the NPs and solvents. Firstly, a batch of drug-free 

nanoparticle (blank-NP) was prepared, and the supernatant was collected during the 

last step of the preparation. The supernatant was then spiked with RHT to obtain a 

solution of RHT (2mg/mL). This stock solution was diluted with the same solvent to 

prepare five RHT solutions with concentrations of 0.1, 0.4, 0.8, 1.2 and 1.6mg/mL. 

These solutions were diluted 200 times with the mobile phase to obtain final drug 

concentrations of 0.5, 2, 4, 6, 8 and 10µg/mL and injected in the HPLC column in 

triplicate. This procedure mimics the method of sample preparation for RHT 

concentration determination in NPs supernatant. 

Secondly, an in vitro release study of the blank-NPs was carried out at pH 7.4 in PBS. 

3mL blank-NP suspension was taken in a dialysis tube (MWCO 12000), sealed and 

placed in a 60g amber glass jar containing 50mL pre-warmed PBS at 37°C. The setup 

was placed on an orbital shaker in the hot room (37°C) and horizontally shaken at 100 

rpm. Release medium from outside the dialysis bag was collected after 24 hrs, spiked 

with RHT standard solution (200 µg/mL) prepared in Milli-Q water to get final RHT 

concentrations of 2, 4, 6, 8 and 10µg/mL and injected in the HPLC column in triplicate. 

The concentration of RHT in all samples was determined against RHT standards 

prepared in mobile phase. 

The method accuracy was determined by calculating the percentage of measured 

concentration over the added concentration in each case. 
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3.4 Results and Discussion 

3.4.1 Development and Optimisation of HPLC Method 

The HPLC method for separation and quantification of RHT in PBS (pH 7.4) and NPs 

supernatant (containing 0.3% vitamin E-TPGS) was developed and validated. An 

appropriate combination of the column type, column temperature, mobile phase 

composition and flow rate, injection volume and detection system was optimised. The 

UV wavelength of 214nm was selected for the detection of the compound based on 

the UV spectrum of RHT. Although choosing a lower wavelength (209nm) produced 

a much stronger drug signal, higher background noise made this approach impractical. 

The initial mobile phase composition was selected upon considering published 

methods as well as the high pKa (8.85) of the RHT (Canney, 2005). An acidic 

condition (pH 2.6) was maintained to keep all RHT molecules positively charged 

(Figure 3.1). At this lower pH, the silane groups of the C18 column were also fully 

protonated, leading to weak interaction with RHT. Thus, a short elution time was 

expected. 

A mobile phase composed of ACN and water (50:50 v/v) containing 0.1% TFA was 

selected initially at a flow rate of 1mL/min. However, RHT eluted along with the 

solvent front, suggesting the need reduce the organic phase ratio in the mobile phase. 

After a few trials, a ratio of 20:80 (v/v) for ACN: water was found to be optimum to 

produce the best peak shape and separation. The flow rate was increased to 1.5mL/min 

to reduce the retention time at 6.83 min. Arumugam et al. (2011a) also employed 

similar mobile phase composed of ACN and water (26:74 v/v) and acidic pH of 4.5 

for the analysis of RHT. 

 

 

 

Figure 3.1. Ionisation of rivastigmine tartrate at different pH. 
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Optimum conditions for RHT analysis were as follows: compounds were separated 

using a Grace Apollo C18 column using a column temperature of 50°C to give a sharper 

peak shape, and the samples were kept at 4°C in the sample holder. The mobile phase 

composition was selected as 20% ACN:80% water containing 0.1% TFA (v/v). An 

isocratic condition was employed for all the analysis at a mobile phase flow rate of 

1.5mL/min. A constant injection volume of 50µL was used for all the analysis. Figure 

3.2 illustrates a typical RHT peak around 6.8 minutes eluted using the optimum 

conditions listed above.  

  

Figure 3.2. A typical chromatogram showing the peak of rivastigmine tartrate (RHT) 

in the mobile phase at a retention time of 6.9 minutes. Peak purity report is shown in 

the insert confirming that the RHT peak is pure and the purity factor is within the 

calculated threshold limit.  

min 0 2 4 6 8 

mAU 

0 

20 

40 

60 

80 

 DAD1 A, Sig=214,2 Ref=off (RHT 2016-06-17 18-34-49\053-1401.D) 



Chapter 3 – Development and Validation of Analytical Methods for RHT 

81 

3.4.2 Forced Degradation of RHT 

The main aim of the forced degradation studies of RHT was to assess the selectivity 

of the proposed analytical method. According to MSDS supplied by the manufacturer, 

RHT is chemically stable under normal conditions with known incompatibilities of 

strong acids, bases and oxidising agents. No light sensitivity data was found in the 

MSDS, however, literature reported that RHT is stable when exposed to light for at 

least ten days (Rao et al., 2005). In our investigation, various stress conditions were 

employed to simulate any possible degradation that might occur during the NPs 

preparation and further experiments. RHT was subjected to hydrolysis (acidic, alkaline 

and neutral pH) and oxidation. The summarised observations (Table 3.2) conform with 

published literature (Rao et al., 2005) where a similar degradation pattern for RHT 

was reported. The table shows that acidic conditions displayed less degradation effect 

on the drug at both 37° and 60°C. In contrast, RHT was found to be liable to basic 

condition, particularly at the elevated temperature. The drug demonstrated excellent 

stability against hydrolysis conditions at neutral pH under both test temperatures but, 

oxidised easily even at 37°C with complete degradation after incubation at 60°C for 

48 hrs. 

Table 3.2. Summary of findings of RHT forced degradation studies. 

Forced degradation 

condition 

Temp. 

(°C) 

Incubation 

duration 

RHT Conc. (µg/mL) Remaining 

percentage Initial Final 

Acid hydrolysis –  
RHT in 2N HCl 

60 48 hrs 

25.0 

21.9 87.4 

37 48 hrs 24.5 97.8 

Base hydrolysis –  

RHT in 0.5N NaOH 

60 2 hrs 20.2 80.9 

37 48 hrs 7.4 29.7 

Hydrolysis –  

RHT in Water 

60 48 hrs 24.8 99.2 

37 48 hrs 24.9 99.7 

Oxidation –  

RHT in 30% (w/v) H2O2 

60 48 hrs 0.0 0.0 

37 48 hrs 19.9 79.6 
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Figure 3.3 and Figure 3.4 illustrate the HPLC spectra of RHT under various stress 

conditions. The peak purity analysis was conducted using the default settings of the 

ChemStation® software without any manual data entry. The software generated report 

indicated clearly if the RHT peaks are pure. The peak purity of degraded products was 

not checked because we were only interested in assessing the method's capability of 

resolving pure RHT peak. The objective of degradation study was fulfilled completely 

because RHT peak eluted well-separated from the degraded products (retention time 

<6 min) and was analysed to be a pure peak. Thus, the proposed method was 

sufficiently selective to be used with confidence for the quantification of RHT.



 

 

 

Figure 3.3. HPLC chromatogram of RHT under various stress conditions conducted at 37°C for 48 hr – (A) acid degradation, (B) alkali degradation,  

(C) hydrolysis, and (D) oxidation. Analysis of RHT was not interfered by the degradation products (*). Peak purity reports are shown in the inserts 

confirming that the RHT peaks are pure and the purity factors are within the calculated threshold limit.
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Figure 3.4. HPLC chromatogram of RHT under various stress conditions conducted at 60°C – (A) acid degradation for 48 hrs, (B) alkali degradation for 

2 hrs, (C) hydrolysis for 48 hrs, and (D) oxidation for 48 hrs. Analysis of RHT was not interfered by the degradation products (*). Peak purity reports are 

shown in the inserts confirming that the RHT peaks are pure and the purity factors are within the calculated threshold limit.
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3.4.3 Method Validation 

3.4.3.1 Selectivity 

The selectivity of any analytical method is the most important parameter that should 

be addressed during its validation. A selective analytical method ensures that it has the 

capability to generate “true results” that are free from matrix or medium interference. 

In case of the HPLC method, the analytical method must have the ability to separate 

the molecule(s) of interest from other interfering components and quantify it 

accurately and precisely. Selectivity of the method must be checked independently for 

each mixture/medium from which the drug is intended to be analysed. Along with the 

forced degradation study samples, we also investigated selectivity of the proposed 

RHT analytical method from three medium: 

1) Supernatant of dual ligand NPs without any loaded drug (200X diluted in the 

mobile phase) 

2) PBS medium from release study of dual ligand NPs without any loaded drug, 

and 

3) Uptake/transport study medium (HBSS-P) 

The HPLC spectra in Figure 3.5, 3.6 and 3.7 indicate that there was no peak around 

the RHT retention time (6.9 minutes) in any of the above medium illustrating that there 

was no matrix interference. 
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Figure 3.5. HPLC Chromatogram of supernatants of (A) dual ligand NPs without any 

loaded drug (200X diluted in the mobile phase), and (B) RHT-loaded dual ligand NPs 

(200X diluted in the mobile phase).  No peak around the RHT retention time (6.9 

minutes) is seen to illustrate that there is no matrix interference. 
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Figure 3.6. HPLC Chromatogram of PBS medium after 24 hours release study of (A) 

dual ligand NPs without any loaded drug , and (B) RHT-loaded dual ligand NPs. No 

peak around the RHT retention time (6.9 minutes) is seen to illustrate that there is no 

matrix interference. 
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Figure 3.7. HPLC Chromatogram of (A) uptake/transport study medium (HBSS-P), 

and (B) released RHT in HBSS-P after 4 hours of transport study. No peak around the 

RHT retention time (6.9 minutes) is seen to illustrate that there is no matrix 

interference. 
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3.4.3.2 Linearity 

The different concentrations of RHT in both solvents produced a linear response in the 

detector. For 50µL injections of RHT in vitamin E-TPGS (200 times diluted in the 

mobile phase), the regression plot demonstrated a nearly perfect linear relationship 

over the concentration range of 0.5-10µg/mL that covered the concentration 

encountered in the RHT loading analysis. The coefficient of variance was 0.9999. The 

same concentration ranges of RHT in PBS also demonstrated a good linear relationship 

with a coefficient of variance of 0.9998. The standard calibration curves are shown in 

Figure 3.8 and Figure 3.9.  

 

Figure 3.8. Calibration curve of RHT solution in vitamin E-TPGS diluted 200 times 

in the mobile phase. 

 

Figure 3.9. Calibration curve of RHT solution in 10mM PBS (pH 7.4). 
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3.4.3.3 Precision 

The precision data of the developed method are tabulated in Table 3.3. For the first 

solvent system, the RSD values among six injections of RHT was 1.04%, 0.59%, 

0.49% and 0.17%, respectively for 1, 4, 6 and 10µg/mL of RHT (Table 3.3 (a)). A 

similar trend was observed in the case of the second solvent system, where the 

coefficient of variation values was 1.28%, 0.67%, 0.28% and 0.19%, respectively for 

1, 4, 6 and 10µg/mL of RHT (Table 3.3 (b)). All these precision values were below 

the nominally acceptable level of ≤ 2% (Swartz & Krull, 2012) and hence, the method 

was acceptable as a precise method. The data also indicated that at the low 

concentration range of RHT, the quantification error is relatively larger. 

Table 3.3. The precision of the HPLC method for determination of RHT. 

 (a) RHT in 0.3% vitamin E-TPGS diluted 200 times in the mobile phase. 

Injection 

number 

RHT peak area (mAU × sec) 

1µg/mL 4µg/mL 6µg/mL 10µg/mL 

1 37.0 146.7 218.9 370.2 

2 36.2 146.8 221.2 371.3 

3 36.2 144.6 220.4 370.1 

4 36.8 145.3 220.4 369.5 

5 36.7 146.4 218.9 369.8 

6 36.1 146.0 218.6 370.3 

Average = 36.50 145.97 219.73 370.20 

SD = 0.38 0.86 1.07 0.61 

RSD = 1.04 0.59 0.49 0.17 

  

 (b) RHT in PBS. 

Injection 

number 

RHT peak area (mAU × sec) 

1µg/mL 4µg/mL 6µg/mL 10µg/mL 

1 36.1 146.7 221.1 369.9 

2 35.8 146.2 220.9 368.5 

3 35.7 144.2 220.6 369.1 

4 36.2 145.6 221.9 370.2 

5 36.9 145.4 220.1 369.6 

6 36.6 146.8 221.3 368.5 

Average = 36.22 145.82 220.98 369.30 

SD = 0.46 0.97 0.61 0.72 

RSD = 1.28 0.67 0.28 0.19 
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3.4.3.4 LOD and LOQ 

The LOD of an analytical procedure is the lowest detectable amount of an analyte in a 

sample but not necessarily a quantifiable value. It was calculated as three times the 

average noise peak height divided by the slope of the calibration curve of the peak 

height. For the current method, the lowest possible concentration of RHT in both 

solvent systems that could be detected was determined as 60ng/mL. 

The LOQ is the lowest amount of the drug in the sample that can be confidently 

quantified using the method. It was calculated as ten times of the average noise peak 

height divided by the slope of the calibration curve of the peak height. For the current 

method, the lowest possible concentration of RHT that could be quantified in both 

solvent system was determined as 201ng/mL. The LOD and LOQ data and calculation 

is summarised in Table 3.4 and Table 3.5. 

Table 3.4. LOD and LOQ data with the calculation for RHT in 0.3% vitamin E-TPGS 

(200 times diluted in mobile phase). 

Sample Noise (mAU) 
Slope of calibration curve constructed by 

peak height vs. concentration 

Blank  
(0.3% vitamin E-

TPGS diluted 200 

times in mobile 

phase) 

0.053 

0.054 

0.054 
0.053 

0.054 

0.053 

2.67 

Average noise 
height 

0.053  

LOD = 0.060 µg/mL  

LOQ = 0.201 µg/mL  

 

Table 3.5. LOD and LOQ data with the calculation for RHT in 10mM PBS (pH 7.4). 

Sample Noise (mAU) 
Slope of calibration curve constructed by 

peak height vs. concentration 

Blank  
(10mM PBS, pH 

7.4) 

0.053 
0.054 

0.053 

0.055 
0.053 

0.053 

2.66 

Average noise 

height 
0.054  

LOD = 0.060 µg/mL  

LOQ = 0.201 µg/mL  
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3.4.3.5 Intra- and Inter-day Repeatability 

In the intraday repeatability experiments, the RSD values were 0.69%, 0.92% and 

0.49% for RHT in the first solvent and 0.73%, 0.65% and 0.35% for RHT in the second 

solvent for the RHT concentrations of 1, 5 and 10µg/mL, respectively. All values were 

within the acceptable limit of RSD ≤ 2% (Swartz & Krull, 2012). 

In the inter-day repeatability experiments, the RSD among the repeats were calculated 

as 1.32%, 0.92% and 1.19% for the first solvent whereas in the second solvent the 

RSD values were 0.64%, 1.11% and 1.02% for the RHT concentrations of 1, 5 and 

10µg/mL, respectively. All values were within the acceptable limit of RSD ≤ 2% 

(Swartz & Krull, 2012). 

The intra- and inter-day repeatability data are shown in Table 3.6. 

Table 3.6. Intra- and inter-day repeatability of RHT analysis in two solvents. 

RHT 

concentration
a
 

(µg/mL) 

RHT in vitamin E-TPGS  

(200X diluted in mobile phase) 

RHT in 10mM PBS  

(release media) 

Intra-day 

RSD
b
 

Inter-day 

RSD
c
 

Intra-day 

RSD
b
 

Inter-day 

RSD
c
 

1 0.69 1.32 0.73 0.64 

5 0.92 0.92 0.65 1.11 

10 0.49 1.19 0.35 1.02 

aEach concentration was analysed in triplicate (n=3). 
bThe analyses were carried out at 0, 3 and 8 hrs on the same day and all data were included in the 

calculation. 
cThe analyses were carried out at day 1 and 2 and all data were included in the calculation. 
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3.4.3.6 Accuracy 

The accuracy of a method demonstrates that the technique can accurately quantify the 

molecule(s) of interest in the presence of other possible interfering components such 

as excipients, reactions components, release chamber and medium. The accuracy of 

the proposed method was calculated as percentage recovery from the six 

concentrations covering the entire RHT concentration range within the calibration 

curve. The accuracy data with calculation is shown in Table 3.7 and Table 3.8. All the 

samples were successfully recovered with an accuracy of 100±2% which is within the 

acceptable range (Swartz & Krull, 2012).  

Table 3.7. Accuracy data for RHT in 0.3% vitamin E-TPGS (200 times diluted in the 

mobile phase). 

Prepared Concentration 

(µg/mL) 

Measured Concentration 

(µg/mL) 

Recovery  

(%) 

0.50 0.49 98.0 

2.00 1.99 99.5 

4.00 3.96 99.0 

6.00 5.97 99.5 

8.00 8.03 100.4 

10.00 9.99 99.9 

 Mean ± SD =  99.4 ± 0.8 

 

Table 3.8. Accuracy data for RHT in 10mM PBS (pH 7.4). 

Prepared Concentration 

(µg/mL) 

Measured Concentration 

(µg/mL) 

Recovery  

(%) 

0.50 0.49 98.4 

2.00 2.01 100.5 

4.00 4.04 101.0 

6.00 5.95 99.2 

8.00 7.98 99.8 

10.00 9.99 99.9 

 Mean ± SD = 99.8 ± 0.9 
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3.5 Conclusion 

The HPLC method plays an important role in determining the NPs drug loading and 

drug release and generates data that will ultimately be helpful for the subsequent 

cellular and animal studies. In this chapter, a simple, reliable and fast HPLC method 

was developed and validated for RHT analysis during the RHT-loaded NPs 

preparation and in vitro drug release studies. The chromatographic separation was 

achieved using Grace C18 column maintained at 50°C. The isocratic mobile phase 

consisted of TFA containing ACN and water with a flow rate of 1.5mL/min. The 

method exhibited good linearity over the assayed concentration range and good intra- 

and inter-day precision. The developed HPLC method is accurate and selective for 

RHT analysis with good detection and quantification limits and is suitable for its 

intended use. This stability indicating analytical method can be adapted easily to 

analyse RHT from pharmaceutical finished products and biological matrices.
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Chapter 4 Formulation Development and 

Characterisation 

4.1 Introduction/Overview 

RHT has demonstrated significant improvement of patient’s cognitive and behavioural 

symptoms (Finkel, 2004; Grossberg, 2005; Shah et al., 2015). Present RHT therapy is 

associated with severe cholinergic side effects because of the high and frequent dosing 

of the drug to compensate/counteract its (i) low bioavailability (36%), (ii) short half-

life (one hour), and (iii) restricted entry into the brain due to its highly water soluble 

(80mg/mL) property (Tamai & Tsuji, 1996; Fazil et al., 2012). Many approaches have 

been proposed to assist hydrophilic drugs to cross the BBB including physical and 

chemical modification of the BBB and use of targeted DDS such as liposomes and 

NPs. Each technique has its own benefit and limitations which are described in the 

Chapter 1, Section 1.3. However, polymeric NPs has unique advantage of being small 

in size and having the capability of being grafted with targeting ligand(s) or made of 

desired surface properties. Also, they can be made from biocompatible and 

biodegradable materials such as PLGA. Furthermore, NPs can be used for carrying 

both hydrophilic and lipophilic molecules and for controlled release of therapeutic 

molecules. Thus, RHT-loaded polymeric NPs with targeting ligand(s) can be a 

promising technique to improve the RHT treatment of AD (Joshi et al., 2010; Shah et 

al., 2015). 

In this chapter, a novel dual ligand NPs formulation was developed and optimised as 

a platform technology for delivering drugs to the brain. RHT was selected as a model 

drug to test the formulation. The NPs were characterised by their morphology, particle 

size, size distribution, surface charge, EE and DL. Nano-sized particles with high RHT 

loading were successfully produced following optimisation of formulation factors. In 

vitro drug release of the formulations was performed and the data were analysed using 

kinetic models to understand the drug release mechanism. Also, two lipophilic tracers 

called 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine (DiD) and coumarin-6 

were loaded independently in the optimised NPs systems for cellular investigations, 

which are described in further chapters. 
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4.2 Materials 

EtAc (Cat. # E/0900/17) and DCM (Cat. # D/1856/17) were obtained from Thermo 

Fisher Scientific (Scoresby, Australia). RHT (Cat. # IC-CS-146-0-140108, 99.2%) 

was procured from Innochem Technology Co. Ltd. (Beijing, China). PBS (Cat. # 

P3813), vitamin E-TPGS (Cat. # 57668), coumarin-6 (Cat. # 442631, ≥ 98%), 

Pluronic® F127 (Cat. # P2443), PVA (Cat. # 360627), Resomer® RG 502H (acid 

terminated PLGA, Cat. # 719897, MW=7-17 kDa, PLA/PGA ratio of 50/50) and 

Resomer® RG 503H (acid terminated PLGA, Cat. # 719870, MW=24-38 kDa, 

PLA/PGA ratio of 50/50) were purchased from Sigma-Aldrich (Castle Hill, Australia). 

High MW PLGA (Purasorb® PDLG, MW=110 kDa) was purchased from Corbion 

Purac Biochem BV (Gorinchem, Netherlands). Low MW acid terminated PLGA (Cat. 

# B6013-1, intrinsic viscosity 0.19 dL/g, number-average MW ~3.5 kDa), with a 50/50 

ratio (PLA/PGA) was supplied as LACTEL Absorbable Polymers (Durect 

Corporation, Birmingham, USA). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[methoxy (polyethylene glycol)-5000] (DSPE-mPEG, Cat. # PG1-DS-5k) was 

obtained from Nanocs (Boston, USA). SA-ODA conjugate was synthesised (Chapter 

2) from SA (Cat. # A2388) and ODA (Cat. # 305391), both of which were purchased 

from Sigma Aldrich (Castle Hill, Australia). DSPE-PEG-TAT conjugate was also 

synthesised (Chapter 2) from DSPE-PEG-NHS (Cat. # PG2-DSNS-2k) purchased 

from Nanocs (Boston, USA) and TAT peptide was custom-synthesised by GL 

Biochem Ltd (Shanghai, China). DiD (Cat. # D7757) was obtained from Life 

Technologies Australia Pty Ltd (Scoresby, Australia).   
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4.3 Methods 

4.3.1 Preparation of PLGA NPs 

The most important factor that determines the NPs preparation technique for a drug is 

the physicochemical properties of the drug itself, especially its hydro- and lipophilicity 

(Olivier, 2005; Lu et al., 2014; Sharma et al., 2016b). Our model drug, RHT, has both 

hydrophilic and lipophilic characters making it challenging to select the best NPs 

preparation method (Figiel & Sadowsky, 2008; Kurz et al., 2009). To address the 

problem, two techniques were investigated for NPs preparation, namely solvent 

evaporation method, and double emulsion solvent evaporation method. In addition, 

post loading method was also investigated for RHT incorporation in NPs. 

Briefly, in the solvent evaporation method, an O/W emulsion was prepared first with 

the organic phase containing polymer matrix and the drug. NPs was solidified by 

evaporation of the organic solvent. In the double emulsion solvent evaporation 

method, a primary W/O emulsion was prepared first where the water phase contained 

the drug. This was further emulsified in water containing stabiliser to obtain the final 

W/O/W emulsion. The organic solvent was then evaporated to produce NPs. In the 

post loading method, empty NPs were first prepared using O/W method. The NPs were 

then incubated with a concentrated drug solution at 37°C with agitation to facilitate 

migration/absorption of the drug into the empty NPs by the simple diffusion process. 

Three types of NPs were prepared varying the number of grafted ligands on the NPs 

surface. The full composition of the NPs is given in Table 4.1. 

Table 4.1. Formulation of different types of NPs according to ligand incorporation. 

NPs 

type 

Formulation 

Core polymer (PLGA) PEGylated Ligand 1 (SA) Ligand 2 (TAT peptide) 

1 √ √ - - 

2 √ √ √ - 

3 √ √ √ √ 

 

In the following sections, the PLGA NPs preparation methods are discussed in details: 
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4.3.1.1 NPs by Oil-in-Water (O/W) Method 

The basis of this technique is to prepare a nano-emulsion of oil in water where the oil 

phase contains the drug. Mainly lipophilic agents are loaded into the NPs by this 

method (Vauthier & Bouchemal, 2009; Khadka et al., 2014). The general procedure 

for preparation of NPs by O/W method is described here. Specific names and 

concentrations of the components in the final NPs preparation are discussed in the NPs 

optimisation sections (sections 4.3.2 and 4.4.1). 

Firstly, a 4mL stabiliser solution (water phase) was placed in a 13mL test tube and 

2mL organic solvent containing the ligands, DSPE-mPEG, PLGA and drug (oil phase) 

was added dropwise at a rate of about 0.5mL per minute to the stabiliser solution while 

it was under vortex. The vortexing was continued for an extra 15 seconds after the 

addition was completed. The content was sonicated using a 200-watt direct immersion 

probe sonicator (UP200S with an S7 sonotrode, Hielscher Ultrasonics GmbH, Teltow, 

Germany) on an ice bath for 2 minutes at 20% amplitude (40 watts) and 0.4 cycles per 

minute. The resulting emulsion (Figure 4.1, left) was then transferred completely by 

rinsing into a 500mL RBF and the organic solvent was evaporated under reduced 

pressure using a rotary evaporator (Büchi Rotavapor R-200, Flawil, Switzerland) at 

50°C and rotation speed of 100 rpm. The suspension was centrifuged using an Avanti-

JE centrifuge and JA-20 rotor (Beckman Coulter, Inc., Indianapolis, USA) at 17,000g 

speed for 30 minutes at 4°C and the sediment redispersed in Milli-Q water. The 

supernatant was used to determine the drug EE and DL while the NP suspension was 

stored at 4°C and all experiments were conducted within next 7 days. Prior to 

commencing any experiment, an aliquot from this NP suspension was further 

centrifuged using a Microfuge® 16 centrifuge (Beckman Coulter, Inc., Krefeld, 

Germany) at 16,000g for 5 minutes. The supernatant was analysed to determine the 

exact drug loading at the start of any studies that were conducted after resuspending 

the NPs in the medium as per individual protocol. 
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Figure 4.1. Illustration of O/W and W/O/W emulsion system.  

 

4.3.1.2 NPs by Water-in-Oil-in-Water (W/O/W) Method 

This method is comprised of three main steps – (a) preparation of a primary emulsion 

of water in oil where the water phase contains the drug, (b) preparation of the final 

emulsion (W/O/W) by further emulsifying the primary emulsion with water, and (c) 

evaporation of the organic solvent to form the NPs by solidification of emulsion 

droplet. Mainly hydrophilic agents are loaded into the NPs by this method (Vauthier 

& Bouchemal, 2009; Khadka et al., 2014). Below is a general procedure for 

preparation of NPs by W/O/W method.  

Firstly, a 3-mL solution of the ligands, DSPE-mPEG and PLGA dissolved in EtAc (oil 

phase) was transferred to a 13mL test tube under vortex. The aqueous phase (0.5mL) 

containing the drug (inner water phase) was added dropwise (~0.5mL min-1) to the oil 

phase. Vortexing was continued for an extra 15 seconds after the addition was 

completed. The content was sonicated using a probe sonicator in an ice bath for 2 

minutes at 20% amplitude (40 watts) and 0.4 cycles per minutes. The resulting primary 

emulsion was then transferred to a 20mL glass vial containing 15mL stabiliser solution 

(outer water phase) and immediately sonicated using the probe sonicator in an ice bath 

for 2 minutes at 60% amplitude (120 watts) and 0.4 cycles per minutes.  

Oil phase Water phase 
Inner water phase 

Outer 

water 

phase 

Oil phase 

O/W W/O/W 
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Final emulation (Figure 4.1, right) was transferred to 500mL RBF and the organic 

solvent was evaporated under reduced pressure using rotary evaporator at 50°C and 

rotation speed of 100 rpm. The suspension was centrifuged at 17,000g at 4°C for 30 

min and the sediments were redispersed in Milli-Q water. The supernatant was used to 

determine the drug EE and DL while the NP suspension was stored at 4°C and all 

experiments were conducted within next 7 days. Prior to commencing any experiment, 

an aliquot from this NP suspension was further centrifuged using Microfuge® 16 

centrifuge at 16,000g for 5 minutes. The supernatant was analysed to determine the 

exact drug loading at the start of any studies that were conducted after resuspending 

the NPs in the medium as per individual protocol. 

Figure 4.2. Illustration of RHT-loaded PEGylated NPs with dual ligands – (i) SA and 

(ii) TAT peptide.
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4.3.1.3 NPs by Post Loading Method 

Although not extensively used, the post loading method of NPs preparation is reported 

to be very promising (Wang et al., 2011). This technique mainly uses the passive 

diffusion capability of the drug in the core polymer. As RHT possess both lipophilic 

and hydrophilic properties, the post loading technique was investigated.  

Blank NPs was prepared using O/W method discussed above without any drug. After 

the solvent evaporation and centrifugation steps, the supernatant was replaced by the 

RHT solution (2mg drug in 4mL in water). After resuspending the blank NPs, the 

suspension was shaken on an Orbit Shaker (Model 3519, Lab-Line Instruments, Inc., 

Melrose Park, IL, USA) for 1 hour at 37°C. Then, the suspension was centrifuged at 

17,000g speed for 30 min at 4°C and redispersed in Milli-Q water. The NP suspension 

was stored at 4°C and all experiments conducted within 7 days of preparation. 

4.3.2 Optimisation of NPs formulation 

The procedure for NPs formulation optimisation involved assessment of factors 

outlined in Table 4.2. In each case, the best setting was carried over for optimising the 

next factor. To minimize the cost, optimisation of NPs formulation was conducted 

without ligands and DSPE-mPEG. Only optimum PLGA formulation was then used 

for incorporation of dual ligands with DSPE-mPEG. The methods used for formulation 

are described in the following sections. 



Table 4.2. Overview of the formulation factors examined. 

Optimisation Step 

Factors optimised 

PLGA Drug Stabiliser type and 

conc. (% w/v) 

Organic 

solvent 

Preparation 

method MW (kDa) Conc. (mg/mL) Type Amount (mg) 

Salt vs. free base 
(RHT vs. RV) 

RHT, 

RV 

Organic solvent 
DCM, 

EtAc 

Preparation method 
O/W, W/O/W, modified 

W/O/W, post loading 

PLGA MW 
3.3, 7-17, 

24-38, 110

Stabiliser type & 

concentration 

PVA - 0.6%, 1.0% 

Pluronic - 0.5%, 1.0% 

Vit E-TPGS - 0.3%, 1.0% 

PLGA conc. 
10, 15, 20, 25, 
30 

Drug polymer ratio 
5, 10, 20, 30, 

40 

RHT represents rivastigmine tartrate salt whereas RV represents the free rivastigmine base. 
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4.3.2.1 Effect of Rivastigmine Ionic Forms  

The model drug was purchased as rivastigmine tartaric acid salt and a portion was 

converted into rivastigmine base (RV). Incorporation of both RV (6.25mg) and RHT 

(10mg) in PLGA NPs, using both O/W and W/O/W method (section 4.3.1.1 and 

4.3.1.2), with Purasorb® PDLG as the core polymer and 0.6% (w/v) PVA as the 

stabiliser, was investigated. The particle size, polydispersity index (PDI) and % DL 

were compared to select the best combination. 

Conversion of RHT salt to RV base 

400mg RHT salt was dissolved in 10mL water and few drops of potassium carbonate 

solution (2M) added to the solution to raise the pH to above 10. The free RV base was 

extracted for 4-5 times with 5-10mL DCM every time until the aqueous phase was 

completely clear. Collected DCM was concentrated using rotary evaporation (50 rpm, 

40°C, ~10 min) and transferred into two pre-weighed 4mL vials. The oily RV base 

was obtained after overnight removal of the residual solvent at 30°C under vacuum. 

1H NMR and HPLC were performed to confirm the identity and structural integrity of 

the drug. 

4.3.2.2 Effect of Organic Solvent 

Both DCM and EtAc have been used as organic solvents in the NPs preparation. We 

compared these two organic solvents in terms of their boiling points, solubility of RHT 

salt in the solvents and particle size of the prepared NPs. W/O/W method was used to 

prepare the NPs using 30mg Purasorb® PDLG as the core polymer, 10mg RHT salt as 

drug and 0.6% (w/v) PVA as stabiliser. The particle size, PDI and % DL were 

compared to determine the organic solvent of choice. 

4.3.2.3 Effect of NPs Preparation Technique 

The best preparation technique was determined by preparing NPs with O/W, W/O/W, 

modified W/O/W and post loading methods (Section 4.3.1). In the modified W/O/W 

method, stabiliser was included in both aqueous phases. EtAc was used as the organic 

phase, 30mg Purasorb® PDLG as the core polymer, 10mg RHT salt or 6.25mg RV 

base as drug and 0.6% (w/v) PVA as stabiliser. The particle size, PDI and % DL were 

compared to determine the preparation method of choice. 
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4.3.2.4 Effect of Polymer MW 

The polymer MW and physical properties (like viscosity) vary with their chain length. 

In NPs preparation, PLGA with a wide range of MW has been used and reported 

(Costantino et al., 2005; Joshi et al., 2010; Tahara et al., 2011; Tsai et al., 2011; 

Averineni et al., 2012). In our laboratory, four PLGA co-polymers were tested to 

determine the best polymer for our drug (see Table 4.3). All polymers had different 

MW but consisted of same ratio (50:50) of lactide and glycolide groups. The NPs were 

prepared by modified W/O/W method using EtAc as the organic solvent, 30mg PLGA 

(of various MW) as core polymer, 10mg RHT salt as drug and 0.6% (w/v) PVA as 

stabiliser. The particle size, PDI and % DL were compared to find out the optimal 

polymer MW. 

Table 4.3. The different types of PLGA polymers used with their corresponding 

supplier, MW and terminal group. 

Name of polymer Supplier and address MW Terminal group 

Durect® PLGA 
Durect Corporation,  

Birmingham, USA 
3.3 kDa Acid terminated 

Resomer® RG 502H 
Sigma-Aldrich,  

Castle Hill, Australia 
7-17 kDa Acid terminated 

Resomer® RG 503H 
Sigma-Aldrich,  

Castle Hill, Australia 
24-38 kDa Acid terminated 

Purasorb® PDLG 
Corbion Purac Biochem BV,  

Gorinchem, Netherlands 
110 kDa Ester terminated 

 

4.3.2.5 Effect of Stabiliser 

PVA is a widely-used stabiliser in NPs preparation but must be removed very carefully 

from the formulation to minimise its toxic effects (Sahoo et al., 2002). However, there 

is a minimum amount of PVA that has to remain in the formulation for maintaining 

NPs stability. To overcome this problem, an alternate stabiliser was sought: PVA, 

Pluronic® F127 and vitamin E-TPGS were tested. The NPs were prepared by modified 

W/O/W method using EtAc as the organic solvent, 30mg Resomer® RG 503H as core 

polymer, 10mg RHT salt as drug and two concentrations of PVA, Pluronic® F127 or 

vitamin E-TPGS as stabiliser. The particle size, PDI and % DL were compared to 

determine the optimal type and concentration of stabiliser. 
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4.3.2.6 Effect of Polymer Concentration 

Polymer quantity also plays an important role in the NPs preparation technique, 

determining the particle size and drug loading capacity. To determine the optimum 

PLGA concentration, several batches of NPs were prepared by modified W/O/W 

method using EtAc as the organic solvent, Resomer® RG 503H (30, 45, 60, 75 or 

90mg) as core polymer, 10mg RHT salt as drug and 0.3% vitamin E-TPGS as 

stabiliser. The particle size, PDI and % DL were compared to determine the best 

polymer concentration. 

4.3.2.7 Effect of Drug Polymer Ratio 

The amount of drug required to achieve optimum DL was determined by making 

several batches of NPs with different amount of drug while keeping all other 

parameters constant. Briefly, NPs were prepared by modified W/O/W method using 

EtAc as the organic solvent, 60mg Resomer® RG 503H as core polymer, RHT salt (5, 

10, 20, 30 or 40mg) as drug and 0.3% (w/v) vitamin E-TPGS as stabiliser. The particle 

size, PDI and % DL were compared to determine the best drug polymer ratio. 

4.3.2.8 Effect of Sonication Settings 

The primary emulsion (W/O) was prepared into a 13mL test tube following a published 

method (McCall & Sirianni, 2013). The minimum power of the available probe 

sonicator (40 watts) was used to avoid loss of content by excessive agitation. The cycle 

setting was kept at 0.4 cycles/min to avoid unnecessary heat production. The 

sonication time was optimised by studying the effect of sonication time on primary 

emulsion formation, and checking the stability of both the emulsion and drug over 30 

minutes. 

A similar exercise was conducted to determine the sonication time for preparation of 

the secondary emulsion (W/O/W). However, because this step was carried out in a 20-

mL glass vial, it was assumed that it would require higher wattage setting to deliver 

enough power to sonicate the mixture homogeneously. So, the cycle setting and time 

of sonication were kept identical as the previous step for method simplicity and power 

was gradually raised from 40 to 160 watts. The optimised power setting was selected 

by observing the final emulsion stability for 30 minutes. 
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4.3.3 Preparation of Dual Ligand PLGA NPs 

Two ligands (SA-ODA and DSPE-PEG-TAT) and the PEG chain (DSPE-mPEG) were 

incorporated in the optimised NPs system to prepare PEGylated dual ligand PLGA 

NPs. The AD model drug, RHT as well as two lipophilic fluorescent tracers (DiD or 

coumarin-6) were incorporated independently. The preparation methods are briefly 

discussed here: 

4.3.3.1 Preparation of PEGylated Dual Ligand RHT-loaded NPs 

The PEGylated dual ligand RHT-loaded NPs was prepared using modified double 

emulsion solvent evaporation method comprising of three main steps - (i) preparation 

of a primary emulsion of water in oil where water phase contains RHT, (ii) preparation 

of the final emulsion (W/O/W) by further emulsifying the primary emulsion with water 

containing stabiliser, and (iii) evaporation of the organic solvent to form the NPs by 

solidification of emulsion droplet. The procedure below was followed for the NPs 

preparation- 

• 4mg SA-ODA was dissolved in 150µL ethanol (100% v/v) whereas 4mg DSPE-

PEG-TAT and 4mg DSPE-mPEG were dissolved in 150µL chloroform. These two 

solutions were rinsed and mixed with 3mL EtAc. Finally, 50mg PLGA (Resomer® 

503H) was dissolved in it to obtain the complete organic phase. 

• 30mg RHT was dissolved in 0.5mL 0.3% (w/w) vitamin E-TPGS solution to obtain 

the inner aqueous phase. 

• The organic phase containing the ligands, DSPE-mPEG and PLGA was transferred 

to a 13mL test tube under high vortex. The inner aqueous phase containing the 

drug was added dropwise (~0.5mL min-1) to the oil phase. 

• Vortexing was continued for an extra 15 seconds after the addition was completed. 

The content was sonicated using a probe sonicator in an ice bath for two minutes 

at 20% amplitude (40 watts) and 0.4 cycles per minutes.  

• The resulting primary emulsion was then transferred to a 20mL glass vial 

containing 15mL 0.3% (w/w) vitamin E-TPGS solution (outer aqueous phase) and 

immediately sonicated using the probe sonicator in an ice bath for two minutes at 

60% amplitude (120 watts) and 0.4 cycles per minutes. 
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• Final emulation was transferred to 500mL RBF and the organic solvent was 

evaporated under reduced pressure using rotary evaporator at 50°C and rotation 

speed of 100 rpm.  

• The suspension was centrifuged at 17,000g at 4°C for 30 min and the sediments 

were redispersed in 5mL Milli-Q water. The supernatant was used to determine the 

drug EE and DL while the NP suspension was stored at 4°C and all experiments 

were conducted within next 7 days.  

• Immediately before commencing any experiment, the NP suspension was 

centrifuged again using Microfuge® 16 at 16,000g for 5 minutes to remove the 

supernatant and NP pellets were re-dispersed in the experimental medium. The 

exact drug loading in the NPs was re-calculated after analysing RHT in the 

supernatant. 

4.3.3.2 Preparation of PEGylated Dual Ligand Dye-loaded NPs 

The PEGylated dual ligand DiD or coumarin-6-loaded NPs was prepared using single 

emulsion solvent evaporation method comprising of two main steps - (i) preparation 

of an emulsion of oil in water where oil phase contains the dye, and (ii) evaporation of 

the organic solvent to form the NPs by solidification of emulsion droplet. The 

procedure below was followed for the NPs preparation- 

• 0.2 mg DiD and 2mg SA-ODA was dissolved in 75µL ethanol (100% v/v) whereas 

2mg DSPE-PEG-TAT and 2mg DSPE-mPEG were dissolved in 75µL chloroform. 

These two solutions were rinsed and mixed with 2mL EtAc. Finally, 35mg PLGA 

(Resomer® 503H) was dissolved in it to obtain the complete organic phase.  

• In case of coumarin-6-loaded NPs, 0.2mg coumarin-6 was used in place of DiD 

and was dissolved directly in EtAc after dissolving both ligands, DSPE-mPEG and 

PLGA. 

• 4mL 0.3% (w/w) vitamin E-TPGS solution (aqueous phase) was placed in a 13mL 

test tube and the organic phase containing the ligands, DSPE-mPEG, PLGA and 

the dye was added dropwise at a rate of about 0.5mL per minute to the stabiliser 

solution while it was under high vortex. 
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• The vortexing was continued for an extra 15 seconds after the addition was 

completed. The content was sonicated using a 200-watt direct immersion probe 

sonicator on an ice bath for 2 minutes at 20% amplitude (40 watts) and 0.4 cycles 

per minute.  

• The resulting emulsion was then transferred completely by rinsing into a 500mL 

RBF and the organic solvent was evaporated under reduced pressure using a rotary 

evaporator at 50°C and rotation speed of 100 rpm.  

• The suspension was centrifuged at 17,000g speed for 30 minutes at 4°C and the 

sediment redispersed in 5mL Milli-Q water. The supernatant was used to determine 

the drug EE and DL while the NP suspension was stored at 4°C and all experiments 

were conducted within next 7 days.  

• Prior to commencing any experiment, a 1mL aliquot from this NP suspension was 

further centrifuged using a Microfuge® 16 centrifuge (Beckman Coulter, Inc., 

Krefeld, Germany) at 16,000g for 5 minutes. The supernatant was analysed to 

determine the exact drug loading at the start of any studies that were conducted 

after resuspending the NPs in the medium as per individual protocol. 
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4.3.4 Characterisation of PLGA NPs 

The final drug-loaded PEGylated dual ligand NPs were characterised by evaluating 

their morphology, particle size and zeta potential, drug entrapment and loading 

efficiency, Differential Scanning Calorimetry (DSC) analysis and their in vitro release 

properties. The following sections describe the details of conditions under which 

experiments were conducted. 

4.3.4.1 Freeze Drying of NPs 

The RHT-loaded dual ligand PEGylated PLGA NP suspension was frozen at −80°C 

for a minimum of 30 minutes in a 20mL glass vial. The freeze dryer was turned on and 

kept running for immediate transfer of the sample. To avoid melting of the frozen 

content, a vial cap was promptly replaced by a small piece of aluminium foil and 

secured using a rubber band. A few moisture escape holes were pierced on the foil 

with a needle, and the vial was placed in the drying chamber of the freeze dryer. The 

sample was dried for 48 hrs and the final dry NPs was sealed properly and stored at 

−20°C for the FESEM and DSC analysis (McCall & Sirianni, 2013). 

4.3.4.2 Morphology of NPs 

The morphological evaluation of NPs was performed using FESEM (Zeiss, Neon 

40EsB, Oberkochen, Germany). Freeze dried NPs were placed on metallic stubs with 

double-sided carbon tape, air-blown to remove the excess powder, and coated with 

approximately 3nm platinum by a sputter coater (Cressington Sputter Coater 208HR, 

Cressington Scientific Instrument Ltd., Watford, England) using the attached high 

resolution thickness controller (Cressington MTM-20, Cressington Scientific 

Instrument Ltd., Watford, England) before the morphological analysis. 

4.3.4.3 Particle Size and Zeta Potential Analysis 

The NP suspensions were diluted with Milli-Q water to 0.5mg/mL and transferred into 

disposable folded capillary cell (DTS1070, Malvern Instruments, Malvern, 

Worcestershire, UK) for both zeta potential, particle size and size distribution analysis. 

Samples were analysed in triplicate by using a Malvern Zetasizer Nano ZS (Malvern 

Instruments, Malvern, Worcestershire, UK).  
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4.3.4.4 Evaluation of EE and DL 

The amount of drug entrapped in the NPs was calculated by the difference between the 

total amount of drug added to the NPs formulation and the amount of free drug 

remaining in the aqueous supernatant. During NPs preparation, a 50µL supernatant 

was collected after the centrifugation step, diluted to 10mL with mobile phase (200 

times dilution) and the amount of free RHT was determined by HPLC method, whereas 

the amount of DiD and coumarin-6 were analysed using an EnSpire® 2300 multimode 

plate reader (PerkinElmer corporation, Wellesley, USA). DL and EE were calculated 

using the following equations: 

DL (%) =  (
Amount of drug added − amount of free drug

Weight of NP †
) ×100 

EE (%) =  (
Amount of drug added − amount of free drug

Amount of drug added
) ×100 

†Weight of the NPs was calculated as sum of the weights of drug, core polymer, 

ligands and DSPE-mPEG present in the corresponding formulation. 

4.3.4.5 Differential Scanning Calorimetry Analysis 

DSC thermograms of RHT, PLGA, a physical mixture of RHT and PLGA and freeze 

dried RHT-loaded PLGA NPs were obtained using a DSC8000 (Perkin-Elmer 

corporation, Wellesley, USA). Approximately 5 mg of each sample was weighed on 

the bottom aluminium pan, the top pan was added and hermetically sealed using a DSC 

sample pan hand crimper. DSC thermogram was recorded while heating the pan over 

a heating range of 50-200°C at 50°C/min temperature increment rate under a nitrogen 

purge. An empty hermetically sealed aluminium pan was used as the reference. Data 

were collected and analysed by the Pyris® software version R10.1. 
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4.3.4.6 In vitro Release of Rivastigmine from NPs 

The in vitro release profile of RHT-loaded NPs was carried out at pH 7.4 in PBS under 

a sink condition. 3mL RHT-loaded NP suspension containing 1mg RHT (calculated 

from drug loading data) was placed in a standard RC dialysis tube, MWCO of 12 kDa 

(Spectra/por®-Spectrum Labs. Inc., Rancho Dominguez, CA, USA). This dialysis 

tube was sealed with dialysis tubing closures (Spectra/Por® Closures) and placed in a 

60g glass jar containing 50mL pre-warmed PBS at 37°C. The jar was placed on an 

Orbit Shaker in the hot room (37°C) and horizontally shaken at 100 rpm. 1mL sample 

was withdrawn at 0, 15, 30 and 45 min, 1h, 1.5h, 2h, 3h, 4h, 8h and 24h. The jar was 

replenished with an equal volume of fresh PBS. The amount of RHT released in the 

release medium (PBS) was analysed by HPLC method. Drug diffusion from RHT 

solution was evaluated using the same protocol. All drug release study was conducted 

in triplicate. 

To understand the drug release mechanism from the NPs, the release data was fitted in 

four kinetics models namely zero order, first order, Higuchi model and Korsmeyer-

Peppas model (Higuchi, 1963; Korsmeyer et al., 1983; Fu & Kao, 2010). For the 

different models, obtained release data were plotted as follows- 

• zero order: cumulative % drug release vs. time,  

• first order: log cumulative % drug remaining vs. time,  

• Higuchi’s model: cumulative % drug released vs. square root of time, 

• Korsmeyer-Peppas model: log cumulative % drug released vs. log time.  

  

4.3.5 Stability of Dual Ligand PEGylated PLGA NPs 

Blank-NPs and RHT-loaded PLGA NPs without any ligand (NP-0L), with SA ligand 

(NP-1L), and with double ligands (NP-2L) in Milli-Q water were stored at 4°C for 

seven days to assess their stability. After every 24 hrs, the NPs size and zeta potential 

were measured using Malvern Zetasizer. Also, during storage at 4°C, the leached 

amount of RHT, DiD and coumarin-6 from their NPs was investigated for seven days. 

Moreover, as the release study was conducted with PBS at 37°C, the HPLC spectra 

obtained at 24 hrs time point was observed for any degradation product to ensure that 

RHT was stable in the buffer at 37°C for at least 24 hrs. 
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4.4 Results and Discussion 

4.4.1 Optimisation of NPs Formulation 

RHT is a highly water soluble tartaric acid salt form of rivastigmine and has 8.0% w/v 

aqueous solubility at 20°C, whereas free RV base has only 0.2% w/v aqueous 

solubility. The O/W method is preferable for NPs preparation due to relatively smaller 

size of the final NPs (McClements, 2015), therefore RHT was chemically converted 

into RV to be used in O/W method. Conversion of RHT to RV was successful and the 

product yield was approximately 99% (w/w). The physical characteristics of the 

product matched with the Material Safety Data Sheet (MSDS) specifications (viscous, 

yellow liquid). 1H NMR spectra (Figure 4.3 and Figure 4.4) confirmed the absence of 

the tartaric acid and the structural integrity of the RV base. 

Preliminary trials were conducted using O/W method incorporating both RV base and 

RHT salt as the drug, however, neither RV or RHT could achieve satisfactory drug 

loading. The possible reason was probably the hydrophilicity of the drug that has also 

been reported by other researchers (Vrignaud et al., 2011; Arpicco et al., 2016). 

Although RV is a free base it has a solubility of about 2.04mg/mL (0.2% w/v) in the 

aqueous phase, which promotes drug escape resulting in very low drug loading 

(~0.1%). The W/O/W method using RV base also did not improve drug loading. A 

higher drug loading (~0.4%) was achieved with RHT, therefore, this highly water-

soluble salt form (which was dissolved in the inner aqueous phase) was selected in 

conjunction with the W/O/W method for NPs preparation. 

 

 



 

 

 

Figure 4.3. 1H NMR spectra of rivastigmine tartrate salt illustrating presence of the tartrate molecule. The singlet peak at 4.14 ppm can be assigned 

to the two identical protons in the tartrate molecule (denoted by a). 
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Figure 4.4. 1H NMR spectra of rivastigmine base illustrating absence of the tartrate peak at 4.14ppm confirming conversion of the rivastigmine 

salt into free base. 
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For the solvent evaporation method, the low boiling point of DCM (39.6°C) favours 

its wide use as the organic solvent system, as it is easy to remove at low temperature 

with or without vacuum. EtAc has a higher boiling point (77.1°C) compared to DCM 

and needs approximately 50°C under reduced pressure to remove it during NPs 

preparation procedure. Consequently, DCM is a popular choice for the preparation of 

PLGA NPs and has been widely used (Astete & Sabliov, 2006; McCall & Sirianni, 

2013). However, we found that using the same method and settings, swapping EtAc 

with DCM produced smaller particle size. This phenomenon has been reported 

previously, with the explanation that EtAc is miscible with water to some extent, 

resulting in a reduced surface tension of the polymer droplet in the primary emulsion, 

producing smaller NPs (McCall & Sirianni, 2013).  

Subsequent experiments revealed that RHT has very low solubility in EtAc (0.2% w/v) 

compared to that in DCM, which is higher than 10% (w/v). The principle of the 

W/O/W method is to keep the drug of interest in the inner aqueous phase. Thus, the 

lower the solubility of the drug in the organic phase, the higher the chance that it will 

stay in the inner aqueous phase rather than diffuse to the outer aqueous phase. 

Considering these factors, EtAc was selected as the organic phase of the choice for 

NPs preparations. 

Among all NPs preparation techniques under investigation, the post drug loading with 

RV produced NPs with most consistent size and % DL, with minimum batch-to-batch 

variation (Table 4.4). This is attributed to the simple method (mixing only) used in 

post-loading the drug onto naked NPs. However, the % DL of the NPs produced by 

post drug loading technique was too low to be considered as the optimal technique for 

future batch production. The O/W method, as expected and reported elsewhere (Lee 

et al., 2000; Rosca et al., 2004), was not able to entrap a satisfactory amount of drug 

in the NPs. The % DL in the W/O/W was approximately four times higher than that 

achieved by the O/W technique, however, it was still not deemed to be optimal 

formulation. In the modified W/O/W method, after adding the stabiliser (0.6% w/v 

PVA) in the inner aqueous phase, the % DL increased to about 0.8% and hence the 

addition of a stabiliser was chosen to be included in the technique for the future trials. 



Chapter 4 – Formulation Development and Characterisation 

116 

Table 4.4. Effect of preparation techniques on particle size and DL of the NPs. 

Preparation technique Drug 
Particle size ± SD (nm) 

(n=3) 

% DL ± SD 

(n=3) 

O/W RHT 151.9±8.2 0.1±0.03 

W/O/W RHT 166.3±6.1 0.4±0.1 

*Modified W/O/W RHT 160.1±11.6 0.8±0.1 

Post drug loading RHT 148.1±2.1 0.2±0.1 

Post drug loading RV 146.4±1.7 0.1±0.03 

*a stabiliser was included with the inner aqueous phase.  

All NPs were prepared from Purasorb® PDLG; EtAc was used as the organic phase, RHT or RV (as 

per the table) was incorporated as the model drug and 0.6% (w/w) PVA solution was used as the 

stabiliser. 

 

After finalising the ionic form of the drug, organic solvent and NPs preparation 

technique, optimisation of PLGA MW was undertaken. Although the ratio between 

the lactide and glycolide groups was the same (50:50) in the four PLGA co-polymers 

tested, their MW were significantly different which affected the drug loading (Table 

4.5). PLGA with MW 3.3 kDa entrapped minimum amount of drug despite using the 

modified W/O/W method. Resomer® RG 502H achieved 1.3% drug loading, whereas, 

Resomer® RG 503H produced NPs with the highest drug loading of 1.5%. The high 

MW Purasorb® PDLG (110 kDa) produced NPs with inferior drug loading compared 

to the Resomer® RG 503H, hence the later was selected as the polymer of choice.  

The relationship between the PLGA MW and the drug loading efficiency was reviewed 

previously by others. The authors concluded that usually under the same experimental 

conditions, higher MW PLGA polymers are generally capable of producing larger 

particles with higher drug loading (Dinarvand et al., 2011). Our experiment results 

followed this pattern for the first three MW. We speculate that the higher viscosity 

exerted by the high MW (110kDa) PLGA polymer delayed the organic solvent 

removal evident by the longer time taken in the rotary evaporator. Therefore, the 

escape of the drug molecule to the outer aqueous phase was facilitated, as has been 

reported earlier (Mittal et al., 2007).  
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Table 4.5. Effect of PLGA MW on particle size and DL of the PLGA NPs. 

PLGA Polymer type (MW) 
Particle size ± SD (nm) 

(n=3) 

% DL ± SD 

(n=3) 

Durect® PLGA (3.3 kDa) 80.3±3.4 0.4±0.1 

Resomer® RG 502H (7-17 kDa) 91.4±4.2 1.3±0.2 

Resomer® RG 503H (24-38 kDa) 102.6±7.1 1.5±0.1 

Purasorb® PDLG (110 kDa) 160.1±11.6 0.8±0.1 

All NPs were prepared using modified W/O/W method; EtAc was used as the organic phase and RHT 

was incorporated as the model drug and 0.6% (w/w) PVA solution was used as the stabiliser. 

During the stabiliser optimisation step, we found that the physical properties and % 

DL of the NPs produced with PVA, Pluronic F127 and vitamin E-TPGS as the 

stabiliser, were similar at both high and low concentrations (Table 4.6). However, 

vitamin E-TPGS has some properties that can provide an advantage over the other two 

stabilisers under investigation. It is not only an effective and biocompatible form of 

vitamin E to prevent vitamin E shortage, but can also enhance the oral absorption of 

vitamin E, which is of benefit in the management of AD (Grundman, 2000; Mu & 

Feng, 2002; Morris et al., 2015; Boccardi et al., 2016). Therefore, unlike other 

stabilisers, vitamin E-TPGS does not need to be removed completely at the end of the 

NPs production, saving extra steps and time. Some researchers have reported NPs 

preparation using 0.6% (w/v) or higher of vitamin E-TPGS as a stabiliser (Sun et al., 

2014b; Al-Quadeib et al., 2015), but our experiments did not show any significant 

improvement in NPs properties when compared to NPs made using 0.3% (w/v) 

concentration. This concentration, therefore, was selected for further NPs 

development. 

Table 4.6. Effect of stabilisers on particle size and DL of the PLGA NPs. 

Stabiliser Conc. (w/v) 
Particle size ± SD (nm) 

(n=3) 

% DL ± SD 

(n=3) 

PVA 
0.6% 102.6±7.1 1.5±0.1 

1.0% 109.1±3.4 1.4±0.1 

Pluronic® F127 
0.5% 100.6±6.5 1.3±0.1 

1.0% 99.1±5.6 1.4±0.2 

Vitamin E-TPGS 
0.3% 96.3±2.1 1.4±0.1 

1.0% 94.3±2.6 1.4±0.1 

All NPs were prepared from Resomer® RG 503H polymer using modified W/O/W method; EtAc was 

used as the organic phase and RHT was incorporated as the model drug. 
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In the next optimisation step, when polymer concentration was raised to 20mg/mL (i.e. 

60mg), NPs with 2.1% DL was produced while other properties remained satisfactory 

(Table 4.7). Lowering the PLGA concentration resulted in smaller particle size, but 

also substantially reduced the drug loading capacity, making the DDS impractical. An 

increment of the PLGA concentration up to 30mg/mL did not significantly increase 

the DL capacity (p > 0.05). Moreover, the average particle size exceeded the target 

size of 200nm and the final NP suspension was too viscous to handle comfortably. 

Increasing the PLGA concentration also raised the viscosity of the organic phase, 

which in turn resisted the reduction of the size of oil droplets, thereby producing larger 

NPs (Zweers et al., 2003; Sharma et al., 2016b). 

After determining the best solvent, drug molecular form, preparation technique, type 

and amount of the polymer and stabiliser, final experiments were carried out to find 

the appropriate polymer:drug ratio (i.e., theoretical drug loading or TDL) for the NPs 

preparation. Higher TDL was found to elevate the NPs drug loading to a certain level, 

after that the loading became almost constant (Table 4.8). Thus, a 30mg drug was 

selected for addition to the inner aqueous phase at the beginning of the NPs preparation 

procedure. Although the EE is low, considering that RHT is a highly water soluble 

drug, 3% drug loading was considered as satisfactory. Encapsulation of a hydrophilic 

moiety into a hydrophobic matrix is known to be a challenging task with 1-3% DL 

reported previously (Govender et al., 1999; Chen et al., 2008a). 

 

Table 4.7. Effect of PLGA concentrations on particle size and DL of the NPs. 

PLGA in Organic phase (3mL) Particle size ± SD (nm) 

(n=3) 

% DL ± SD 

(n=3) Conc. (mg/mL) Amount (mg) 

10 30 96.3±2.1 1.4±0.1 

15 45 123.9±3.3 1.7±0.2 

20 60 159.9±6.7 2.1±0.2 

25 75 186.4±5.4 2.2±0.1 

30 90 210.6±6.1 2.3±0.2 

All NPs were prepared from Resomer® RG 503H polymer using modified W/O/W method; EtAc was 

used as the organic phase, RHT was incorporated as the model drug and 0.3% (w/w) vitamin E-TPGS 

solution was used as the stabiliser. 
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Table 4.8. Effect of TDL on EE, DL, particle size and zeta potential of the PLGA 

NPs (n=3). 

PLGA 

(mg) 

RHT 

(mg) 

TDL 

(%) 

EE ± SD 

(%) 

DL ± SD 

(%)† 

Particle size  

± SD (nm)† 

Zeta potential 

± SD (mV)† 

60 

5 7.7 8.4±0.1 0.73±0.1 135.3±3.2 -31.3±1.0 

10 14.3 12.8±0.2 2.1±0.2 159.9±6.7 -26.1±3.5 

20 25.0 8.4±0.1 2.7±0.1 157.4±4.3 -29.2±3.6 

30 33.3 6.1±0.1 3.0±0.1 148.2±7.1 -26.7±2.7 

40 40.0 4.9±0.2 3.1±0.1 145.1±5.1 -28.8±4.2 

†The value reported here is the mean of three measurements. 

 All NPs were prepared from Resomer® RG 503H polymer using modified W/O/W method; EtAc was 

used as the organic phase, RHT was incorporated as the model drug and 0.3% (w/w) vitamin E-TPGS 

solution was used as the stabiliser.  

Sonication power and time had to be optimised with the change in each parameter, 

because any alteration of stabiliser type and amount and/or polymer type and 

concentration influenced the stability of the emulsion (both primary and secondary). 

With the optimised amount of PLGA and drug, it was found that a 2-minute sonication 

at 40 watts power and 0.4 cycles per minutes produced a primary emulsion that was 

stable for at least 10 minutes, which was sufficient to carry out the next step. This 

lower sonication power also helped to retain the contents within the 13mL test tube 

that was used for the primary emulsion preparation. A higher power produced a stable 

emulsion in a lesser amount of time but resulted in the loss of contents as a fine mist 

during the NPs preparation. Other researchers also used the lower sonication power 

for NPs preparation and it was also reported that higher sonication power and/or longer 

sonication time may even result in larger particle size due to droplet coalescence 

(Kaltsa et al., 2014; Amin et al., 2016; Lee & Cho, 2017). 

The secondary emulsion was prepared in a relatively larger (20mL) container 

demanding more power. Keeping the cycles and time similar to the previous step, the 

sonication power was increased to determine the optimum level of 120 watts. These 

sonication settings ensured that the secondary emulsion was stable for at least 30 

minutes, which was sufficient time to carry out the solvent evaporation by rotary 

evaporation. 
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4.4.2 Preparation of Dual Ligand PLGA NPs 

Once the PLGA NPs formulation was optimised, we incorporated the two ligands and 

DSPE-mPEG to prepare PEGylated dual ligand RHT-loaded PLGA NPs. Later, the 

lipophilic fluorescent dyes (DiD or coumarin-6) were also incorporated separately 

instead of RHT to prepare - (a) PEGylated dual ligand DiD-loaded PLGA NPs, and 

(b) PEGylated dual ligand coumarin-6-loaded PLGA NPs. The RHT-loaded PLGA 

NPs were used for physicochemical characterisation whereas the dye-loaded NPs were 

employed in cellular characterisation of this novel DDS. The drug loading in case of 

the fluorescent dyes was kept only 0.5% w/w intentionally because previous studies 

reported that higher drug loading (> 0.7% w/w) results in fluorescence quenching and 

thus, should be avoided (Wagh et al., 2012). 

The main challenge of formulating the dual ligand NPs was the solubility issue of the 

ligands and PEG chain in our chosen organic solvent. Our optimised NPs formulation 

used EtAc as the organic phase, in which, neither of the ligands (SA-ODA and DSPE-

PEG-TAT) nor the DSPE-mPEG demonstrated sufficient solubility. That is why, we 

decided to use co-solvents to incorporate them into our formulation. SA-ODA was 

dissolved in ethanol whereas DSPE-PEG-TAT and DSPE-mPEG were made into 

solution using chloroform. Fortunately, both ethanol and chloroform are readily 

miscible with each other as well as with EtAc making this formulation approach 

possible. The order of solvent/solute addition seemed to be crucial because clear 

solution was obtained only when pure EtAc was mixed with ligand containing co-

solvents. On the contrary, EtAc containing PLGA were unable to produce clear 

solution when mixed with ethanol (containing SA-ODA) and chloroform (containing 

DSPE-PEG-TAT and DSPE-mPEG). So, it was decided to add the PLGA at the final 

step of organic phase preparation process. 

The particle size, PDI, zeta potential and drug loading values of the optimised 

PEGylated PLGA NPs formulation (blank, loaded with RHT, DiD or coumarin-6) with 

or without ligands are summarised in Table 4.9. 



 

 

 

 

Table 4.9. Summary of particle size, PDI, zeta potential and drug loading values of blank and drug loaded optimised PLGA NPs formulation with 

or without ligands (n=3). 

Sl 

No. 
Loaded drug 

Preparation 

method 
PEGylated 

Ligand 1 

(TAT peptide) 

Ligand 2  

(SA) 

Particle size ± 

SD (nm)† 
PDI ± SD† 

Zeta potential 

± SD (mV)† 

DL ± SD 

(%)† 

1 None W/O/W Yes Yes Yes 176.3±5.9 0.13±0.02 -23.8±3.2 N/A 

2 RHT W/O/W Yes - - 128.3±3.4 0.13±0.03 -26.4±1.3 2.9±0.1 

3 RHT W/O/W Yes - Yes 134.9±6.7 0.12±0.01 -28.3±2.3 2.8±0.2 

4 RHT W/O/W Yes Yes Yes 139.5±3.9 0.13±0.03 -24.3±2.5 3.0±0.1 

5 None O/W Yes Yes Yes 134.3±3.2 0.09±0.03 -25.4±1.2 N/A 

6 DiD O/W Yes - - 110.2±5.8 0.16±0.02 -24.9±3.6 0.44±0.2 

7 DiD O/W Yes - Yes 115.6±2.9 0.13±0.02 -27.6±2.5 0.46±0.2 

8 DiD O/W Yes Yes Yes 120.2±3.7 0.12±0.01 -21.6±2.6 0.44±0.3 

9 Coumarin-6 O/W Yes - - 116.1±4.6 0.09±0.03 -23.4±1.9 0.48±0.1 

10 Coumarin-6 O/W Yes - Yes 114.9±6.4 0.12±0.03 -22.4±2.9 0.47±0.2 

11 Coumarin-6 O/W Yes Yes Yes 122.5±3.9 0.14±0.01 -22.8±3.4 0.46±0.1 

† The value reported here is the mean of three measurements. 

 All NPs were prepared from Resomer® RG 503H polymer using EtAc as the organic solvent and 0.3% (w/w) vitamin E-TPGS solution as the stabiliser. 
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4.4.3 Characterisation of NPs Formulation 

4.4.3.1 Morphology of NPs 

FESEM images (Figure 4.5) were captured at a very low voltage (3kV) because at 

higher power, the particles started to deform/melt very quickly under the beam. Images 

of the RHT loaded PLGA NPs without any ligand confirmed that they were smooth, 

spherical, and mostly below 200nm, like previously reported images (Manoochehri et 

al., 2013; Luo et al., 2016).  

  

 

Figure 4.5. FESEM image of RHT loaded PEGylated PLGA NPs without any ligand 

(A) and with dual ligands (B). 

A 

B 
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However, under the same instrument setup, PLGA NPs with dual ligand showed 

distinct structural modifications, which suggests that the nature of the NPs surface had 

altered significantly due to the ligand attachments. It was also observed the 

deformation of dual ligand PLGA NPs occurred much quicker under the beam than 

that of naked PLGA NPs. This phenomenon is expected as the presence of ligands and 

their linkage would have modified the melting points of the core polymer, producing 

the irregular shape of NPs as a result of the melting process. Chen et al. (2011) also 

published their work illustrating FESEM images of PLGA NPs with ligands showing 

non-smooth and non-discrete particles. 

Image analysis by ImageJ® software (Ver. 1.50i) confirmed that the particle size 

distribution is narrow (Figure 4.6) and matched the data obtained from the Malvern 

particle size analyser. 

 

 

Figure 4.6. Particle size distribution of PLGA NPs. 
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4.4.3.2 Particle Size and Zeta Potential Analysis 

The particle size and surface charge of the optimised NPs were satisfactory (section 

4.4.1). The PDI of all NPs batches was below 0.2, which indicates a narrow particle 

size distribution. Figure 4.7 shows typical particle size distribution and surface charge 

spectra of RHT-loaded NPs generated by the Malvern Zetasizer. The particle size, PDI, 

zeta potential and drug loading values from different optimisation trials of PLGA NPs 

are summarised in Error! Reference source not found. in the Appendix IV. 

 

 

 

 

Figure 4.7. Illustration of typical particle size distribution (A) and surface charge (B) 

of RHT-loaded NPs. 
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4.4.3.3 Differential Scanning Calorimetry Analysis 

Figure 4.8 illustrates the DSC thermogram of RHT, PLGA, RHT and PLGA physical 

mixture, and RHT loaded PLGA NPs. It can be observed that RHT has an endothermic 

glass transition temperature around 125°C. PLGA did not melt within the experimental 

temperature range as evident by the straight line which is expected for an amorphous 

polymer. In the physical mixture thermogram, a peak is observed at 120°C 

corresponding to the RHT melting point peak in its crystalline form. This peak is 

absent in PLGA NPs thermogram suggesting that the drug was no longer in a 

crystalline state, rather it was embedded in the PLGA matrix in an amorphous state. 

Manoochehri et al. (2013) also reported a similar thermogram confirming that the drug 

is in the matrix and not adsorbed on the particle surface. 
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Figure 4.8. DSC thermograms of RHT (A), PLGA (B), RHT and PLGA physical 

mixture (C), and RHT loaded PLGA NPs (D).  
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4.4.3.4 In vitro Drug Release from NPs 

Almost 50% of the encapsulated drug released from the NPs over 24 hrs (Figure 4.9). 

The grafting of the ligands had minimal effect on the release profile. After 24 hrs, the 

graph did not attain the plateau level indicating that the particles were capable of 

releasing more drug and can be utilised for controlled release of RHT. Other 

researchers also found similar release pattern for their PLGA NPs (Chen et al., 2011; 

Fazil et al., 2012). There was a small amount of burst release in the first one hour 

(<10%) that may act clinically as ‘loading dose’. This low initial RHT release from 

the NPs ensures that most of the loaded drug will rely on the carrier system to cross 

the BBB. The in vitro drug release mechanism was determined using kinetics models. 

The developed DDS provided sustained RHT release and close to ideal drug release 

profile has been obtained. As expected, drug release from all NPs demonstrated best 

fit to the Higuchi model (Figure 4.10 and Table 4.10). It can be postulated that the 

release of RHT from PLGA NPs (non-swellable and non-erodible drug) occurred via 

permeation through pores in the matrix as well as a diffusion-governed release 

(Higuchi, 1963). This corresponds with published in vitro release data for lupeol and 

2-Methoxyestradiol from PLGA NPs, which also fitted well to the Higuchi model 

(Cháirez-Ramírez et al., 2015; Pillai et al., 2017). For drug release pattern from all the 

NPs, R2 values near unity were also observed for the Korsmeyer-Peppas model 

indicating that drug release may have occurred through a combination of swelling of 

polymer matrix and diffusion of the drug. This may have occurred due to the presence 

of PEG in the polymer matrix. The nanocarriers showed a non-Fickian release profile 

with slope exponent values higher that 0.5 (Table 4.10). 

  
Figure 4.9. RHT release from the solution and PEGylated PLGA NPs without any 

ligand (0L), single-ligand (1L) and dual ligands (2L) over a 24 hrs period (A) and over 

first 4 hrs period (B). Error bars represent SD of three measurements. 
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Figure 4.10. Drug release fitted to (A) zero-order, (B) first-order, (C) Higuchi model and (D) Korsmeyer-Peppas model. Error bars represent SD 

of three measurements.   
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Table 4.10. In vitro drug release from rivastigmine solution and rivastigmine loaded PLGA NPs formulations. 

Formulation 
Zero order First Order Higuchi model Korsemeyer peppas model 

Release type 
R2 K0 R2 K1 R2 KH R2 KK n 

Solution 0.0776 1.198 0.9982 -1.834 0.2459 11.057 - - - - 

NPs (0L) 0.8667 2.241 0.9400 -0.01541 0.9889 12.43 0.9804 0.5385 0.54 Non-Fickian 

NPs (1L) 0.8843 2.169 0.9441 -0.01399 0.9916 11.93 0.9710 0.4821 0.48 Non-Fickian 

NPs (2L) 0.8842 2.225 0.9532 -0.01523 0.9935 12.25 0.9801 0.5846 0.58 Non-Fickian 

where, R2 is the regression coefficient, K0 is the zero-order release rate constant, K1 is the first order release rate constant, KH is the Higuchi rate constant, KK is the cube 

root law release constant and n is the slope exponent.  
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4.4.4 Stability of RHT-loaded PLGA NPs 

In the stability study of the NPs, only small variations in size and zeta potential was 

observed over the 7 days (Figure 4.11 and Figure 4.12). There was no significant 

difference was found for these data (p > 0.05). This indicated that the developed NPs 

systems were stable for at least 7 days at 4°C and all results generated by experiments 

conducted within that period were valid. 

 

Figure 4.11. Effect of storage time (day 1 to 7) on particle size of blank NPs, RHT-

loaded NPs without any ligand (NP-0L), with SA ligand (NP-1L) and with double 

ligands (NP-2L) in water. Experiment was conducted at 4°C. All data represent the 

mean ± SD (n = 3). No statistically significant differences have been found (p > 0.05). 

 

 

 

Figure 4.12. Effect of storage time (day 1 to 7) on surface charge of blank NPs, RHT-

loaded NPs without any ligand (NP-0L), with SA ligand (NP-1L) and with double 

ligands (NP-2L) in water. Experiment was conducted at 4°C. All data represent the 

mean ± SD (n = 3). No statistically significant differences have been found (p > 0.05). 
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HPLC spectra from the release study (Figure 4.13) did not show any drug degradation, 

indicating that the drug is stable in PBS at 37°C for minimum 24 hrs. 

 

 

Figure 4.13. HPLC chromatogram of RHT after 24 hrs of release study showing that 

there is no degradation product present. Peak purity report is shown in the insert 

confirming that the RHT peak is pure and the purity factor is within the calculated 

threshold limit. 

 

Leach study data are shown in Figure 4.14. As suspected, being a highly water soluble 

drug, RHT leached out of the dual ligand NPs systems about 5.5% over the 7 days’ 

investigation. On the other hand, being a highly lipophilic molecule, only less than 

0.5% w/w coumarin-6 was leached out of the NPs systems after 7 days. Previous 

researchers also have reported very negligible release of the encapsulated coumarin-6, 

only about 0.05% in 24 hrs (Alai & Lin, 2015) and only about 0.1% in 48 hrs (Davda 

& Labhasetwar, 2002). In similar fashion, only 0.16% w/w DiD was leached out of 

the dual ligand NPs formulations by the end of the experiment.  
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Figure 4.14. Percentage of drug leached from drug loaded PEGylated PLGA NPs 

without any ligand (A), with SA ligand (B), and with double ligands (C) over the 

period of 7 days when stored at 4°C. All data represent the mean ± SD (n = 3). 

 

Although not very drastic changes were observed, the leaching of all three molecules 

were slightly lower in NPs with single ligand and lowest in case of the NPs without 

any ligand. The incorporation of the ligands might have introduced “channels” in the 

PLGA matrix that facilitated the drug leach. The drug release which was conducted at 

37°C as opposed to 4°C of the stability study, also demonstrated the similar trend 

(Figure 4.9). 

Days

%
D

ru
g

 l
e

a
c
h

in
g

 (
w

/w
)

0 1 2 3 4 5 6 7
0

2

4

6

8
RHT

Coumarin-6

DiD

Days

%
D

ru
g

 l
e

a
c

h
in

g
 (

w
/w

)

0 1 2 3 4 5 6 7
0

2

4

6

8
RHT

Coumarin-6

DiD

Days

%
D

ru
g

 l
e

a
c

h
in

g
 (

w
/w

)

0 1 2 3 4 5 6 7
0

2

4

6

8
RHT

Coumarin-6

DiD

A B

C



Chapter 4 – Formulation Development and Characterisation 

133 

4.5 Conclusions 

In this study, RHT-loaded PEGylated PLGA NPs with double ligands were prepared 

and optimised. Many formulation factors including the effect of type and concentration 

of PLGA, organic solvents, emulsion preparation techniques, type and concentration 

of stabilisers and energy setting during emulsification were investigated. Finally, a 

modified double emulsion solvent evaporation method was employed to load 3% RHT 

in the PLGA NPs with a particle size less than 200 nm. The resulting NPs were stable 

for at least seven days at 4°C with minimum alteration in particle size and zeta 

potential values. Drug leaching was also low in case of RHT, and nearly zero in case 

of DiD and coumarin-6 loaded NPs. The study demonstrated that in vitro release of 

RHT from the developed NPs system mainly followed Higuchi model kinetics. A 

sustained release of drug from the PLGA NPs was observed during the in vitro release 

study for 24 hrs. These results indicated that compared to RHT solution, PLGA NPs 

could be beneficial in sustaining RHT release for a prolonged period. Incorporation of 

the brain targeting ligands had minimum effect on drug release. The in vitro 

characterisation of various NPs indicated that the optimal formulation of NPs should 

be prepared with Resomer® RG 503H polymer, RHT and EtAc by W/O/W method 

incorporating vitamin E-TPGS as a stabiliser in both inner and outer aqueous phases. 

These NPs were selected for further investigation by cell culture work. 
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Chapter 5 Cellular Characterisation of 

Nanoparticles 

5.1 Introduction/Overview 

The novel PLGA NPs formulation grafted with dual ligands was developed and 

optimised to increase brain uptake and residence time of RHT. These PEGylated NPs 

were designed to administer through IV route. To exert the desired therapeutic effect, 

the NPs must cross the BBB and release the loaded drug. The efficiency of 

nanoparticulate DDS for CNS application depends on many factors including their 

ability to cross the BBB which involves internalisation into the endothelial cells and 

release of the drug into the brain parenchyma (Tosi et al., 2010; Upadhyay, 2014a; 

Wei et al., 2014). 

Cellular uptake efficiency not only determines drug transport and the pharmacological 

efficacy of the drug but also influences the toxicity of the drug loaded NPs. For this 

reason, it is mandatory to study how various parameters like type of ligand, particle 

concentration, incubation temperature and time. affect the cellular uptake of the NPs. 

In vitro cellular study is a well-accepted preliminary screening tool for developing 

drug delivery platform technologies. It is preferable to perform experiments on the 

cells prior to animal studies which are somewhat slow, highly laborious and usually 

incur more expense. Depending on the route of administration and the target organ, 

various cell lines have been reported for studying in vitro cellular uptake of NPs (Gao 

et al., 2016; Dadras et al., 2017; Saneja et al., 2017). The hCMEC/D3 cells, which 

originates from the human cerebral microvascular endothelium have been widely used 

for cell uptake experiment for CNS-targeted NPs. The hCMEC/D3 cell line represents 

an excellent in vitro alternative of the human BBB and forms a contact-inhibited 

monolayer on collagen type I or type IV (Weksler et al., 2013). They are stable, easily 

grown and maintain a normal BBB phenotype containing endothelial markers - CD34, 

CD31, CD40, CD105, CD144 (VE-cadherin) and von Willebrand factor (Weksler et 

al., 2013). Therefore, at present, the hCMEC/D3 cell line is commonly used as an in 

vitro model for assessing brain-targeted NPs uptake by the BBB (Georgieva et al., 

2011; Gregori et al., 2016). 
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In addition to cell uptake, transport through barrier endothelial cells into underlying 

tissue is also important to characterise DDS and many in vitro cell models have been 

reported for the cellular transport studies of NPs (Chithrani et al., 2010; Sharma et al., 

2014). It would be ideal to use either a primary or an immortalised cell line which is 

human CNS origin for this study. Primary human brain cells, however, are usually not 

the first choice because of the ethical issues and for their poor capability of TJ 

formation when cultured. Endothelial cells from other sources like rat, bovine, porcine 

are difficult to isolate and culture (Patabendige et al., 2013a; He et al., 2014). A few 

researchers used immortalised human endothelial cell lines (such as hCMEC/D3) for 

their cellular transport experiments. However, the reported low TEER values of their 

model indicated that an alternative cell line capable of producing high TEER would 

be more suitable for the NPs transport study (Vu et al., 2009; Weksler et al., 2013). 

TEER represents the ionic conductance across the BBB and is the most frequently used 

parameter to evaluate BBB integrity or TJ functionality (Srinivasan et al., 2015). The 

human epithelial colorectal adenocarcinoma (Caco-2) cells are well known for their 

ability to produce very high TEER due to the formation of TJ when cultured in a 

monolayer for 21-25 days (Hughes & Crowe, 2010; Crowe & Keelan, 2012). This cell 

line offers an effective in vitro alternative to the human BBB. Although, it takes 

comparatively longer culture time than other cell lines to differentiate, Caco-2 cell line 

has demonstrated TEER value more than 300Ω.cm2 compared to 30-50Ω.cm2 reported 

for hCMEC/D3 (Weksler et al., 2013) despite the fact that in vivo conditions 

demonstrate TEER values exceeding 1000Ω.cm2 (Eigenmann et al., 2013; Senarathna 

et al., 2016). Also, Caco-2 cell line demonstrated expression of TJ proteins like 

claudin-1, occludin, and zonula occluden-1 (ZO-1) which is similar to that found in 

human BBB endothelial cells (Li et al., 2004). 

In this chapter, the novel nanoparticulate drug delivery system was evaluated through 

cellular characterisation on two well-established human origin cell lines. The 

hCMEC/D3 and Caco-2 cell lines were employed to investigate cellular uptake (both 

quantitative and qualitative) and transport via a tight cell monolayer. 
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5.2 Materials 

Paraformaldehyde (PFA, Cat. # P6148, ≥94.0%), Hanks’ balanced salt solution 

(HBSS, Cat. # H6648), high glucose Dulbecco’s modified Eagle’s medium (DMEM, 

Cat. # D5671), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, Cat. # 

H3375, ≥99.5%), penicillin-streptomycin (Cat. # P4333), 4′,6-Diamidino-2-

phenylindole dihydrochloride (DAPI, Cat. # D9542, ≥98.0%), fluorescein 

isothiocyanate labelled Phalloidin (Phalloidin-FITC, Cat. # P5282), L-ascorbic acid 

(Cat. # A4544, ≥98.0%), rat tail Collagen type I solution (Cat. # C3867), trypan blue 

(Cat. # T6146), Triton X-100 (Cat. # T8787), radio-immune precipitation assay buffer 

(RIPA buffer, Cat. # R0278), methyl thiazolyldiphenyl-tetrazolium bromide (MTT, 

Cat. # M2128, ≥98%), hydrocortisone (Cat. # 54090, ≥97.0%) and bovine serum 

albumin (BSA, Cat. # A2153, >96%) were purchased from Sigma-Aldrich (Castle Hill, 

Australia). DiD (Cat. # D7757), Pierce 660nm protein assay reagent (Cat. # 22660), 

MEM vitamin solution (Cat. # 11120-052), MEM non-essential amino acids solution 

(NEAA, Cat. # 11140-050) GlutaMAX supplement (Cat. # 35050-061), goat serum 

(Cat. # 16210-072), basic fibroblast growth factor (bFGF, Cat. # PHG0026) and 

TrypLE express enzyme (Cat. # 12604-021) were obtained from Life Technologies 

Australia Pty Ltd (Scoresby, Australia). Endothelial basal medium-2 (EBM-2, Cat. # 

00190860) was purchased from Lonza Australia Pty Ltd (Mt Waverley, Australia). 

HyClone PBS (Cat. # SH30256.02) were procured from GE Healthcare Australia Pty. 

Ltd. (Parramatta, Australia). D-glucose anhydrous (Cat. # 783) and DMSO (Cat. # 

2225) were obtained from Ajax Finechem (Taren Point, Australia). Anti-occludin 

primary antibody (Cat. # ab31721) and goat anti-rabbit IgG H&L secondary antibody 

coupled with Alexa Fluor® 488 (Cat. # ab150077) were sourced from Abcam plc. 

(Melbourne, Australia). Vectashield® antifade mounting medium (Cat. # H-1000) was 

purchased from Vector Laboratories, Inc. (Burlingame, USA). Foetal bovine serum 

(FBS, Cat. # FBS-001-AU) was obtained from SerANA (WA) Pty Ltd (Bunbury, 

Australia). Distilled water was purified from tap water by Hydro-Check Systems 

(Model no. 414R, Hydro-Check Systems, Inc., Carlsbad, USA) and further sterilised 

by autoclave at 121°C for 1 hr.  
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5.3 Methods 

5.3.1 Cell Cultures 

Caco-2 cell line was procured from the American Type Culture Collection (ATCC, 

Rockville, USA). hCMEC/D3 cell line was a gift from the Institut Cochin (INSERM, 

Paris, France). The culture details for both the cell lines are presented in Table 5.1. 

Cell growth, morphology and confluency were regularly monitored with a Nikon 

inverted microscope (Eclipse TS100, Nikon Instruments Inc., Tokyo, Japan) and 

images were captured with the help of the attached Nikon digital sight camera head 

(DS-Fi2) and controller (DS-L3). Mycoplasma were routinely tested for in the facility 

by genomic PCR from cells cultured in an antibiotic-free medium. Sample preparation 

for the mycoplasma testing is given in Appendix V. 

Table 5.1. The hCMEC/D3 and Caco-2 cell culture details. 

 hCMEC/D3 Caco-2 

Cell type Human cerebral 

microvascular endothelial 

Human epithelial colorectal 

adenocarcinoma cells 

Origin Institut Cochin, INSERM, 

Paris, France 

ATCC 

Passage number 29-33 81-91 

Culturing flasks  

(medium volume) 

Corning T25 (3-5mL) 

Corning T75 (12-15mL) 

Culturing 

plates 

Cytotoxicity Nunc 96-well polystyrene plate 

Uptake study Nunc 24-well polystyrene plate 

Transport study Nunc 24-well polystyrene plate + Transwell insert 

Confocal Microscopy  Glass slides and coverslips (22mm), 

Ibidi micro-dish (35mm) 

Culture Medium EBM-2 DMEM 

Serum 10% (v/v) FBS - 

heat-inactivated at 56°C for 30 minutes before use 

Supplements 1% (v/v) P/S 

1.4μM Hydrocortisone  

5μg.mL-1 ascorbic acid  

10mM HEPES  

2ng.mL-1 bFGF - aliquots 

were stored at −20°C and 

added extemporaneously in 

the culture medium 

1% (v/v) P/S  

1% (v/v) vitamin mix  

1% (v/v) NEAA  

1% (v/v) glutamax  

Coating of flasks/plates Rat collagen type I None 
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Both the cells were initially cultured into T25 and then into T75 cell culture flask when 

a large number of cells were necessary for experiments. For better cell adhesion, the 

hCMEC/D3 cells were seeded into flasks that were pre-coated with collagen.  

5.3.1.1 Preparation of Working Collagen Solutions 

Rat tail collagen type I was received as a sterile solution at a concentration of 4mg/mL 

in acetic acid. According to the manufacturer’s instruction, its surface coverage is 

6-10 μg/cm2. So, the rat collagen was diluted 30-50 fold in sterile water and 

appropriate concentration and volume to cover the culture surface was added to 

containers (e.g., 150μL for 24-well, 2mL for T25, 6mL for T75) and incubated at 37°C 

for at least 1 hour. The containers were washed three times with PBS to remove the 

free collagen and acetic acid. The PBS was aspirated and the coated flasks/plates were 

dried overnight under UV light inside a biosafety cabinet. Multiple flasks were 

collagen-coated at once and kept securely in their original package at RT maintaining 

their sterility for future usage. 

5.3.1.2 Cell Passaging 

The cell monolayer confluency instead of a fixed incubation time was used for 

determining the appropriate time for cell passaging. Thus, after reaching about 80-90% 

cell confluency for both hCMEC/D3 and Caco-2 cells, they were passaged to seed into 

appropriate plates for experiments and/or flasks for maintenance. The procedure 

followed is given below:  

• Cells were washed twice with calcium and magnesium free PBS, trypsinized with 

TrypLE Express (1mL per T25 flask and 3mL per T75 flask) and incubated for 5-

10 minutes at 37°C until most of the cells were rounded up and detached from the 

bottom of the flasks (visualised under a microscope). 

• Medium containing FBS (twice the volume of the TrypLE Express) was added to 

deactivate the effect of TrypLE Express. 

• The cell suspension was then centrifuged at 335g for 7 minutes using an Allegra 

X-12 centrifuge (Beckman Coulter, Inc., Brea, USA), the supernatant was 

discarded and the cell pellet was resuspended in fresh media. 
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• The number of viable cells was counted using haemocytometer by trypan blue 

exclusion method. 10μL of cell suspension and 10μL of Trypan Blue solution 

(0.4% w/v) were mixed well and 10μL sample was carefully loaded to 

haemocytometer for microscopic examination. Cells without staining were 

considered to be viable because trypan blue dye can only diffuse through the cell 

wall of dead cells.  

• For maintaining the stock, cells were split at a ratio of 1:3 to 1:10 depending on 

the experimental schedule. A lower splitting ratio was used when a large number 

of cells were needed within a short period and vice versa. Approximately 10,000 

to 40,000 cells/cm2 of the cell culture flask were seeded in all experiments. 

• Cells were cultured in appropriate medium (Table 5.1) at 37°C, 5% CO2 and 95% 

humidified air. 

5.3.1.3 Cryopreservation and Resurrection of Cells 

A sterile freezing medium containing 95% FBS and 5% filter-sterilised DMSO as 

cryopreservant was prepared. For cryopreservation, in the final step during passaging 

procedure cells were resuspended in the freezing medium instead of regular medium. 

The suspension was then transferred into 1.8mL cryopreservation vials (Greiner bio-

one, Kremsmünster, Austria) and placed in a −80°C freezer to allow controlled cooling 

of the vials down to −80°C. Cells were stored at −80°C if needed to be revived within 

next 1-4 months. For long term preservation, after being exposed to −80°C overnight, 

the vials were transferred into the liquid nitrogen tank. 

To resurrect, the cryovials were removed from the −80°C freezer or liquid nitrogen 

tank and placed into a water bath (37°C) to thaw the cell suspension (~1 min). The 

melted cell suspension was immediately diluted into pre-warmed cell medium in a 

15mL falcon tube and was centrifuged at 335g for 7 minutes to get rid of the toxic 

DMSO. The cell pellet was then resuspended in pre-warmed cell medium (3.5mL) and 

transferred in a T25 flask. The flask was incubated at 37°C temperature with 5% CO2 

in humidified atmosphere in a cell culture incubator and culture medium was replaced 

twice a week until the cells were ready for passaging. 



Chapter 5 – Cellular Characterisation of Nanoparticles 

140 

5.3.2 Leaching of NPs in Culture and Assay Media 

Before commencing any cellular studies, the leaching of RHT, DiD and coumarin-6 

from NPs were investigated in the appropriate medium for a period of time to cover 

the relevant experiment durations (Table 5.2). Briefly, the transport buffer (HBSS-P) 

was prepared comprised of HBSS containing 10mM HEPES and 20mM glucose. 

Medium pH was adjusted to 7.4 using 5M NaOH. All types of NPs included in the 

Table 5.2 were investigated in triplicate. 2mL of the NP suspension in appropriate 

medium was placed in tightly closed vials and incubated for 6 hrs or 24 hrs as per 

Table 5.2. At the end of the incubation, the vials were removed, contents were 

centrifuged at 16,000g for 5 minutes. The supernatants were discarded rather than 

analysed because they demonstrated a high fluorescence background reading probably 

due to the presence of phenol red in the media. The NP pellets were dissolved in 1mL 

ACN and the DiD content was determined by fluorescence intensity measurement 

using an EnSpire® 2300 multimode plate reader (PerkinElmer corporation, Wellesley, 

USA) at excitation/emission wavelength of 644/664nm. The RHT content was 

determined using the validated HPLC method. The drug leaching was calculated 

indirectly by subtracting the values obtained via the above experiments from the values 

obtained by dissolving and analysing the same amount of fresh NPs. 

Table 5.2. Leach study design for NPs showing the suspending medium, incubation 

time and the corresponding experiments’ information. All studies were conducted at 

37°C temperature with 5% CO2 in humidified atmosphere in a cell culture incubator. 

NPs type 
Suspending 

Media 

Incubation 

time 

Experiments to cover 

Name Time 

DiD-loaded NPs: i) without any 

ligand, ii) with only sialic acid (SA) 

ligand and iii) with both SA and TAT 

ligands 

HBSS-P 6h Uptake study 

Transport study 

3h 

3h 

DiD-loaded NPs with both SA and 

TAT ligands 
DMEM* 24h Cytotoxicity 

study 
24h 

RHT-loaded NPs with both SA and 

TAT ligands 
DMEM* 24h Cytotoxicity 

study 
24h 

DiD-loaded NPs with both SA and 

TAT ligands 

EBM-2* 24h Cytotoxicity 

study 

24h 

RHT-loaded NPs with both SA and 

TAT ligands 
EBM-2* 24h Cytotoxicity 

study 
24h 

*See Table 5.1 for complete medium composition. 
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5.3.3 Evaluation of Cytotoxicity 

Different concentrations of DiD and RHT solutions, as well as DiD and RHT-loaded 

NP suspensions, were tested for cytotoxicity in both hCMEC/D3 and Caco-2 cell lines, 

at two time points (6 hrs and 24 hrs). All experimental concentrations were selected to 

cover the whole ranges of concentrations used in the NPs uptake and transport studies 

according to the literature (Degim et al., 2010; Mutlu et al., 2011; García-González et 

al., 2016). A well-established MTT assay (Averineni et al., 2012; Dwyer et al., 2012) 

was employed and below is the test procedure followed: 

• MTT was dissolved in PBS (pH 7.4) to obtain a stock concentration of 5mg/mL, 

which was 0.2µm filter-sterilized into a sterile container and wrapped with 

aluminium foil for light protection. See Appendix VI for detailed procedures. 

• The cytotoxicity assay was initiated by seeding the cells in Nunc 96-well plates 

(Cat. # 167008, Thermo Fisher Scientific, Scoresby, Australia) at various seeding 

densities as discussed further in following sections. 

• At an appropriate stage of growth in the 96-well plates, the cell medium was 

replaced with 200µL of appropriate prewarmed medium containing different 

concentrations of drug solutions or NP suspensions. For statistical validity, at least 

four wells were treated with each concentration of drug or NPs. 

• At predetermined times (6 hrs or 24 hrs) with NPs or drug solutions, 20µL of MTT 

stock solution was added to the cells in culture, attaining a final MTT concentration 

of 0.45mg/mL, and further incubated for 3 hrs. During this time, MTT was reduced 

to form purple MTT formazan crystal in living cells. 

• After 3h, the medium in each well was aspirated and replaced with 100µL DMSO 

followed by 10 minutes shaking on a Ratek platform mixer (OM6, Ratek 

Instruments Pty Ltd, Boronia, Australia) at 50 rpm at RT to completely dissolve 

the MTT formazan crystal and cell membranes. 

• The quantity of formed MTT formazan crystal by the cells which is directly 

proportional to the number of viable cells was measured by recording absorbance 

at 570nm using the multimode plate reader. 

• Simultaneously, wells containing NPs only without cells were used as the blank. 

These blank data were subtracted from each corresponding sample data to obtain 

the net absorbance data.  
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• Positive control where the cells were treated with medium only as well as negative 

control where the cells were treated with 2% DMSO, were also maintained always 

to ensure the validity of the generated data. Assays where the negative control did 

not demonstrate a 0% cell viability were considered as invalid. 

• Percent of cell viability was calculated from the following equation: 

% 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝑆𝑎𝑚𝑝𝑙𝑒 𝑛𝑒𝑡 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 

𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑛𝑒𝑡 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒
 ×100% 

5.3.3.1 Cytotoxicity in hCMEC/D3 Cells 

RHT-loaded NPs, DiD-loaded NPs, empty NPs, RHT solution and DiD solution were 

tested for cytotoxicity in hCMEC/D3 cells using MTT assay. All the NPs tested were 

PEGylated PLGA NPs containing SA and TAT ligands with or without RHT or the 

lipophilic tracer, DiD. The hCMEC/D3 is a fast-growing cell line, therefore, only 2000 

cells per well were seeded in 96-well plates and incubated at 37°C temperature with 

5% CO2 in humidified atmosphere in a cell culture incubator using the medium 

described in Table 5.1. Different concentrations of drug solutions and NP suspensions 

were prepared in the culture media. Cell medium was replaced with 200µL of the 

prewarmed drug solutions or NP suspensions (in quadruplicate) after 24 hrs of seeding 

when the cells were about 50-60% confluent. MTT assay was performed after 6 hrs or 

24 hrs using separate plates. The experiments were replicated with a later passage of 

the cell line and unpaired t-test was performed using the two sets of quadruplicate 

results. If the first two data sets were statistically different (p < 0.05), then another 

replicate was carried out. 

5.3.3.2 Cytotoxicity in Caco-2 Cells 

As per above, three types of NPs and two solutions were tested for cytotoxicity in 

Caco-2 cells using the MTT assay. The Caco-2 cell line is relatively slow growing, 

therefore, 5000 cells per well were seeded in 96-well plates and incubated at 37°C 

temperature with 5% CO2 in humidified atmosphere in a cell culture incubator using 

the medium described in Table 5.1. After three days, which was enough time for the 

Caco-2 cells to undergo at least a full set of division, the culture medium was replaced 

by 200µL of the prewarmed different concentrations of the drug solutions or NP 

suspensions. MTT assay was performed as per the hCMEC/D3 cell line.  
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5.3.4 Evaluation of NPs Cellular Uptake by hCMEC/D3 

Cells 

Two types of study were carried out to assess the effect of different variabilities 

including NPs ligands, incubation temperature, incubation time and particle 

concentrations. on the cellular uptake of the NPs. They are – (a) the quantitative assays, 

which were performed using a plate reading spectrophotometer to determine the 

accurate amount of NPs uptake by the cells, and (b) the qualitative assay, using 

confocal laser scanning microscopy (CLSM) which were used for visual confirmation 

of the uptake phenomenon and to confirm the NPs internalisation and localisation. 

5.3.4.1 Quantitative Analysis of NPs Cellular Uptake 

The quantitative assay was conducted by determining the amount of NPs uptake per 

mg of cell protein using the procedure below (Kooijmans et al., 2012):  

• The cells were seeded onto a Nunc 24-well plate (Cat. # 142475, Thermo Fisher 

Scientific, Scoresby, Australia) coated with type-1 rat tail collagen which was 

prepared as per method in Section 5.3.1.1 at a density of 15,000 cells/cm2 with 

EBM-2 medium with appropriate supplements (Table 5.1). 

• The medium was replaced twice a week and cells were maintained at 37°C, 5% 

CO2 and 95% humidified air until they become nearly confluent (3-4 days). 

• The medium was removed and cells were rinsed twice with 500μL of pre-warmed 

HBSS-P. The cells were incubated for 30 min in HBSS-P at 37°C for equilibration. 

• After 30 min, the HBSS-P was replaced with 550μL of HBSS-P containing DiD 

solution or DiD-loaded PEGylated NPs as per Table 5.3 at a NPs concentration of 

100µg/mL. 

• Immediately after application, 50μL of NP suspension was removed from the wells 

so that the initial NPs concentration can be determined. 

• After a predetermined incubation time, the medium was aspirated (and analysed) 

and cells were washed quickly three times with ice-cold PBS to remove excess 

NPs. 
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• 100μL RIPA buffer was added to each well and shaken on platform mixer for 10 

minutes to solubilize the cells and NPs (Eigenmann et al., 2013). 

• The plate was centrifuged for 5 minutes at 3200g and the supernatant was used for 

analysis of both cell protein and DiD content. 

• Protein analysis: 10μL supernatant was placed in a 96-well plate and 150μL 

Pierce™ 660nm Protein Assay Reagent was added. The plate was incubated for 5 

minutes at RT and absorbance was determined at 660nm using the plate reader. 

Simultaneously, with each protein analysis, BSA standards were placed on the 

same plate along with the samples, treated and analysed similarly to obtain a 

calibration curve. The cell protein quantity in each well was determined.  

• NPs analysis: 50µL supernatant was placed in a white opaque 96-well microplate 

(OptiPlate-96, PerkinElmer corporation, Wellesley, USA) and the fluorescence 

intensity was measured at excitation/emission wavelength of 644/664nm using the 

plate reader. Simultaneously, with each NPs analysis, a set of cell-containing wells 

were treated similarly to the test wells without exposing to the samples. Different 

known concentrations of DiD-loaded NPs were added just before the RIPA buffer 

addition. These were analysed similarly to the samples to obtain a calibration 

curve. The NPs uptake in each well was determined. 

• For each type of NPs or at each time point, the microgram of NPs uptake per mg 

of cell protein was calculated. 

 

Table 5.3. Cell uptake study design for NPs showing incubation temperature and time 

for the NPs under investigation. NP1 had both SA and TAT ligands, NP2 had only SA 

ligand and NP3 was prepared without any ligand. 

Temperature of 

incubation 

Time of incubation (hour) 

1 2 3 

37°C 

NP1 NP1 NP1 

- NP2 - 

- NP3 - 

4°C - NP1 - 

Note: NPs concentration of 100µg/mL was used in all these studies. 
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5.3.4.2 Qualitative Analysis of NPs Cellular Uptake by CLSM 

This study was carried out to assess the internalisation and localisation of NPs in 

hCMEC/D3 cells. The cells were incubated with Phalloidin-FITC solution 

(1.67µg/mL) to stain their actin filaments whereas the cell nucleus was stained with 

DAPI solution (1.0µg/mL). Both solution preparation procedures are briefly described 

here: 

Phalloidin-FITC Working Solution 

The supplied 0.1mg Phalloidin-FITC was dissolved in methanol to obtain a 

concentration of 0.5mg/mL. This stock solution was aliquoted and stored at −20°C 

protected from light. A diluted working solution of Phalloidin-FITC in PBS at a ratio 

of 1:300 (stock solution: PBS) was prepared prior to the application. 

DAPI Working Solution 

1mg DAPI powder was dissolved in sterile water to obtain a concentration of 

1.0mg/mL. This stock solution was aliquoted and stored at −20°C protected from light. 

A diluted working solution in PBS (1/1000) was prepared prior to the application. 

Both DiD- and coumarin-6-loaded NPs were used in these experiments. Also, both 

conventional methods for sample preparation, namely on the glass coverslip and in the 

Ibidi® micro-dish were conducted for assessing image quality. They are briefly 

described here: 

Immunostaining Procedure for Cells Grown on Coverslip 

• Only 5000 cells/cm2 were seeded on the ethanol-sterilized glass coverslips 

(ProSciTech, Cat. # G408, Dia-22mm) placed in a 6-well plate. Experiments were 

commenced when the cells were well-settled and only 30-40% confluent. 

• The medium was removed, cells were rinsed twice and equilibrated with HBSS-P 

for 30 min at 37°C.  

• 1mL pre-warmed DiD-loaded NP suspended in HBSS-P (100µg/mL) was placed 

in each well and incubated for 1 hour. In the case of coumarin-6-loaded NPs, a 

lower NPs concentration (50 µg/mL) and shorter incubation period (15 min) was 

used because a higher concentration and longer incubation period produced 

oversaturated images. 
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• The medium was removed and cells were rinsed twice with 2mL of ice-cold PBS 

quickly. The quick washes ensured that the cells retained their original morphology 

and did not deform/shrink due to the absence of essential nutrients and ions. 

• 2mL of warm (37°C) 4% PFA in PBS was added, incubated for 15 min at RT in 

the dark and washed twice with 2mL PBS each time. 

• 2mL of cold (4°C) 0.1% Triton X-100/PBS was added and incubate for exactly 

three minutes to permeabilize the cells. Longer treatment time caused the 

Phalloidin-FITC to stain the nucleus also. 

• Cells were rinsed twice with 2mL PBS, the coverslip was removed carefully and 

place in a new dry well. Precaution was taken to keep the slides always wet. 

• 200µL Phalloidin-FITC working solution was added on each coverslip and 

incubated for 30 minutes at RT. 

• Cells were washed three times with PBS for five minutes each time (total 15 

minutes) with 2mL of PBS per well each time to remove unbound Phalloidin-

FITC. 

• DAPI working solution was added (2mL) and incubated for 5 minutes and rinsed 

with 2mL PBS. 

• 8µL of mounting medium (Vectashield®) was placed on a clean microscope slide 

(SPGE90, Hurst Scientific Pty Ltd, Canning Vale, Australia). 

• The coverslip containing cells was removed from the well and mounted on the 

slide facing the surface with cells upside down so that the cells touch the mounting 

medium avoiding any air bubble. 

• The slide was left in open (but in dark) to evaporate the excess moisture for 4-5 hrs 

and then transparent nail polish was used to completely seal the coverslip to avoid 

further moisture loss. 

• After the nail polish was completely dried, the prepared slides were stored at 4°C 

and image was taken with a Nikon A1 Confocal Laser Microscope (Nikon 

Instruments Inc., Tokyo, Japan). 
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Immunostaining procedure for cells grown in Ibidi® micro-dish 

• In 35mm Ibidi® micro-dish (Petri dish with #1.5 coverslip, ibidi/DKSH/81156, 

Ibidi, DKSH Australia Pty. Ltd., Hallam, Australia) 5000 cells/cm2 were seeded. 

Experiments were commenced when the cells were approximately 30-40% 

confluent.  

• Cells were rinsed twice and equilibrated with HBSS-P for 30 min at 37°C followed 

by an incubation period of 15 minutes with 1mL pre-warmed coumarin-6-loaded 

NPs (50 µg/mL). 

• NP suspension was removed and the cells were rinsed twice with 2mL ice-cold 

PBS quickly. 

• 2mL of warm (37°C) 4% PFA in PBS was added, incubated for 15 min at RT in 

the dark and washed twice with 2mL PBS each time. 

• DAPI working solution was added (2mL) and incubated for 30 minutes, rinsed 

with PBS and finally added 2mL PBS. 

• Images were taken with the Nikon A1 confocal laser microscope. 

• Three images per samples were analysed by ImageJ® software ver. 1.50i for 

comparing fluorescence intensity of the internalised NPs. 
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5.3.5 Evaluation of NPs Transport Across BBB Model 

5.3.5.1 Development of an in Vitro BBB Model 

Human colonic adenocarcinoma cell line (Caco-2) within passage numbers 81 to 91 

was used for these experiments following the published methods (Degim et al., 2010; 

Hughes & Crowe, 2010). The human cerebral microvascular endothelial cell line 

(hCMEC/D3) was also considered based on reports from other laboratories that have 

used it as a BBB model (Weksler et al., 2013; Ma et al., 2014). For both cell lines, to 

stabilise the cell phenotype, after reviving the cells from liquid nitrogen, they were 

cultured for at least two passages before being seeded on the 0.6 cm2 Millicell cell 

culture polycarbonate Transwell inserts (Cat. # PITP01250, Merck Millipore, 

Bayswater, Australia) placed in 24-well plates (Figure 5.1). 

 
Figure 5.1. Diagram of an in vitro BBB model. 

The inserts were coated with rat tail collagen type I as per section 5.3.1.1 prior to seed 

the hCMEC/D3 cells. Both cells were grown in a 37°C incubator with 5% CO2 in 

“growth medium” (see Table 5.1) onto Millipore filter inserts in 24-well plates. Caco-

2 cells were seeded at a concentration of 65,000 cells per cm2, equivalent to 39,000 

cells per insert, whereas, seeding concentrations for hCMEC/D3 cells were 50,000 

cells/cm², equivalent to 30,000 cells per insert as per literature and the supplier 

recommendation (Poller et al., 2008; Senarathna et al., 2016). The medium was 

replaced twice a week. See Appendix VII for routine medium replacement procedure. 

Inserts with TEER value ≥ 250 Ω.cm2 were used for transport studies. To allow full 

maturation of the cells monolayer, the transport study across the Caco-2 cell 

monolayers was carried out in between 21-25 days post seeding (Senarathna et al., 

2016). 
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5.3.5.2 Characterisation of the in Vitro BBB Model 

Three types of characterisation methods were used to ensure that the cell monolayers 

used for the NPs transport study were intact and formed TJ which did not permit NPs 

permeation via passive diffusion. These methods were – A) Electrical resistance 

measurement, B) Sucrose permeability assay and C) Confocal microscopy assay. 

Electrical Resistance Measurement 

TEER measurement has been used widely as a preliminary screening tool for 

developing and characterising in vitro BBB model (Srinivasan et al., 2015). TEER 

measurements were performed using an EVOM meter and the ethanol-sterilized 

ENDOHM 12 chamber (World Precision Instruments, Sarasota, USA) every day from 

day 1 to day 6 for hCMEC/D3 and twice a week from day 5 to day 32 for Caco-2 cells 

after seeding.  

Sucrose Permeability Assay 

Sucrose is well-known for having a very low apparent permeability coefficient (Papp) 

across the BBB due to the presence of TJ and hence, it is widely accepted and used as 

a paracellular permeability marker (Witt et al., 2008). Although the presence of the 

invertase or sucrase enzyme in Caco-2 cells could hydrolyse some sucrose (Zhou et 

al., 1998), this would have minimum impact on the purpose of this assay because this 

assay was one of the three methods employed for BBB characterisation. The sucrose 

permeability via BBB solely depends on the barrier tightness because (a) sucrose is 

hydrophilic, so cannot use lipid channel to pass through, and (b) it is not a substrate 

for any receptor-mediated endocytosis (Franke et al., 1999).  
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The hCMEC/D3 cells did not demonstrate satisfactory TEER across the monolayer, 

possibly caused by incomplete TJ formation. A similar phenomenon was also observed 

by other researchers who found that the hCMEC/D3 cells, when grown on the 

transwell inserts, showed poor expression of TJ protein, ZO-1 and Claudin-5 leading 

to low TEER (Biemans et al., 2017). Hence, only Caco-2 cells were subjected to the 

permeability assay. The cells were seeded on the insert and incubated according to the 

section 5.3.5.1. On day 7, 14, 21 and 28 days, both sides of three inserts were washed 

with pre-warmed permeability assay buffer (pH 7.4) named HBSS-F (HBSS 

containing 10% FBS). 0.3mL HBSS-F was added into each insert and 0.6mL was 

added to each well and the plate was equilibrated for 30 min at 37°C. The buffer was 

aspirated and 0.3mL sucrose solution (500 μg/mL) in the buffer was added to the apical 

side of each insert. 0.6mL buffer was added to each well and the plate was incubated 

at 37°C. After 30, 60, 90, 120 and 180 min, 120µL samples from the basolateral 

receptor compartment of the well was collected into 2mL HPLC amber vials and 

replaced with equal volume of pre-warmed fresh HBSS-F buffer. 

At the conclusion of the study, 120µL sample was also taken from apical donor 

chamber to determine remaining level of the sucrose. The concentration of sucrose 

was determined by an HPLC method. Briefly, an Agilent 1200 system (Agilent 

Technologies Australia, Mulgrave) was employed for the separation and detection of 

the sucrose. The instrument consisted of a degasser (G1379B), binary pump 

(G1312A), autosampler (G1329A) with thermo-control unit (G1330B), thermostat 

controlled column compartment (G1316A) and refractive index detector (G1362A). 

The HPLC column used was Grace Apollo (Grace Davidson Discovery Science, 

Baulkham Hills, Australia) C18, 5µm particle size, 150mm × 4.6mm. An isocratic 

mobile phase containing water and ACN at a ratio of 95:5 was used as the mobile 

phase used at a flow rate of 1mL/min. Acquired data were processed by Agilent 

ChemStation®, B.04.03 SP1 software. A set of sucrose standards in HBSS-F was 

analysed under the same sample treatment protocol and used to calculate the sucrose 

concentration in the receiver chamber. The Papp of sucrose was calculated using the 

equation: 

𝑃𝑎𝑝𝑝 =
𝑑𝑄

𝑑𝑡
×

1

60
×

1

𝐴
×

1

𝐶0
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where dQ/dt is the permeability rate (μg/min) which is the slope of the linear region of 

the curve constructed by plotting cumulative amount of sucrose in basolateral chamber 

against time (t), A is the surface area of the membrane (cm2), and C0 is the initial 

concentration in the donor chamber (μg/mL). 

Confocal Laser Scanning Microscopy (CLSM) Assay 

The purpose of CLSM assay was to visually detect the presence of occludin in the in 

vitro BBB cell model. It is a well-known fact that the three major TJ proteins are 

claudin, occludin, and junction adhesion molecules (Lee et al., 2017). We planned to 

investigate at least two of the proteins, however, considering the resource constrain, 

occludin detection by CLSM was performed only. Louzao et al. (2015) also presented 

confocal microscopic images of the occudin protein only as an TJ integrity evidence. 

A primary polyclonal rabbit anti-occludin antibody and a secondary goat anti-rabbit 

IgG-Alexa Fluor® 488 antibody were used in this exercise. The secondary antibody 

contains a bright, green-fluorescent dye (Alexa Fluor® 488) (Figure 5.2). Thus, when 

treated with both antibodies, the TJ Occludin protein was visible under a fluorescent 

microscope at the green channel (Ex/Em 488/525nm). Both hCMEC/D3 and Caco-2 

cells were microscopically examined for the presence of the TJ protein (occludin). 

35mm Ibidi® micro-dish were used to grown both cells in a 37°C incubator with 5% 

CO2 in “growth medium” (see Table 5.1) which was replaced twice a week. Stock 

primary and secondary antibody concentrations were 1µg/µL and 2 µg/µL, 

respectively. Antibody aliquot and storage protocol is included in Appendix VIII. 

 

 

Figure 5.2. A simple illustration of immunostaining principle. 
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Caco-2 cells were seeded at a concentration of 65,000 cells per cm2, whereas, seeding 

concentrations for hCMEC/D3 cells were 50,000 cells/cm² as per literature and the 

supplier recommendation (Poller et al., 2008; Senarathna et al., 2016). The day of the 

experiment was selected based on the highest TEER value found in previous 

experiments which was day 3 and day 21 for hCMEC/D3 and Caco-2 cells, 

respectively. The immunostaining protocol was supplied by the antibody supplier and 

was optimised as follows: 

• The medium was removed and cells were rinsed twice with 2mL of ice-cold PBS 

quickly. The quick washes ensured that the cells retained their original morphology 

and did not deform/shrink due to the absence of essential nutrients and ions. 

• To fix the cells, 2mL of warm (37°C) 4% PFA in PBS was added, incubated for 

15 min at RT in the dark and washed twice with 2mL PBS each time. 

• 2mL of cold (4°C) 0.1% Triton X-100/PBS was added and incubate for exactly 

three minutes to permeabilize the cells. 

• Cells were rinsed twice with 2mL PBS, 2mL blocking solution (10% goat serum 

and 1% BSA in PBS) was added, and incubated at RT for 1 hour (or, overnight at 

4°C). 

• The primary antibody was centrifuged at 16000g for 5 minutes to obtain the clear 

supernatant. Only clear solution was used for the experiments. 

• The blocking solution was removed, 400µL primary antibody (1:100 diluted in 

blocking solution) was added and incubated at RT for 1 hour. 

• Cells were washed three times with PBS for five minutes each time (total 15 

minutes) with 2mL of PBS per well each time to remove unbound primary 

antibody. 

• The secondary antibody was also centrifuged at 16000g for 5 minutes and only the 

supernatant was used for the next step. 

• 400µL secondary antibody (1:200 diluted in blocking solution) was added and 

incubated at RT for 1 hour in the dark. 

• Cells were washed three times with PBS for five minutes each time (total 15 

minutes) with 2mL of PBS per well each time. 
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• DAPI working solution (Section 5.3.4.2) was added (2mL), incubated for 5 

minutes at RT, rinsed with 2mL PBS and added 2mL PBS in the micro-dish. 

• The micro-dish was observed under the Nikon confocal microscope and images 

were taken. 

 

5.3.5.3 Determination of NPs Transport Across the BBB Model 

Caco-2 cell monolayers on the transwell inserts having initial TEER values of more 

than 250 Ω.cm2 were selected for these experiments. Both sides of the insert were 

washed with pre-warmed HBSS-P. For equilibration, 0.3 and 0.6mL HBSS-P was 

added to the apical and basolateral side of the insert, respectively. The plate was 

incubated for 30 min at 37°C in the incubator. Medium from both sides of the insert 

was aspirated and 0.3mL DiD solution (0.5µg/mL) or DiD-loaded NP suspension 

(100µg/mL) or RHT-loaded NP suspension (100µg/mL) in HBSS-P was added to the 

apical side of each insert. 0.6mL HBSS-P was added to the basolateral side of the insert 

and the plate was placed in the incubator. 

After 30, 60, 90, 120 and 180 min, 120µL samples from the basolateral receptor 

compartment of the well was collected into 2mL HPLC amber vials and replaced with 

equal volume of pre-warmed fresh buffer. At the end of the study, 120µL sample was 

also taken from apical donor chamber to determine remaining level of the drug. TEER 

was measured immediately after completing the experiments to determine the barrier 

integrity during the experiments. 

600µL ACN was added to each sample vial (i.e., HPLC vials) and vortex for 10 

minutes to dissolve the NPs. 100µL solution was then transferred to white opaque 96-

well microplate and the fluorescence intensity of DiD was measured at 

excitation/emission wavelength of 644/664nm using the plate reader. The RHT 

concentration was analysed by validated HPLC method. 
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5.4 Results and Discussion  

5.4.1 Cell Cultures 

All cell culture experiments were conducted in a physical containment level 2 (PC2) 

cell culture laboratory with the highest possible quality of the media, cell-line, cell 

culture consumables and personal hygiene. The results presented in this chapter were 

generated from mycoplasma negative cell lines which were regularly checked by the 

facility researcher. Figure 5.3 and Figure 5.4 illustrates the mycoplasma negative 

results of the both cell lines used. 

  

Figure 5.3. PCR gel image of hCMEC/D3 mycoplasma negative result. 1st lane (left): 

100 base-pair (bp) ladder, 2nd lane: hCMEC/D3 cells, 3rd lane: negative control, 4th 

lane: positive control. The upper band of 500bp is an internal positive control showing 

that PCR reaction has worked; the lower band of 250bp is mycoplasma positive band. 

 

1    2     3   4 
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Figure 5.4. PCR gel image of Caco-2 mycoplasma negative result. 1st lane (left): 100 

bp ladder, 2nd lane: Caco-2 cells, 3rd lane: LS174T (from another researcher), 4th lane: 

negative control, 5th lane: positive control. The upper band of 500bp is an internal 

positive control showing that PCR reaction has worked, the lower band of 250bp is 

mycoplasma positive band. 

 

5.4.2 Evaluation of Cytotoxicity 

A series of experiments were conducted to determine the toxicity level of drug and 

NPs in both hCMEC/D3 and Caco-2 cell lines. The important purpose of this study 

was to determine what should be the working concentrations of the NPs for the uptake 

and transport studies which were non-toxic to the cells. The NPs concentration used in 

the cell uptake and transport study was 100µg/mL because this concentration is 

considered to be maximum for various cellular studies by other researchers (Qi et al., 

2005; Vangara et al., 2013; Sun et al., 2014a; Chen & Li, 2015). We assessed the 

cytotoxicity of the NPs up to the concentration of 200µg/mL and due to the 3% RHT 

loading in NPs (Chapter 4), this was equivalent to 15µM or 6µg/mL RHT as our upper 

limit for the cytotoxicity studies. The cytotoxicity data of individual NPs, drug and 

lipophilic tracers at different concentrations are presented in Figure 5.5, Figure 5.6 and 

Figure 5.7. 

1      2       3      4      5 
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Figure 5.5. Effect of 6 hrs and 24 hrs exposure to different concentrations of RHT (A) 

and DiD (B) on hCMEC/D3 (left) and Caco-2 (right) cell survival (% of control). 1500 

µg/mL RHT and 50µg/mL DiD solution as positive controls showed that the MTT 

assay worked. The cell viability of the untreated cells was taken as 100%. Statistically 

significant reduction in cell viability compared to untreated cells are shown with: (*) 

where the p < 0.05 and (**) where the p < 0.01. All data are presented as mean ± SEM 

(n=8).  

From Figure 5.5, it can be noticed that the concentrations of 1.5mg/mL for RHT and 

50µg/mL for DiD solution resulted in significant reduction of cell viability. These 

higher drug concentrations were selected based on what reported in the literature 

(Goldblum et al., 2002) and confirmed by our trials. Although they were much higher 

than that were used in our other experiments, this was done to prove that the cells do 

respond to the drug at a high concentration. The cytotoxicity demonstrated by RHT in 

Caco-2, MDCK, Vero and Chang cells has been reported earlier (Goldblum et al., 

2002; Degim et al., 2010; Mutlu et al., 2011) and some cells were more than 80% 

viable at RHT concentration as high as 50 mg/mL. Our finding about the RHT 

cytotoxicity agrees with these published results. 
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In the case of the DiD solution, the cell viability in both the cell lines was significantly 

lower than the control at 50µg/mL DiD concentration. This toxicity may not reflect 

the true toxicity of the DiD because the DiD stock solution (1mg/mL) was prepared in 

ethanol as per manufacturer instruction and then diluted to 0.5µg/mL using the culture 

medium. The solvent (ethanol) may have contributed to the cytotoxicity (Wang et al., 

2014b). 

 
Figure 5.6. Effect of 6 hrs and 24 hrs exposure of different concentrations of blank 

NPs (A), RHT-loaded NPs (B) and DiD-loaded NPs (C) on hCMEC/D3 (left) and 

Caco-2 (right) cell survival (% of control). No statistically significant differences were 

observed even at the highest NPs concentration. All data are presented as mean ± SEM 

(n=8).  
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The Figure 5.6 illustrates that the NPs concentration used in the studies (100 µg/mL) 

was safe and none of the NPs types at any concentration significantly altered the cell 

viability when compared to the control group (p > 0.05). Other researchers also found 

that unless the NPs encapsulates cytotoxic drugs (like doxorubicin), cytotoxicity of 

PEGylated PLGA NPs is insignificant (Heidarian et al., 2015; Cao et al., 2016). 

 

 

 

 

Figure 5.7. Comparative cytotoxicity effect after 24 hrs exposure of RHT-loaded NPs 

(A) and DiD-loaded NPs (B) with different RHT or DiD concentrations on hCMEC/D3 

(left) and Caco-2 (right) cells (% of control). All data are presented as mean ± SEM 

(n=8). † - the concentration of NPs, in this case, is 200 µg/mL representing the highest 

NPs concentration associated with 15µM RHT or 1µM DiD.  
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Also, Figure 5.8 shows that the cell morphology of both cell lines remains almost 

identical before and after the NPs treatment. This visual data support the cell viability 

data, further confirming that the NPs and drug under experiment were safe to the cells 

at least up to the experimental concentrations of 100µg/mL NPs loaded with 3% RHT 

or 0.5% DiD.  

  

  

Figure 5.8. hCMEC/D3 (A) and Caco-2 (B) cell morphology before (left) and after 

(right) 24 hrs exposure of 100µg/mL PEGylated RHT NPs with dual targeting ligands. 
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5.4.3  Evaluation of NPs Cellular Uptake by hCMEC/D3 

Cells 

The cellular uptake study is widely used for assessing NPs formulations during the 

nanoparticulate drug delivery system development. The study was conducted to find 

out the effect of the ligand attachment, the level of uptake in cells and uptake 

mechanisms. A highly fluorescent lipophilic tracer (DiD) was loaded in different types 

of NPs and were used for the studies. This far-red lipophilic, photostable and 

fluorescent dye possess unique property of being weakly fluorescent in water but 

highly fluorescent in a lipid environment. According to the manufacturer, DiD binds 

with the phospholipid cell membrane when applied to the cells as a solution. Thus, it 

has been used for cellular and tissue tracking (Sutton et al., 2008; Lassailly et al., 2010; 

Seabold et al., 2010). DiD-loaded lipid NPs has been used for improved in vivo 

fluorescence imaging in mouse (Texier et al., 2009). The cellular uptake study results 

are presented in the following sections: 

5.4.3.1 Quantitative Investigation 

The DiD quantification was carried out by measuring its fluorescence intensity of the 

samples and concentrations were calculated from the calibration curve (Figure 5.9). 

 

Figure 5.9. Calibration curve of DiD in RIPA buffer. 
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Effects of NPs Surface modification 

The PLGA NPs without any ligand has been reported to get taken up by the endothelial 

cells (Lee et al., 2015). The probable mechanism of NPs uptake depicted by the authors 

is endocytosis, but, lack of ligand incorporation makes the drug delivery less 

interactive with cells. Surface-modified NPs with site-specific ligands has 

demonstrated higher uptake. Saneja et al. (2017) showed that cellular uptake of 

hyaluronic acid (HA) conjugated PLGA NPs in the target MiaPaca-2 cancer cell line 

was increased almost three-fold compared to the non-HA conjugated NPs. Also, Yan 

et al. (2013) reported a 4.5-fold increase in NPs uptake in Caco-2 cells using TAT 

peptide as a surface ligand. In our study, the PLGA NPs conjugated with both TAT 

peptide and SA demonstrated superior cell uptake, which is about 3.4-fold compared 

to the NPs with single ligand and 3-fold compared to the NPs without any ligand 

(Figure 5.10). This indicates that the TAT peptide facilitated the uptake of the NPs 

which was consistent with that reported by other researchers (Krol et al., 2013; 

Malhotra et al., 2013; Sharma et al., 2016a). Tosi et al. (2010) employed BBB-

penetrating peptide (similopioid peptide) as BBB targeting ligand for increasing NPs 

brain uptake whereas SA was used as a brain parenchyma targeting ligand to enhance 

the NPs brain residual time. It was found that incorporation of SA on the NPs surface 

did not facilitate NPs brain uptake rather only helped the NPs to remain inside the brain 

for a longer time that ultimately resulted in enhanced pharmacological activity in the rats 

(Tosi et al., 2010). In our study, also, SA did not influence the cell uptake efficiency of 

TAT peptide. A future in vivo study is needed to prove the effectiveness of SA ligand. 

 
Figure 5.10. Effect of surface modification on the uptake of PEGylated PLGA NPs by 

hCMEC/D3 cells.NP1 had both SA and TAT ligands, NP2 had only SA ligand and 

NP3 was prepared without any ligand. All data are presented as mean ± SD (n=3). 
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Effects of Particle Concentration 

The increment of the NPs concentrations showed a continuous increase in the cellular 

uptake in a nearly linear fashion until it attained plateau at very high NPs concentration 

(2.5mg/mL). This suggests that passive diffusion was unlikely to be the mechanism 

here for the NPs cellular uptake where the rate and amount of particle transport only 

depend on the particle concentration. The probable NPs uptake mechanism in this 

context could be either receptor-mediated transcytosis (RMT) or adsorptive-mediated 

transcytosis (AMT) (Chen & Liu, 2012). Both of them are energy dependent NPs 

uptake mechanisms which are saturable. 

Other researchers also reported that small NPs (~250 nm) generally undergo energy-

dependent cellular uptake that can be saturated at higher particle concentration (Win 

& Feng, 2005; Chaudhari et al., 2012; Zaki & Hafez, 2012). Tahara et al. (2009) 

performed a detailed investigation on the cellular uptake of PLGA NPs in human lung 

adenocarcinoma A549 cells. Their study revealed that despite the particle size 

difference, almost all types of the PLGA based NPs demonstrated a saturation level 

(182µg NP/mg protein) at a concentration of 1.0mg/mL. Interestingly, our cellular 

uptake finding agrees with their data in a reasonable manner, especially, the amount 

of NPs uptake per mg of cell protein data. Of course, the numbers do not match because 

of the different setup (cell line and NPs formulation), however, our data agree with the 

pattern of the uptake shown by the team. 

 

Figure 5.11. Effect of particle concentration on the uptake of PEGylated dual ligand 

PLGA NPs by hCMEC/D3 cells at 37°C in 2 hours. All data are presented as mean ± 

SD (n=3). 
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Effects of Exposure Time 

This study demonstrated an interesting outcome – the cellular uptake was almost same 

for the first two hours of the study, however, showed a hike at the 3-hour period (Figure 

5.12). This suggests that on top of the first mechanism, there might be another uptake 

mechanism present which was triggered lately to facilitate NPs uptake in greater 

extent. The study was conducted only for three hours because the assay medium 

(HBSS-P) lacked serum and other growth factors vital for the longer-term cell viability 

hence did not allow us to continue the experiments beyond a few hours. 

This finding agrees with published data by Mao et al. (2010) who assessed the ability 

of TAT peptide-mediated cellular uptake of SiO2 NPs. The authors conducted the 

study for 24 hrs and from their cellular uptake data, an obvious sharp rise in the NPs 

uptake was observed at four hours’ post treatment. 

 

 
Figure 5.12. Effect of exposure time on the uptake of PEGylated dual ligand PLGA 

NPs by hCMEC/D3 cells. All data are presented as mean ± SD (n=3). 
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Effects of temperature 

To find out the effect of temperature on the NPs uptake in the cell, the uptake study 

was conducted at both 4° and 37°C. Generally, at low temperature (4°C), cell 

metabolism is reduced leading to a reduction in energy-dependent uptake. On the other 

hand, when incubated at 37°C, the cells remain metabolically active and the uptake 

takes place in a usual manner. In our study, at 4°C, the NPs uptake was reduced 

significantly (2.5-fold) suggesting that the uptake mechanism was to certain extent 

energy dependent (Figure 5.13), not passive diffusion by nature. 

Other researchers have carried out the investigation to depict the effect of time, 

temperature, particle size and concentration on the cellular uptake of their particulate 

formulations (Desai et al., 1997; Win & Feng, 2005; Kulkarni & Feng, 2013; Sims et 

al., 2016). Apart from the experimental reports, both theoretical (Zhang et al., 2009) 

and computer simulation (Decuzzi & Ferrari, 2007) research has been published 

claiming to predict the cellular uptake behaviour of NPs. The common findings are - 

(a) the particles with smaller diameter demonstrated (100-200 nm) greater uptake 

compared to the larger diameter particles, (b) the particle uptake increases up to a 

certain time until it reaches the plateau level, (c) at lower temperature, the cellular 

uptake reduces significantly (2-3 fold), and (d) cellular uptake increases in a linear 

fashion with particle concentration, reaching a steady state at very high particle 

concentration. Our findings agree with all the above, however, we have only smaller 

sized NPs, so the investigation regarding the particle size was not carried out. 

 
Figure 5.13. Effect of incubation temperature on the uptake of PEGylated dual ligand 

PLGA NPs by hCMEC/D3 cells. All data are presented as mean ± SD (n=3). 
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5.4.3.2 Qualitative Investigation 

The uptake of DiD-loaded PEGylated PLGA NPs with double targeting ligands by 

hCMEC/D3 cells was qualitatively evaluated by the confocal microscopy. CLMS is a 

powerful technique that also allows capturing cross-section image of cells and 

provides valuable information on the particle localisation. It can provide selective 

optical sectioning, high resolution and in depth imaging of cellular microstructures 

without the need to physically section the sample. Labelling the cell actin fibres with 

Phalloidin-FITC and nuclei with DAPI resulted in the extracellular membrane, nuclei 

as well as the fluorescence red dye (DiD) loaded NPs being visualised. Our CLSM 

studies demonstrated that the DiD-loaded NPs were internalised rather than attached 

to the cell surface (Figure 5.14). 

  

  

Figure 5.14. CLSM image of hCMEC/D3 cells after 1-hour incubation with DiD-

loaded PEGylated PLGA NPs with double targeting ligands at 37ºC showing a 

perinuclear accumulation of particles. Nuclei stained with DAPI (A), actin filaments 

stained by Phalloidin-FITC (B), DiD-loaded PEGylated dual ligand NPs (C) and 

merged image (D). The scale bars correspond to 20 μm.  
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The red DiD-loaded NPs in preliminary experiments were found to be very dim and 

were difficult to distinguish under CLSM in contrast to the expectation. To overcome 

this limitation, coumarin-6-loaded NPs was decided to use. This fluorescent dye 

solution has been reported to show extremely low Caco-2 cellular uptake even after 

two hours’ incubation at 37°C suggesting that cellular uptake of coumarin-6 solution 

is practically nil (Zhang et al., 2016). Thus, the uptake of green coumarin-6-loaded 

PEGylated PLGA NPs with double targeting ligands by the same hCMEC/D3 cells 

was also qualitatively evaluated by confocal microscopy. However, staining of cell 

actin filaments could not be performed because the only available actin filament probe 

was Phalloidin-FITC which displays the same green fluorescence as the NPs thereby 

masking the particle detection. Figure 5.15 shows that the green scattered NPs were 

internalised and accumulated mostly around the cell nuclei when 50 µg/mL particles 

were incubated with the hCMEC/D3 cells at 37°C for 15 minutes. Similar observation 

was reported by other researchers who conducted their study with HeLa cells and 

coumarin-6-loaded PLGA NPs with CPP as a surface ligand (Steinbach et al., 2016). 

 

   

Figure 5.15. CLSM image of hCMEC/D3 cells after 15-minute incubation with 

coumarin-6-loaded PEGylated PLGA NPs with double targeting ligands at 37ºC 

showing a perinuclear accumulation of particles. Blue channel (A) obtained by DAPI 

filter, green channel (B) obtained by FITC filter and colour overlay (C) images are 

provided. The scale bars correspond to 20 μm.  
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The effect of ligand attachment on coumarin-6-loaded dual ligand PLGA NPs as well 

as the incubation temperature was investigated next. All NPs under investigation were 

incubated for 15 minutes at a particle concentration of 50 µg/mL. The coumarin-6 

loaded NPs with and without ligands were incubated at 37°C to compare the effect of 

the ligand attachment. Also, the coumarin-6 loaded NPs with dual ligands were 

incubated at 4°C to compare the effect of the incubation temperature. The dual ligand 

NPs without any loaded dye was employed as the control to ensure that the green 

fluorescence generated by the samples were true representations of the internalised 

coumarin loaded NPs rather than autofluorescence from cell culture surface. 

Figure5.16-A clearly shows that neither the cells nor the culture dish produced any 

visible autofluorescence. Figure5.16-B and C illustrate a distribution of green 

coumarin-6 NPs within hCMEC/D3 cells. These images indicate that NPs 

internalisation within the cells may be governed by more than one process, such as 

endocytosis and passive diffusion (via a transcellular pathway) of extremely small NPs 

(Montenegro et al., 2012).  

The low temperature inhibits active transport mechanisms while maintaining the 

cellular ability to transport NPs via passive diffusion, therefore, it may reveal the 

transport mechanisms. An obvious enhancement of intracellular distribution of the 

PLGA NPs at 37°C in comparison to 4°C is noticed from Figure 5.16-C and D. This 

suggested that the main mechanism of NPs uptake by the hCMEC/D3 cells was 

endocytosis, an energy consuming process; with some image analysis using ImageJ® 

software revealed that NPs with double ligand incubated at 37°C was internalised 6.1-

fold than the NPs without any ligand and 4.5-fold higher than the dual ligand NPs 

incubated at 4°C. Although this results did not perfectly match with our quantitative 

data (Section 5.4.3.1), which said that the increase was 3- and 2.5-fold, respectively, 

the trends are similar. There were many variabilities present in image capturing and 

analysis those might result in this variation in the results. 
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Figure 5.16. CLSM image of hCMEC/D3 cells after 15-minute incubation with PLGA 

NPs with different surface ligand and incubation temperature showing a comparative 

perinuclear accumulation of NPs. All are merged image of nuclei stained with DAPI 

(blue) and coumarin-6-loaded NPs (green). The scale bars correspond to 20 μm. 

(A) control, PEGylated PLGA NPs with double targeting ligands without coumarin-6 at 37ºC,  

(B) coumarin-6-loaded PEGylated PLGA NPs without any ligand at 37ºC, 

(C) coumarin-6-loaded PEGylated PLGA NPs with dual targeting ligands at 4°C, 

(D) coumarin-6-loaded PEGylated PLGA NPs with dual targeting ligands at 37ºC.  
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Optical sectioning 

Three-dimensional Z-stack projection of optical sections (Figure 5.17 and Figure 5.18) 

illustrate that the NPs have travelled into the cell and gathered near the nucleus rather 

than just physically adhering to the cell surface. The DiD-loaded NPs are shown after 

splitting the channels to clearly locate the DiD NPs which were not fluorescent enough 

to be visualised once they were superimposed with other channels. 

Coumarin-6 loaded NPs can be clearly seen and increasing concentration in the mid-

section of the cells proves that the NPs were actually inside the cells. Many groups 

have recently used this modern technique to confirm the NPs internalisation (Cartiera 

et al., 2009; Solovieva et al., 2016). 
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Figure 5.17. Intracellular distribution of DiD loaded PEGylated PLGA NPs with double 

targeting ligands in hCMEC/D3 after incubation for 2 hrs at 37°C as observed by CLSM.Five 

images of optical sections taken in the vertical axis at intervals of 1.3 μm from the apical 

surface confirming the internalisation of particles. Actin filaments stained by Phalloidin-FITC 

(A), nuclei stained with DAPI (B) and DiD-loaded NPs (C). Magnification = 400x.  
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Figure 5.18. Intracellular distribution of coumarin-6-loaded PEGylated PLGA NPs 

with double targeting ligands in hCMEC/D3cells after incubation for 1 hr at 37ºC as 

observed by CLSM.Twelve superimposed images of optical sections taken in the 

vertical axis at intervals of 0.6μm from the apical surface (left to right; top to bottom, 

depths 0, 0.6, 1.2, 1.8, 2.4, 3, 3.6, 4.2, 4.8, 5.4, 6 and 6.6μm from apical surface) 

confirming the internalisation of green particles. Nucleus is stained with DAPI (blue).  

Magnification = 600x. 
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5.4.4 Evaluation of NPs Transport Across BBB Model 

To evaluate how efficiently the NPs cross through the BBB, a suitable BBB model 

needed to be established and characterised. Different analyses were employed to 

ensure that the cell monolayers mimic the tightness of the BBB. Secondly, three types 

of NPs along with the positive and negative controls were assessed for their 

capabilities to travel through the BBB model. 

5.4.4.1  Development and Characterisation of in Vitro BBB Model 

Electrical Resistance Measurement 

The TEER across the cell monolayers was measured as the preliminary assessment of 

the tightness of the in vitro BBB models. The study windows were selected as per the 

literature. Therefore, (a) the TEER of hCMEC/D3 cell monolayer was checked after 

every 24 hrs post-seeding up to six days because researchers reported that the highest 

TEER demonstrated by this cell line was around day 5-6 after they seeded the cells on 

inserts (Weksler et al., 2013), and (b) the TEER of Caco-2 cell monolayer was checked 

twice a week post-seeding up to 32 days because the transport studies with this cell 

line were conducted previously within 21-25 days after the cell seeding (Crowe & 

Keelan, 2012; Senarathna et al., 2016). Our study outcome (Figure 5.19) clearly shows 

that hCMEC/D3 did not possess high enough barrier tightness to be used as a BBB 

model. The cell growth cycle of hCMEC/D3 cells was investigated by Urich et al. 

(2012) who reported that freshly plated hCMEC/D3 cells attain confluency within 2-3 

days and then reach a plateau level with little further changes that persists for several 

days. The researchers also observed cell overgrowth on the transwell filters after 7 

days of post confluency. This agrees with our data where the hCMEC/D3 cells 

monolayer attained the highest TEER value (~15 Ω.cm2) at day 3 post-seeding which 

was much lesser than that the physiological TEER and hence was not considered for 

employing as BBB model for our study. 
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Figure 5.19. TEER of hCMEC/D3 cell monolayer over 6-days post seeding (A) and 

that of Caco-2 cell monolayer over 32-days post seeding (B). All data are presented as 

mean ± SD (n=3).  

 

On the contrary, the Caco-2 cell monolayers demonstrated their maximum TEER value 

(~400 Ω.cm2) on day 17 after cell seeding and although gradually decreased, they 

retained the high TEER value (>300 Ω.cm2) at least for a week. Caco-2 cells have been 

used to estimate BBB permeability for nanocarriers due to the high TEER produced 

by the cell monolayer as well as the presence of the TJ proteins (Li et al., 2004; Degim 

et al., 2010; Senarathna et al., 2016). However, other researchers suggested that 

Caco-2 cell monolayers are not an appropriate in vitro BBB model because linear 

correlations between in vivo and in vitro permeability data for Caco-2 BBB in vitro 

models has been lacking (Lundquist et al., 2002; Garberg et al., 2005). Nevertheless, 

due to our limited resource and time constraint, we employed Caco-2 cell monolayer 

as the in vitro BBB model assessing the transport of our NPs formulations on the basis 

that having TJ was a primary factor of consideration, and this cell line at least met that 

criteria. 
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Sucrose Permeability Assay 

This study was carried out for Caco-2 cell monolayer to confirm the functionality of 

TJ in our in vitro BBB model. The sucrose flux in Caco-2 and other in vitro BBB 

models has been validated previously (Bowman et al., 1983; Franke et al., 1999), 

therefore, allowing comparison of our data with that reported to our model. In our 

study, we found that the ability of sucrose to penetrate through the Caco-2 cell 

monolayer reduced in a pattern in agreement with that of its TEER values. Thus, the 

lower permeability of the Caco-2 cell layer to sucrose was in correlation to high 

electrical resistance across the monolayer, reflecting the formation of TJ. Figure 5.20 

illustrates that on the day 21 after seeding, the sucrose Papp across the cell monolayer 

was the lowest (2.89×10-6 cm/s) that suggested that TJ was at its peak and usage of 

Caco-2 cell monolayer around this day was scientifically valid.  

The Papp of sucrose was determined to be 0.12×10-6 cm/s for the rat brain capillary 

(Levin, 1980). Our calculated Papp value was only 24 times higher than that of the 

reported in vivo human value and almost equal or lower than the values reported by 

many other research groups, such as 1.0×10-6 cm/s in porcine brain capillary 

endothelial cell monolayer (Franke et al., 1999), 20.4×10-6 cm/s in bovine brain 

microvessel endothelial cell monolayer (Audus & Borchardt, 1986), 2.4×10-6 cm/s in 

Caco-2 cell monolayer (Hakkarainen et al., 2010) and 10.5×10-6 cm/s in coculture of 

bovine brain capillary endothelial cell and astrocytes monolayer (Dehouck et al., 

1992). Hence, Caco-2 cell monolayer was deemed to be appropriate representation of 

the BBB in terms of TJ function and is suitable for the NPs transport study. 

 

 
Figure 5.20. The decrement of Papp of sucrose (mean ± SD) over four weeks’ period 

through Caco-2 cell monolayer on inserts indicating TJ formation around three weeks 

post seeding (n=3).  
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Confocal Microscopy Assay  

The presence of one of the major TJ proteins (Occludin) was visually confirmed by 

immunostaining with primary and secondary antibodies. Images were taken for 

hCMEC/D3 and Caco-2 cell monolayers on day 3 and 21, respectively. The occludin 

protein was absent in between the adjacent hCMEC/D3 cells (Figure 5.21), while the 

Caco-2 cells demonstrated the clear presence of occludin (Figure 5.22) suggesting TJ 

formation among the adjacent cells as reported by Louzao et al. (2015).  

  

  

Figure 5.21. Immunofluorescence images of three days old hCMEC/D3 confluent 

monolayer showing the absence of TJ protein, occludin.  Images of nuclei stained with 

DAPI (A), cell monolayer in bright-field (B), occludin stained with FITC (C) and 

merged image (D). The scale bar corresponds to 20 μm.  

 

   

Figure 5.22. Confocal microscopy images of Caco-2 cell monolayer after 21-days 

post seeding. Image showing the DAPI stained nucleus (A), presence of well-

structured FITC-stained TJ protein, occludin (B), and the superimposed image (C). 

The scale bar corresponds to 20 μm.  
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5.4.4.2 NPs Transport Across BBB Model 

After establishing the in vitro BBB model, transport study of various types of NPs and 

DiD solution was conducted. Usage of phenol and FBS free HBSS-P medium for the 

study allowed us to use simple plate reader in fluorescence mode to analyse the DiD 

concentration in transport study samples. The fluorescence response of the DiD 

standard solutions as found to be linear up to 80ng/mL concentration in HBSS-P 

(Figure 5.23). The equation generated by the software was used to calculate the 

concentration of DiD throughout the experiments. The DiD standards were analysed 

every time the samples were analysed to nullify the variability of the analysis and 

calibration curve was constructed for the calculation purpose. However, we could not 

conduct the transport study more than three hours because of the lack of essential 

nutrients in the HBSS-P medium crucial for long-term survival of the cells. 

As Figure 5.24 shows, approximately 21% of the total amount of the NPs with double 

ligands (NP1) was transported through the cell monolayer over the 3-hours period 

which was statistically significant (1.2 fold, p < 0.05) compared to the RHT solution. 

When compared to the transport of DiD solutions (1.7%), with that of the NP1, the 

statistical difference was remarkable (12.6-fold, p < 0.001) and very promising. 

Similar outcomes have been reported by several researchers who also employed TAT 

peptide as BBB targeting ligand for their nanocarriers (Rao et al., 2008; Qin et al., 

2011a; Qin et al., 2011b; Sharma et al., 2013; Yan et al., 2013; Sharma et al., 2014).  

NP2 (single ligand NP) and NP3 (zero ligand NP) did not show statistically significant 

difference against NP1 (dual ligand NP) and RHT solution, suggesting that SA alone 

as the ligand did not assist the NPs transportation process.  
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Figure 5.23. DiD calibration curve in HBSS-P. 

 

 

  

Figure 5.24. Comparison among different formulations showing cumulative percent 

transported through Caco-2 TJ after three hours of transport study. NP1 had both SA 

and TAT ligands, NP2 had only SA ligand and NP3 was prepared without any ligand. 

All data are presented as mean ± SD (n=3). 
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Figure 5.25 shows comparative cumulative percent transport of RHT, DiD and sucrose 

solutions as well as three types of DiD-loaded NPs. The cumulative percent transport 

of the RHT solution through Caco-2 cell monolayer was surprisingly high, however, 

agrees with the literature where the authors reported about 60% cumulative RHT 

transport in 24 hrs through the Caco-2 TJ (Degim et al., 2010). Although the 

differences in cumulative percent transported among the three types of NPs were not 

significant (p > 0.05) compared to the RHT solution, huge elevation can be seen 

compared to that of the DiD solution and sucrose. There was no significant difference 

in TEER readings at the end of each experiment from the initial values suggesting the 

presence of an intact cell monolayer during the experiment. 

Figure 5.25 also shows that the transport of RHT is about to attain the plateau level by 

the end of three hours’ experiment, whereas, transport of the dual ligand NPs was still 

increasing. Most probably the cellular transport mechanism for RHT was saturated at 

that point. This hypothesis can further be emphasised with the fact that the RHT-loaded 

NPs demonstrated the highest cumulative percent transport among the DiD-loaded 

NPs and RHT solution. When compared to RHT-loaded NPs demonstrated 1.5-fold 

higher transport of the drug when compared with the RHT solution (p < 0.01). We 

postulate that there were two separate mechanism present for transporting NPs and 

RHT. Some amount of RHT must had leached from the RHT-loaded NPs due to the 

hydrophilic nature of the drug and contributed to the higher transport value of the NPs 

systems.  

It might be questioned that the leaching can also contributed to DiD-loaded NPs, that 

can misleadingly raise their percent transport value. This argument is obsolete because 

we always centrifuged the NP suspension prior to commencing the experiment to get 

rid of any DiD that might had already leached out due to storage. We also found that 

the leaching from this highly lipophilic DiD-loaded NPs was only 0.16% w/w of the 

total loaded DiD (Section 4.4.4). Therefore, the cumulative transport values of each 

NPs can only be contributed by the NPs themselves. 
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Figure 5.25. Transport experiments of RHT solution, RHT-loaded NPs, three types of 

DiD-loaded NPs, sucrose solution and DiD solution illustrating their cumulative 

percent transport through Caco-2 cell monolayer as in vitro BBB model over 180 

minutes.  NP1 had both SA and TAT ligands, NP2 had only SA ligand and NP3 was 

prepared without any ligand. All data are presented as mean ± SD (n=3). 

The Papp values were calculated from Figure 5.25 and presented in Table 5.4. The values 

signify the rate of penetration of the compound of interest or NPs. The lower Papp values 

for sucrose ensure that during the experiments the barrier integrity was not compromised 

and they were still intact (Patabendige et al., 2013a; Patabendige et al., 2013b). On the 

other hand, the highest Papp value exerted by the RHT-loaded NPs indicates that the 

PEGylated dual ligand PLGA NPs system could be a promising tool for drug delivery. 

Table 5.4. Papp of DiD solution, sucrose solution, RHT solution, RHT-loaded NPs and 

three types of DiD-loaded NPs under experiments. NP1 had both SA and TAT ligands, 

NP2 had only SA ligand and NP3 was prepared without any ligand.
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5.5 General Summary 

In this work, we used human brain cell line (hCMEC/D3) for NPs uptake studies. 

According to the results, endocytosis process might be responsible for the uptake of 

PLGA NPs by hCMEC/D3 cells. This human brain cells took up the PLGA NPs via a 

cellular mechanism that was saturable and temperature dependent. The rate of cellular 

uptake of NPs was mainly affected by the surface attached ligand, temperature and 

particle concentration. NPs whose surface was modified with TAT peptide showed the 

highest uptake. NPs with only SA as the ligand or without any ligand showed much 

lesser cellular uptake.  

A similar trend was observed with the transport studies. NPs with dual ligands showed 

promising transport of the DiD lipophilic tracer whose cellular transport as a solution 

is very poor. Even transport of NPs with single and no ligand was also significantly 

higher than DiD solution. This dual ligand NPs system also stood out by demonstrating 

superior transport of RHT-loaded NPs. The human intestinal cell line (Caco-2) 

cultured on inserts as an in vitro BBB model was used for NPs transport studies. The 

three methods to investigate the BBB model (TEER measurement, sucrose 

permeability analysis and immunostaining for known TJ protein) provided enough 

evidence to confirm about the tightness of the model barrier which can represent TJ of 

the BBB. The quality control benchmark for permeability assay was set at a TEER of 

250 Ω.cm2 and Papp of sucrose of 6 × 10−6 cm per sec. All the inserts under experiments 

achieved these targets. This BBB model retained the BBB features and proved to be a 

suitable substitute of in vivo BBB for PLGA NPs transport studies.  

Toxicity effect of all the experimental solutions and NP suspensions were evaluated 

on corresponding cell lines using MTT assay and all formulations were found to have 

an insignificant effect on cell viability at the experimental concentrations. PLGA NPs 

surface modified with dual ligands thus may be employed as a drug delivery system 

for bioactive molecules, especially which show poor BBB penetration. 
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5.6 Conclusions 

Based on our experiments, we concluded that dual ligand PLGA NPs is a novel, 

promising and biocompatible brain DDS with acceptable toxicity. This DDS provides 

an effective technique for brain delivery of any bioactive compound with the purpose 

of bioavailability enhancement.
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Chapter 6 Summary, Future Research Scope 

and Conclusions 

6.1 General Summary 

In this research study, RHT-loaded PEG-PLGA NPs were developed with dual 

targeting ligands using double emulsion solvent evaporation technique. The resultant 

nanoparticles were of small particle size (<200nm), with a hydrophilic moiety (PEG) 

on the NPs surface to maximise their escaping capability from the physiological RES 

upon IV administration; with TAT peptide as 1st ligand grafted onto the NPs surface 

for targeting BBB to enhance brain penetration capability of NP; with SA as a second 

ligand incorporated into the NPs for interacting with the brain parenchyma after the 

NPs entered the brain to enhance the NPs residence time inside the brain. Both ligands 

were conjugated with lipophilic molecules so that they can be easily incorporated in 

the nanoparticles during their formulation with the core lipophilic polymer (PLGA). 

The TAT peptide was coupled with DSPE-PEG chain whereas the SA was with ODA. 

The conjugated DSPE-PEG-TAT product was characterised both quantitatively and 

qualitatively by RP-HPLC and MALTI-TOF-MS, respectively. The SA-ODA 

conjugate was also characterised by NMR and FT-IT analysis, respectively. Analyses 

confirmed the successful chemical conjugation of both.  

PLGA NPs with dual targeting ligands for brain delivery system has been published 

by other researchers. However, there is no nanoparticulate DDS reported, as yet, that 

uses SA and TAT peptide together as targeting ligands for any drug. It is the first time, 

as far as the author is aware, such a novel NPs formulation was developed for RHT.  

Several formulation factors were optimised to obtain NPs with desired particle size, 

zeta potential and drug loading. PLGA molecular weight and concentration, RHT ionic 

form, organic solvent composition, NPs preparation method, stabiliser type and 

concentration, as well as energy input during the emulsion preparation, were found to 

have critical role determining the desired NPs properties. After optimisation, the RHT 

loading of NPs has been improved from 0.1 to final 3% w/w while particle size 

controlled within 200nm. The optimised PEGylated dual ligand PLGA NPs was then 

loaded with RHT, the model AD drug in this project.  
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The physicochemical properties of NPs system were evaluated in vitro by assessing 

their particle size, zeta potential and drug loading and release, in addition to the 

morphology using FESEM. Release study showed that about 50% drug was released 

from the NPs within first 24 hours, suggesting that the NPs system are well capable of 

releasing the matrix-entrapped drug in a controlled manner. The developed NPs system 

was stable for at least 7 days at 4°C without any significant alteration in particle size 

and surface charge as well as the level of drug leaching. 

A stability indicating HPLC analysis method was developed, optimised and fully 

validated for the quantification of RHT. This method was used throughout the project 

for determining the RHT stability and loading efficiency in the NPs, to analyse RHT 

release from the NPs in the release studies and to analyse RHT in the culture medium. 

RHT was found to be stable at neutral and acidic pH, however, showed degradation at 

basic pH, especially at elevated temperature. The developed HPLC method is capable 

of separating RHT from all other impurities, excipients, degradation products of RHT 

and medium making it a basic bench method for future modification for analysis of in 

vivo biological samples in future NPs evaluation.  

Finally, an extensive cellular characterisation of the optimised NPs system was carried 

out to assess cellular response of the developed NPs in terms of cytotoxicity, cellular 

uptake and transport under the influence of targeting ligands. Drug leach from the NPs 

was assessed in appropriate assay medium simulating similar experimental conditions 

as like the cellular experiments. The cytotoxicity study was carried out in both human 

endothelial cell line (hCMEC/D3) and human colorectal cell line (Caco-2). The 

cellular uptake and cellular transport studies were conducted in hCMEC/D3 and Caco-

2 cell lines, respectively. Drug leaching from the NPs in the assay medium was found 

to be negligible. The NPs system was found to have no significant detectable cytotoxic 

effect in both cell lines up to 200µg/mL concentration. The cellular uptake study 

revealed that the TAT peptide significantly enhanced the NPs uptake by an energy 

dependent process. Two independent model lipophilic tracers were loaded into the NPs 

system for the visualisation purpose. Confocal microscopy images confirmed the 

findings of the cellular uptake study and proved that the majority of NPs were, in fact, 

internalised instead of attached on the cell surface, possibly via energy-dependent 

endocytosis mechanism.  



Chapter 6 – Summary, Future Research Scope and Conclusions 

184 

The transport study showed that a much higher amount and rate of drug transport was 

achieved by using the developed dual ligand NPs system in comparison to single 

ligand NPs or NPs without any ligand. Compared to the NPs system without any 

ligand, the dual ligand NPs system was found to transport higher amount of drug, 

however, it was not statistically significant. Overall, from this cellular studies, it can 

be concluded that the developed dual ligand NPs system was a safe and effective 

transporter of bioactive molecules into the brain across BBB. The results of this project 

also demonstrate that the platform NPs technology developed can be easily customised 

to load not only RHT but also other types of biomolecules for drug targeting/delivery 

into the CNS. 

 

6.2 Limitations of the Study and Future Work 

This research study was performed to investigate the feasibility and potential of dual 

ligand polymeric NPs to deliver a model drug (RHT) across the BBB. During this 

project, a few challenges were encountered and resolved. However, there are still some 

remained. For instance, drug loading and entrapment efficiency. Despite of many 

attempts, the drug entrapment efficiency was very low (6.1%) which may result a cost-

ineffective process due to loss of high amount of drug during the formulation process. 

Incorporating a hydrophilic drug molecule into a hydrophobic matrix is always 

challenging issue which is yet to be addressed properly. Instead of using the PLGA by 

its own, a combination of the polymer with a compatible hydrophilic polymer may 

produce a better RHT entrapment. The drug loading was also relatively poor (3%) 

which needs to be improved. We speculate the reasons behind this low drug loading 

was the very high solubility of RHT in water (80mg/mL) as well as its solubility in the 

organic solvent EtAc (2mg/mL) used for NPs formulation. These factors facilitated 

RHT diffusion from the inner aqueous phase into the outer aqueous phase across the 

organic layer during the emulsion preparation step resulting in a low RHT amount in 

NPs.  
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The cellular uptake investigations could be carried out with depleted ATP level within 

hCMEC/D3 cells by treatment with sodium azide. This could further confirm the 

energy dependency of the NPs uptake process. In addition, a neuron cell line could not 

be included due to its unavailability at the time and the current cell lines did not permit 

us to investigate the effect of the SA ligand on cellular uptake and transport. The 

ultimate effect of both targeting ligands also has to be evaluated using an animal model 

especially when it is known that SA receptors are present in several organs other than 

brain parenchyma (liver, kidney, and lung). An increased accumulation of SA-covered 

NPs in those SA-receptor enriched organs has been reported by other workers (Tosi et 

al., 2010). Therefore, we propose the future studies should include: 

• A further optimisation of formulation process to increase EE, 

• An uptake study using neurone cell line to assess the effect of SA ligand, 

• Uptake study of RHT solution, coumarin-6, DiD solution and RHT-loaded NPs, 

• Longer hours in transport study to see if the differences between the NPs and RHT 

even greater,  

• Cellular uptake study of Caco-2 cells to see if it is similar to that of hCMEC/D3 

and does this correlate to the transport study, and  

• An in vivo biodistribution study of NPs with and without ligands in an animal 

model to confirm the effect of dual targeting ligand NPs. 

 

6.3 Conclusions 

This study highlights the potential of dual ligand PLGA NPs as a simple and effective 

particulate delivery system for delivery of bioactive molecule across the BBB. The 

research in this thesis highlighted the importance of various factors for the 

development of targeted DDS. This includes reaction optimisation for ligand conjugate 

synthesis, NPs formulation optimisation and evaluation of pharmaceutical factors such 

as EE, DL, release profile. The targeting capability of the TAT peptide was confirmed 

and the superior cellular uptake and transport of the drug loaded optimised dual ligand 

formulation by the human cell lines proved the potential use of TAT peptide as a BBB 

targeting agent for NPs system. Further in-depth cellular studies along with in vivo 

study are required to make final conclusion on the real potential of the developed NPs 

system as a truly targeted brain DDS. 
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Appendix II: Yield Calculation (SA-ODA) 

The theoretical yield was calculated by multiplying the number of moles of the rate 

limiting compound (ODA) and the MW of the conjugate (SA-ODA): 

The number of moles of ODA used = 0.0538 mmole 

MW of SA-ODA = MW of SA + MW of ODA – MW of H2O 

   = (309.27 + 269.51 – 18.02) g/mole or mg/mmole 

   = 560.76 mg/mmole 

Theoretical yield  = Number of moles of ODA × MW of SA-ODA 

  = 0.0538 × 560.76 

  = 30.17 mg   

Final Product weight = 29.59 mg 

𝑇ℎ𝑒 𝑎𝑐𝑡𝑢𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑(%𝑤/𝑤)  =  
𝐹𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑤𝑒𝑖𝑔ℎ𝑡

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑒𝑖𝑔ℎ𝑡)
 ×100 

=
29.59

30.17
 ×100 

= 98.1% 

 

Appendix III: Yield Calculation (DSPE-PEG-TAT) 

The theoretical yield was calculated by multiplying the number of moles of the rate 

limiting compound (TAT peptide) and the MW of the conjugate (DSPE-PEG-TAT): 

The number of moles of TAT peptide used = 0.041 mmole 

MW of DSPE-PEG-TAT  = MW of TAT + MW of DSPE-PEG-NHS – MW of NHS 

 = (1340 + 2000 – 115) g/mole or mg/mmole 

 = 3225 mg/mmole 

Theoretical yield = Number of moles of TAT peptide × MW of DSPE-PEG-TAT 

 = 0.041 × 3225 

 = 132.2 mg   

Final Product weight = 110.1 mg 

𝑇ℎ𝑒 𝑎𝑐𝑡𝑢𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑(%𝑤/𝑤)  =  
𝐹𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑤𝑒𝑖𝑔ℎ𝑡

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑒𝑖𝑔ℎ𝑡)
 ×100 

=
110.2

132.2
 ×100 

= 83.3% 



 

 

Appendix IV: Summary of PLGA NPs formulation optimisation trials. 

Table 6.1. Summary of particle size, PDI, zeta potential and DL values from different optimisation trials of PLGA NPs (n=3).  

Optimisa-

tion step 

Prep. 

method 

PLGA NPs formulation Particle size 

± SD (nm)† 
PDI ± SD† 

Zeta pot. ± 

SD (mV)† 

% DL ± 

SD† Drug (amount) Org. phase Polymer (MW, amount) Stabiliser (conc.) 

Salt vs. base 

(RHT vs. 

RV) 

O/W RHT (10mg) 

DCM 
Purasorb® PDLG 

(110kDa, 30mg) 
PVA (0.6% w/v) 

176.2± 0.12±0.02 -25.6±6.5 0.09±0.01 

W/O/W RHT (10mg) 212.1±5.9 0.19±0.03 -29.5±2.9 0.36±0.02 

O/W RV (6.25mg) 185.7± 0.17±0.03 -24.9±5.9 0.08±0.01 

W/O/W RV (6.25mg) 197.2± 0.12±0.03 -26.4±3.9 0.09±0.02 

Organic 

solvent 
W/O/W RHT (10mg) 

DCM Purasorb® PDLG 

(110kDa, 30mg) 
PVA (0.6% w/v) 

212.1±5.9 0.19±0.03 -29.5±2.9 0.36±.02 

EtAc 166.3±6.1 0.15±0.02 -31.2±1.6 0.43±0.1 

Preparation 

technique 

O/W RHT (10mg) 

EtAc 
Purasorb® PDLG 

(110kDa, 30mg) 
PVA (0.6% w/v) 

151.9±8.2 0.18±0.03 -34.2±3.1 0.1±0.03 

W/O/W RHT (10mg) 166.3±6.1 0.15±0.02 -31.2±1.6 0.4±0.1 

Modified 

W/O/W 

RHT (10mg) 
160.1±11.6 0.13±0.03 -25.9±2.6 0.8±0.1 

Post 

loading 

RHT (10mg) 148.1±2.1 0.08±0.01 -22.2±3.4 0.2±0.1 

RV (6.25mg) 146.4±1.7 0.07±0.01 -28.1±2.6 0.1±0.03 

PLGA MW 
Modified 

W/O/W 
RHT (10mg) EtAc 

Durect® PLGA  

(3.3 kDa, 30mg) 

PVA (0.6% w/v) 

80.3±3.4 0.17±0.03 -29.1±2.5 0.4±0.1 

Resomer® RG 502H  

(7-17 kDa, 30mg) 91.4±4.2 0.19±0.02 -31.2±1.9 1.3±0.2 

Resomer® RG 503H  

(24-38 kDa, 30mg) 102.6±7.1 0.15±0.01 -24.6±3.2 1.5±0.1 

Purasorb® PDLG  

(110 kDa, 30mg) 
160.1±11.6 0.13±0.03 -25.9±2.6 0.8±0.1 

† The value reported here is the mean of three measurements.       
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Optimisa-

tion step 

Prep. 

method 

PLGA NPs formulation Particle size 

± SD (nm)† 
PDI ± SD† 

Zeta pot. ± 

SD (mV)† 

% DL ± 

SD† Drug (amount) Org. phase Polymer (MW, amount) Stabiliser (conc.) 

Stabiliser 

type & conc. 

Modified 

W/O/W 
RHT (10mg) EtAc 

Resomer® RG 503H  

(24-38 kDa, 30mg) 

PVA (0.6% w/v) 102.6±7.1 0.15±0.01 -24.6±3.2 1.5±0.1 

PVA (1.0% w/v) 109.1±3.4 0.16±0.04 -23.4±1.9 1.4±0.1 

Pluronic® F127  

(0.5% w/v) 100.6±6.5 0.11±0.02 -28.3±3.2 1.3±0.1 

Pluronic® F127  

(1.0% w/v) 99.1±5.6 0.09±0.01 -27.1±1.6 1.4±0.2 

Vitamin E-TPGS  

(0.3% w/v) 96.3±2.1 0.15±0.02 -33.2±2.6 1.4±0.1 

Vitamin E-TPGS  

(1.0% w/v) 
94.3±2.6 0.13±0.03 -30.2±2.9 1.4±0.1 

PLGA conc. 
Modified 

W/O/W 
RHT (10mg) EtAc 

Resomer® RG 503H  

(24-38 kDa, 30mg) 

Vitamin E-TPGS 

(0.3% w/v) 

96.3±2.1 0.15±0.02 -33.2±2.6 1.4±0.1 

Resomer® RG 503H  

(24-38 kDa, 45mg) 123.9±3.3 0.08±0.03 -28.6±3.9 1.7±0.2 

Resomer® RG 503H  

(24-38 kDa, 60mg) 159.9±6.7 0.16±0.04 -26.1±3.5 2.1±0.2 

Resomer® RG 503H  

(24-38 kDa, 75mg) 186.4±5.4 0.15±0.01 -34.7±2.3 2.2±0.1 

Resomer® RG 503H  

(24-38 kDa, 90mg) 
210.6±6.1 0.09±0.03 -30.6±2.6 2.3±0.2 

Drug 

polymer 

ratio 

Modified 

W/O/W 

RHT (5mg) 

EtAc 
Resomer® RG 503H  

(24-38 kDa, 60mg) 

Vitamin E-TPGS 

(0.3% w/v) 

135.3±3.2 0.12±0.03 -31.3±1.0 0.73±0.1 

RHT (10mg) 159.9±6.7 0.16±0.04 -26.1±3.5 2.1±0.2 

RHT (20mg) 157.4±4.3 0.16±0.02 -29.2±3.6 2.7±0.1 

RHT (30mg) 148.2±7.1 0.12±0.04 -26.7±2.7 3.0±0.1 

RHT (40mg) 145.1±5.1 0.13±0.03 -28.8±4.2 3.1±0.1 

† The value reported here is the mean of three measurements. 

Table continued 
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Appendix V: Sample Preparation for Mycoplasma 

Testing 

Mycoplasmas can drastically alter cell DNA, RNA and protein synthesis as well as can 

compete with host cells for biosynthetic precursors, nutrients, amino acid and ATP. 

As a result, research results can be skewed and become non-reproducible. Although 

the proper aseptic technique was always employed in the laboratory work and 

antibiotic was always present in the medium to prevent bacterial infection, regular 

(three monthly) testing of all cell cultures was performed to ensure the absence of 

mycoplasma. The procedure followed was as below: 

• Cells were cultured for two weeks without any antibiotics. The hCMEC/D3 cells 

grew fast so they were split as usual and continued growing in the medium without 

antibiotics. 

• Samples were prepared when cells were 80-90% confluent. 

• 100µL of cell conditioned medium was collected into 1.5mL Eppendorf tube and 

boiled for 5 min at 95°C using bench heat block. The sample was stored at 4°C and 

tested within one week. 

• Cells were washed with PBS and removed by cell scraper into PBS. An aliquot 

was used for cell counting and the rest was centrifuged at 335g for 5 minutes at 

4°C. 

• Cells were resuspended in PBS and approximately 0.5-1.0 × 106 cells were placed 

into a 1.5mL Eppendorf tube. 

• The tube was centrifuged at 2000g for 1 minute at 4°C, the supernatant was 

removed, the cell pellet was resuspended in 1mL PBS and centrifuged again. 

• Finally, the supernatant was removed and the cell pellet was stored at 4°C for 

mycoplasma testing was carried out within one week. 

• Optimised PCR-based technique was used for mycoplasma detection, which was 

performed by CHIRI facility researcher, Curtin University. 
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Appendix VI: MTT Solution Preparation and 

Storage 

According to the manufacturer website - “Reconstituted MTT solution is stable for at 

least 6 months when stored frozen (−20°C). Storage of reconstituted MTT solution at 

2-8°C for more than 2 weeks may cause decomposition and yield erroneous results.” 

So, the following procedure was carried out in a biosafety cabinet (where applicable) 

always protecting the reagent from light: 

• 100mg of MTT was weighed out in a 50mL glass beaker and dissolved in 20mL 

PBS (pH 7.4) on a magnetic stirrer to obtain a stock concentration of 5mg/mL. 

• The MTT solution was filter-sterilized using 0.2µm syringe tip filter directly into 

4mL sterile containers and wrapped with aluminium foil for light protection. 

• The stock solution was stored, at 4°C for frequent usage within 7 days or at −20°C 

for long term storage (up to 3 months), in a light-protected container. 

 

Appendix VII: Medium Replacement Procedure for 

Cell Inserts 

Maintaining pressure above the cell monolayer on an insert is important for the 

integrity of the TJ (Ghaffarian & Muro, 2013). Therefore, along with the usual cell 

culture practice, following procedure was always implemented: 

• The medium from the lower chamber was aspirated first, 

• Then, the medium from the upper chamber was aspirated, 

• The upper chamber was filled first and finally,  

• The lower chamber was filled with medium. 
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Appendix VIII: Antibody Aliquot and Storage 

Protocol 

For immunostaining procedure, a primary and a secondary antibody were used. The 

anti-occludin antibody was specific to TJ occludin protein. However, the primary 

antibodies available are not generally fluorescently tagged due to high cost as well as 

being less sensitive, hence the secondary antibody was used. This anti-rabbit 

secondary antibody containing green-fluorescent dye is capable of binding with the 

primary antibody making them visible under fluorescent microscope. 

100µg primary antibody was received at 1µg/µL concentration (100µL stock solution). 

500µg secondary antibody was received at 2 µg/µL concentration (250µL stock 

solution). Upon receiving the antibody, they were centrifuged at 10,000g for 20 

seconds to collect solution that is trapped in the threads of the vial. To avoid repeated 

freeze-thaw cycles, they were aliquoted as 10µL into Eppendorf low-protein-binding 

microcentrifuge tubes and kept at −80°C. At time of the cell treatment, one vial was 

taken out, thawed, removed necessary volume and if the next experiment was within 

next 1-2 weeks, stored it at 4°C; otherwise, returned it at −80°C immediately after use.  

It should be noted here that: 

• Aliquots should be no smaller than 10 µL; the smaller the aliquot, the more the 

stock concentration is affected by evaporation and adsorption of the antibody onto 

the surface of the storage vial.  

• Storing of diluted antibodies can lead to rapid degradation of antibodies and not 

recommended by the supplier. 

• The freezer for storage the antibodies must not be of the frost-free variety. These 

cycles between freezing and thawing (to reduce frost build-up), must be avoided. 

• For the same reason, antibody vials should be placed in an area of the freezer that 

has minimal temperature fluctuations, for instance towards the back rather than on 

a door shelf. 
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SOJ Pharmacy & Pharmaceutical Sciences (ISSN: 2374-6866) (Accepted) 

❖ Naz Hasan Huda, Andrew Crowe, Heather A. E. Benson and Yan Chen (2017) 

Formulation development and cellular transport studies of a novel poly(lactide-co-

glycolide) nanoparticulate carrier system (Under preparation) 

❖ Naz Hasan Huda, Andrew Crowe, Pierre-Olivier Couraud, Ignacio Romero, 

Babette Weksler and Yan Chen (2017) Cytotoxicity and cellular uptake of a novel 

dual ligand poly(lactide-co-glycolide) nanoparticulate carrier system for brain 

drug delivery (Under preparation) 

❖ Naz Hasan Huda, Heather A. E. Benson, Yan Chen (2017) CNS Drug Delivery: 

Challenge, Current Strategies and Future Scope (Under preparation) 

❖ Naz Hasan Huda, H. A. E. Benson, and Y. Chen. Development of functionalized 

PLGA polymer for targeted nanoparticle delivery. Drug Delivery Australia (DDA) 

hosted by the Australian Chapter of the Controlled Release Society (AUS-CRS) 

on 19-20th November 2015 at the University of Queensland (Brisbane, Australia). 

(Poster) 

❖ Naz Hasan Huda, H. A. E. Benson, A. Crowe and Y. Chen. Dual ligand 
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its cellular response. DDA hosted by AUS-CRS on 27-28th October 2016 at the 

University of New South Wales (Sydney, Australia). (Poster) 

❖ Naz Hasan Huda, Heather Benson, Andrew Crowe, Yan Chen. Synthesis and 

quantitative analysis of polymer conjugate poly(lactic-co-glycolic acid)-

diaminobutane (PLGA-DAB). Mark Liveris Research Student Seminar hosted by 

the Faculty of Health Sciences at Curtin University on 11th November 2014. 

(Poster) 
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❖ Naz Hasan Huda, Heather A. E. Benson, Yan Chen. Development of 

functionalized PLGA polymer for targeted nanoparticle delivery. Mark Liveris 

Research Student Seminar hosted by the Faculty of Health Sciences at Curtin 

University on 3rd September 2015. (Oral presentation) 

 




