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Abstract 

Neurodegenerative disorders (NDs) are causes for a growing concern among health 

professionals and health care agencies, especially for the lack of effective treatments for 

these devastating disorders. One of the most common forms of the NDs is Alzheimer’s 

disease (AD) which involves extracellular deposition of Amyloid-β peptide and 

intracellular accumulation of neurofibrillary tangles of hyperphosphorylated tau protein, 

resulting in gradually decline in memory, cognitive functions and behaviour. 

Rivastigmine (RV) is a reversible acetylcholinesterase inhibitor drug which has been 

approved by FDA for treatment the cognitive problems of AD and Parkinson disease. It 

acts by reversibly inhibiting acetylcholinesterases in the brain thereby, retard the rate at 

which acetylcholine (ACh) is broken down. RV has a restricted entry into the brain due to 

its hydrophilic nature, therefore, requires increased dosing to promote drug penetration 

into the brain. Consequently, it results in the cholinergic adverse effects. It is a challenge 

to deliver a high enough concentration of drug across the blood-brain barrier (BBB) 

without causing side effects. Intranasal (IN) drug delivery provides advantages over the 

intravenous (IV) route for drug delivery into the brain as it can bypass the BBB. It allows 

the drug molecule to pass from nose to various brain compartments via the olfactory and 

trigeminal pathway, therefore, enhance brain uptake of the drug. Use of nanoparticles 

(NPs) especially biodegradable NPs in conjunction with IN route administration have 

demonstrated further benefits because of increased transport of drug via nano-carriers. 

Evidence showed that surface modification of NPs with targeting ligand(s) enhanced NPs 

transport from nose to the brain and close to the neuronal cells.  

The objective of this thesis was to develop an effective nanoparticulate drug delivery 

system which can enhance the delivery of therapeutic molecules like RV into the brain 

through IN route. A biodegradable and biocompatible RV-loaded-polylactic-co-glycolic 

acid (PLGA) NPs functionalized with single ligand (sialic acid-octadecyl amine, SA-

ODA) and dual ligands (SA-ODA and thiolated glycol chitosan, TGC) were developed. 

The developed NPs were loaded with RV and coumarin 6 (C-6), the latter a fluorescent 
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marker which can also represent the diagnostic agent or a hydrophobic drug for various 

purposes including tracking and easy detection.  

The two different targeting ligands: TGC (targeting ligand-1) and SA-ODA (targeting 

ligand-2) was synthesized.  The latter was by another member of the research group. TGC 

was selected as ligand-1 because of its ability to promote the interaction of NPs with nasal 

mucosa membrane. For the synthesis of TGC, Glycol chitosan (GC) was chemically 

modified using thioglycolic acid via a selective carbodiimide reaction in the presence of 

EDC and NHS. The presence of the thiol group on the surface of GC was determined by 

both FT-IR spectroscopy analysis and quantitative assay using Ellman’s reagent. The thiol 

group content of 881.1 ± 21.3 µmol thiol groups/gm of synthesized polymer was detected. 

To achieve the prolonged residence time of NPs in the brain and enhance its interaction 

with neuron cells, Sialic acid (SA) was chosen as ligand-2. SA was incorporated as SA-

ODA for its easy formulation of NPs. RV and C-6 loaded dual ligand PLGA NPs were 

prepared by double emulsion (w/o/w) solvent evaporation method using 0.3% d-α-

tocopheryl polyethylene glycol 1000 succinate (TPGS) as a stabilizer and 0.2% TGC as a 

coating solution after investigating various formulation variables such as polymer 

molecular weight, stabilizer type and its concentration, method of preparation, and coating 

polymer concentration to produce the NPs with smallest possible particle size and highest 

possible drug loading.  

The most suitable formulation conditions produced the mean particle size of single ligand 

PLGA-SA-ODA NPs and dual ligand PLGA-SA-ODA NPs coated with TGC being 168.4 

± 10.3 nm and 236.0 ± 9.8 nm respectively with low polydispersity index (PDI). The zeta 

potential of single ligand and dual ligand NPs was -32.4 ± 4.1 mV and +10.4 ± 3.3 mV 

respectively. The drug loading of developed single ligand and dual ligand NPs were 3.7 ± 

0.7 % and 3.6 ± 0.1% of RV respectively and the entrapment efficiency is 23.1 ± 0.7 and 

22.8 ± 0.7, analysed using a validated RP-HPLC method.  The increase in the particle size 

and positive zeta potential of dual ligand modified NPs indicated the presence of cationic 

TGC polymer on the nanoparticle surface. In addition, the presence of thiol group on the 

surface of the NPs was confirmed by its reaction with Ellman’s reagent (a thiol group 

specific agent), suggesting the successful attachment of TGC polymer on PLGA-SA-ODA 
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NPs. The number of thiol groups present on the surface of each NP was 533.67 ± 94.7 

calculated using a formula reported in the literature.  The stability study data revealed that 

single ligand NPs were stable for a period up to seven days whereas dual ligand NPs were 

stable only for 24 h. Therefore, dual ligands NPs should be freshly prepared and used 

within 24 h.  The in-vitro release study of single ligand and dual ligand NPs showed a 

biphasic release pattern with an initial burst release of 13% RV in one hour followed by a 

relatively constant release of RV from NPs over 24 h.  

The developed single ligand and dual ligand modified PLGA NPs were evaluated for their 

effectiveness in enhancing RV and C-6 transport into the brain using Sprague-Dawley rats 

by IN route at the dose of 1mg/kg of free RV base and 80 µg/kg of C-6. Both RV and C6 

pharmacokinetic profiles, when delivered by NPs, were determined and their brain 

concentrations were analyzed against control solutions of RV administered by IV and IN 

route over a period of 8 h. The data indicated the area under curve (AUC) of plasma 

concentration-time profile of RV from dual ligand PLGA-SA-ODA NPs coated with TGC 

was greater than that of single ligand NPs; and both dual and single ligand NPs were 2.6 

and 1.8 times greater than that of IN solution of RV respectively over 8h period, providing 

more drug for transport across the BBB. At 2 h post administration, dual ligand NPs 

showed 6.5 times and 3.3 times higher RV concentration in the brain than that of IV and 

IN drug solutions respectively whereas, single ligand NPs enhanced 4.5 times and 2.2 

times brain RV concentration when compared to IV and IN administered control solutions. 

In addition, the brain uptake efficiency of C-6 from dual ligand NPs was 1.25 times, at 2 

h, and reached 2 times of that of single ligand NPs at 8 h. In comparison to those reported 

in the literature, our developed system displayed stronger brain transport ability with 

versatility for delivery of both hydrophilic and hydrophobic drugs.  

This increase in the brain drug concentration of RV and C-6 was attributed to the presence 

of the targeting ligands viz TGC and SA-ODA. These two targeting ligands 1) allowed 

the NPs to have better interaction with the nasal mucosal membrane; 2) transported NPs 

more effectively into the brain from the nose; 3) prolonged NPs residence time in the brain 

by remaining closely to the neuronal cells and released drug locally.  Moreover, both 

single and dual ligand PLGA-SA-ODA NPs showed sustained release properties which 
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also permitted high plasma concentration of RV, which promoted drug permeation 

through the BBB at the same time. All of these effects contributed to the high brain RV 

concentration.     

It was concluded that our dual ligand NPs showed better brain targeting ability compared 

to single ligand NPs via IN route, possibly via their strong mucoadhesive interaction. The 

use of single SA ligand, which allowed NP to stay in the brain longer has also 

demonstrated improved brain targeting compared to the control IN solution. All these 

indicated the importance influence of the targeting ligands in drug delivery into the brain 

via IN route. Furthermore, the differences in plasma profile and RV brain concentrations 

produced by IN and IV solutions, as well as IN NPs support the presence of the direct 

transport pathway from nose to the brain which is far more effective than the IV route. 

The indirect comparison of our developed NPs with that reported in the literature supports 

the conclusion that dual ligand NPs developed in this project are effective brain drug 

carriers and they have potential to become a platform technology for brain delivery of a 

wide range of molecules, from diagnostic agents to therapeutic molecules. However, these 

formulations still require further development to improve their drug encapsulation 

efficiency and stability during storage conditions.   
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1.1 Introduction 

A growing interest in neurodegenerative disorders (NDs) has been seen in the last few 

decades by researchers and health experts. A variety of NDs including Alzheimer's disease 

(AD) and Parkinson’s diseases (PD) are thought to be caused by or related to the persistent 

loss of neuronal activity (Sahni et al., 2011). This group of diseases is interlinked with 

progressing age, change in environmental factors and immunological alterations 

(Kabanov & Gendelman, 2007). The most devastating ND is AD, which is the most 

predominant form of dementia, associated with a decline in cognitive and behavioral skills 

in an individual. The term Alzheimer is coined by Alois Alzheimer, a German physician, 

in 1906.  It is characterized by extracellular deposition of senile plaques (mainly known 

as a β-amyloid peptide) and intracellular aggregation as well as accumulation of 

hyperphosphorylated tau proteins in the brain (Alistair & Steve, 2009). This 

neuropathological condition is lead to a cognitive decline (learning, abstraction, judgment 

etc.) and memory dysfunction such as depression, aggression, hallucination, anger, 

delusion and agitation (Brambilla et al., 2011; A. Nazem & Mansoori, 2008). 

Today, millions of people have this neurological disorder bearing a high burden on the 

families and society around the world. According to one report published by Alzheimer’s 

Association in the USA, AD is the sixth leading cause of death in the United States of 

America (Alzheimer's-Association, 2016). More than 5.4 million Americans are suffering 

from this disease and 90% of the mentioned figures are above the age of 65 or older. In 

2017 report, dementia including AD is formed to be the second leading cause of death in 

Australia after cardiovascular heart disease (Alzheimer's-Australia, 2017). At present, 

AD/ dementia is predicted to cause heavy economic, medical and social burdens all over 

the world in the next few decades as world population ages, because there is no specific 

treatment for stopping this progressive disease yet. 

In the recent decades, growing efforts has been devoted to finding new treatments for this 

devastating disorder. However, the success is limited. It was reported that between 1998 

and 2014 only four new drugs were approved by US-FDA for the treatment of AD while 

123 investigated drugs failed (Robert-Egge, 2015). Though the cost of the bringing the 
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new drug for AD treatment in the market is so high. Therefore, it is become very important 

to maximize the effect of existing and new drug via drug delivery system. 

Currently, there are two main therapies are approved by US-FDA for the treatment of AD, 

which includes acetylcholinesterase inhibitors (Folch et al., 2016; Mehta et al., 2012), and 

N-methyl-D-Aspartate (NMDA) receptor antagonist (Table 1.1). These drugs have been 

regarded as safe and first line therapy in the treatment of AD.  

 

Table 1.1: Drugs approved by US-FDA for the treatment of Alzheimer’s disease 

  

Drug name Marketed 

name 

Mechanism 

of action 

Approved 

treatments 

FDA approval 

year 

Donepezil Aricept Prevents the breakdown 

of acetylcholine 

 

All stages 1996 

Rivastigmine Exelon Prevents the breakdown 

of acetylcholine 

 

Mild to moderate 2000 

Memantine Namenda Regulates glutamate 

activity by binding 

NMDA glutamate 

receptor 

 

Moderate to 

severe 

2003 

Galantamine Razadyne Prevents the breakdown 

of acetylcholine 

Mild to moderate 2004 

 

The cholinesterase inhibitors class of drugs are the first line of drugs, includes 

rivastigmine, donepezil, and galantamine. These drugs act by inhibiting the 

acetylcholinesterase enzyme, thus prolong the action of acetylcholine in the synapse. All 

currently available cholinesterase inhibitors only used to limit disease progression after 

AD has occurred rather than they do target on the underlying causes of AD. Although 

many of cholinesterase inhibitor drugs have the ability to improve cognitive functions of 

patients in mild to moderate AD, the effectiveness of these therapies can be affected by 

variable degrees of drug bioavailability and pharmacokinetics profiles. Hence, it is 

expected that AD treatment demands multiple drug therapy because of various responsible 

underlying factors.  
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A few reports have been published comparing the efficacy of cholinesterase inhibitors and 

they have had contradicting results. They measured the decline in cognitive function on 

the AD assessment scale (Birks, 2006; Gill et al., 2009; Kobayashi et al., 2016). J Birks 

(Birks, 2006) compared the results of controlled clinical trials of donepezil, rivastigmine, 

and galantamine on 13 randomized, double-blind placebos. His study indicated that the 

AD assessment scale score improved cognitive function in patients with mild to moderate 

AD. However, there were increased risks of adverse effects and enhanced rate of 

withdrawal symptoms in patients treated with cholinesterase inhibitors. Gill and his 

colleagues (Gill et al., 2009) also reported that the use of cholinesterase inhibitors 

enhanced increased risks of syncope and bradycardia in older patients. Kobayashi and his 

colleagues (Kobayashi et al., 2016) conducted a meta-analysis on various published 

reviews for determination of overall benefit of rivastigmine, donepezil, and galantamine 

on improved cognition, function, and behavior. All these reports indicated the increased 

incidence of adverse effects of existing cholinesterase inhibitor drugs along with their 

beneficial effects.   

Later in 2003, US-FDA approved the NMDA receptor antagonist drug (Memantine) for 

the treatment of patients with moderate to severe AD (US-FDA, 2003). This lead to the 

transformation of the treatment of AD, using a combination of cholinesterase inhibitors 

and memantine. Memantine is uncompetitive drug having a moderate affinity which acts 

by binding to NMDA-type glutamate receptor surface of neuronal cells thus blocking the 

activity of glutamate neurotransmitter and ameliorating cognitive and memory loss. These 

drugs are used to decrease symptoms in patients with moderate to severe AD by targeting 

on cholinergic and glutaminergic receptors, however; there is no supporting evidence of 

disease-modifying effects.  

In addition, several reports have been published regarding clinical outcomes of active 

immunization and vaccination against amyloid aggregates that may demonstrate useful in 

designing new generation vaccines (Hock et al., 2002; Hock et al., 2003; Nicoll et al., 

2003). These scientific findings led to the development of the amyloid vaccines such as 

AN-1792 and ACC-001. However, all these active immunization improvements have 

been on the grounds because of some adverse events such as vasculitis (Wilcock & Colton, 
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2008) and meningoencephalitis (Gilman et al., 2005). So, endeavors were turned onto the 

advancement of existing approved therapy to reduce adverse effects with total benefits. 

One of the insurmountable hurdles while attempting the delivery of neurotherapeutic drug 

molecules is blood brain barrier (BBB) which limits the access of drug to the brain 

parenchyma. BBB is structurally formed by a complex system of cerebrovascular 

endothelial cells lining cerebral microvessels which separate blood circulation in the brain 

and the neuronal tissue or its fluid space. It is protecting the brain against unwanted 

microscopic objects (e.g. bacteria) and large molecules and possibly as a most challenging 

dynamic barrier for in-vivo therapeutic drug delivery (Doggui et al., 2012; S.-S. Feng & 

Chien, 2003). The principal role of the BBB is to maintain brain homeostasis for neuronal 

functions (Fernandes et al., 2010).  

However, BBB is not merely a mechanical fence but more a gate, selectively permitting 

the transcellular uptake of essential nutrients (glucose, amino acids and ketone bodies), 

vitamins and hormones, through the brain endothelium via a large number of receptor 

transporters. It was found that more than 98% of small-molecular-weight drugs and nearly 

100% large therapeutic molecules are unable to cross the BBB because of poor brain 

penetration (Bodor et al., 1992; Pardridge, 2007). The most challenging task for many 

treatments is to deliver a sufficient amount of therapeutic molecule across the BBB to the 

central nervous system (CNS) for the treatment of NDs (Khawli & Prabhu, 2013). In the 

grassland of this research, many scientific communities are trying to develop a new 

effective delivery system to improve the drug delivery to the brain by both invasive and 

non-invasive methods. The invasive approach includes the temporary disruption of the 

BBB, allowing the entry of drug molecule into the brain or of a direct delivery by means 

of intracerebral or intraventricular administration (Tosi et al., 2007). While, non-invasive 

approaches employ the systemic administration of colloidal drug carriers with targeting 

ligands which promote the receptor or absorptive-mediated transcytosis mechanisms, or 

bypassing the BBB via intranasal (IN) route (Xia et al., 2011). 

Nose to brain delivery provides the various advantages over IV route such as it is a non-

invasive and painless delivery which helps in the direct drug delivery to the brain 

bypassing the BBB. It allows the drug molecule to pass from nose to various brain 
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compartments via the olfactory and trigeminal pathway, therefore, enhanced brain uptake 

of the drug. Unlike the other routes of administration, it reduces the systemic drug 

exposure thereby reducing the relevant side effects, first pass effect and enzymatic 

degradation (Quintana et al., 2016). This route of administration provides an alternative 

method to injectable formulations with better patient compliance (D. Sharma et al., 2015).  

1.2 Biology of the human nose  

The human nose is the most protruding part of the face which extends approximately 3-5 

cm in height externally and 10 cm long nasal cavity internally (Sforza et al., 2011). Human 

nasal cavity starts from external nares (nostrils) to the nasopharynx (the upper section of 

the throat) which is equally divided by the nasal septum into 2 similar non-connected 

halves i.e., left and right nasal cavity. Anatomically, the human nasal cavity is subdivided 

into three main regions that can be easily recognized based on anatomical and histological 

characteristics. (i) Nasal vestibule and atrium (ii) Respiratory region and mucocilliary 

clearance (iii) Olfactory region  

Nasal vestibule comprises an outermost part of nasal cavity bears nasal cartilages having 

an area of about 0.6 cm2. Nasal vestibule bears small hairs, also known as vibrissae. These 

small hairs are lined by a thin layer of mucus which maintains the filtration of air, dust 

and other deleterious matters that are breathed in (Pires et al., 2009). The atrium is the 

middle portion of the nasal meatus which interconnects the vestibule and respiratory 

region. Both the region possesses low vascularity attributable to its low permeability 

nature and small surface area and therefore, they are of the low interest of area for drug 

delivery applications. 

The respiratory region is also called as conchae, is considered as the primary site of 

interest because it represents the major role in the drug absorption into the systemic blood 

circulation. The nasal mucosa present in the respiratory region is enclosed with a thin layer 

of mucus to facilitate mucociliary clearance. Mucus (nasal secretion) layer consisting of 

95% of water, 2-3% of mucin, 2% of electrolytes, protein, lipids, enzymes and lysozymes 

(Kaliner et al., 1986; Mistry et al., 2009). The subsequent pH of the mucus layer in the 
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basal cavity is close to marginal acidic or neutral pH (5.5-6.5). This mucus is mainly 

secreted by goblet cells having 2-4µm in thickness overlies a basement membrane. 

Olfactory region mainly lies between the nasal septum and the lateral wall of each of the 

two nasal cavities. Anatomically, it is situated beneath the cribriform plate of the ethmoid 

bone. Olfactory epithelium plays a functional role in the detection of smells by enhancing 

the accessibility of air to olfactory neuronal cells bearing odorant detectors. It 

predominantly includes three primary types of cells: the olfactory neural cells, basal cells 

and supporting cells (also known as sustentacular cells). Basal cells are the small, conical-

shaped cells, mainly progenitor cells of supporting cells which usually provide the 

mechanical strength to other cells. The olfactory neural cells are originated in the olfactory 

bulb and terminate in the apical surface of the olfactory epithelium mucosa. These cells 

are unmyelinated and intercalated between the supporting cells (Pardeshi & Belgamwar, 

2013). Sustentacular cells are elongated columnar cells which are resting upon the 

basement membrane and bears numerous long microvilli entangled with cilia of the 

receptor cells. The functions of the sustentacular cells are not clearly understood but rather 

they are intended to provide the mechanical support to the other receptor cells (L. Illum, 

2000).  

1.3 Nose to brain pathways and mechanisms  

Once the drug formulation is administered intranasally, it reaches to the brain and CSF 

via olfactory receptor neurons and systemic circulation via respiratory epithelium. While 

the precise underlying mechanism of transport of the drug from nose to the brain is not 

entirely understood yet, however, recent developments have highlighted the conceivable 

pathways of direct transport of drugs to the cerebrum through the nasal route in man. An 

accumulated evidence of the literature demonstrated that nerves emerging from the brain 

and spinal cord are associated with the nasal cavity, are mainly responsible for the 

transport of the drug molecule from nose to brain (Quintana et al., 2016). A combination 

of one or two pathways responsible for transportation (Figure 1.1), albeit one mechanism 

may prevail contingent on the delivery device employed, characteristics of 

neurotherapeutics and formulation characteristics.   
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Figure 1.1: Representation of three major pathways of drug transportation to the brain via the nasal route.  

Route-1 is transportation via blood capillaries. Route-2 is direct brain transportation via olfactory pathway. Route-3 is the 

transportation of therapeutics molecules to the brain via a trigeminal pathway. Figure adapted with permission from Elsevier 

Publisher (Quintana. et al., 2015).           
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1.3.1 Olfactory nerve pathway 

The olfactory region is mostly present in the roof of the nasal cavity which is modified 

form of respiratory epithelium. Although olfactory epithelium consists just 3% of the nasal 

epithelium but this pathway serves as a most direct drug transport route to the brain and 

CSF, bypassing the BBB (Lisbeth Illum, 2003). It is the simplest and a slow pathway 

through three different pathways across the olfactory epithelium (i) transcellular pathway 

involving receptor-mediated endocytosis, fluid phase endocytosis or by passive diffusion. 

This pathway is mainly responsible for the transport of the lipophilic drugs and rate of 

their transport relies on their lipophilicity. (ii) the paracellular pathway is appropriate for 

the transport of the hydrophilic drugs most presumably occur by passive diffusion via tight 

junctions between sustentacular cells and olfactory neurons or open clefts in the 

membrane. The rate of drug transportation through this pathway mainly depends on the 

molecular weight of the drug. Drugs having a molecular weight less than 1000 Da easily 

transport through this mechanism and give greater bioavailability without any absorption 

enhancer. (iii) Olfactory nerve pathway; where the drug is mainly transported by means 

of intraneuronal (axonal transport) or extraneuronal pathway through perineural channels. 

The intraneuronal pathway is slow and takes hours to days for drug transportation to the 

distinctive brain region. Extraneuronal pathways allow the drug transportation within 

minutes (Pardeshi & Belgamwar, 2013). Drugs can cross the olfactory epithelium by using 

one or a combination of different mechanism depending upon their characteristic features. 

1.3.2 Trigeminal nerve pathway 

The Trigeminal nerve is the largest nerve amongst all the cranial nerve (fifth nerve) 

innervates in the nasal respiratory epithelium and olfactory epithelium of the nasal cavity. 

It comprises of three main branches (i) ophthalmic nerve V1, (ii) maxillary division V2, 

(iii) mandibular division V3. The former two nerves of the trigeminal nerve are important 

for the nose to brain delivery as they are directly associated with the nasal mucosa 

(Pardeshi & Belgamwar, 2013). The sheer number of proof proposes that there is direct 
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pathway connecting the nasal passages to the cerebrum involving trigeminal nerve 

(Quintana. et al., 2015; Ross et al., 2004; Yasir & Sara, 2014). Evidence suggests that IN 

administered drugs reach to the brain through trigeminal nerve and perineural space 

present in the permeable respiratory and olfactory epithelium since they are innervated by 

trigeminal nerves (Johnson et al., 2010). Furthermore, trigeminal nerve is also present in 

the maxillary sinus which is lined by a pseudo epithelium and associated with the nasal 

cavity. Thorne and his colleagues (Thorne et al., 2004) have studied the possible 

trigeminal neural pathway and mechanism for the CNS delivering of insulin-like growth 

factor-1 (IGF-1), a protein neurotrophic factor, following IN administration. The evidence 

showed an increase in the concentration of IGF-1 in the three major branches of the 

trigeminal nerve and in the brain by observing the high level of radioactive [I125] IGF-1 in 

trigeminal branches, pons, and olfactory bulb.  Later, the same group of researchers has 

recognized the significant contribution of the trigeminal nerve to the IN delivery, 

particularly to the caudal brain and the spinal cord (Lochhead & Thorne, 2012). This study 

proposes that trigeminal nerve pathway act as a conduit to transport drugs to the brain 

stem after IN administration.     

1.3.3 Nasal lymphatic system pathway and cerebrospinal fluid    

Several studies suggest the pathways connecting the nasal lymphatics and CNS may 

involve the transport of the drug to the cerebrospinal fluid (CSF) after IN administration 

followed by subsequent distribution to the brain (Dhuria et al., 2010; Johnston et al., 2004; 

Kida et al., 1993; Walter et al., 2006). Johnson and his colleagues (Johnston et al., 2004) 

investigated the existence of a connection between CSF and nasal lymphatic system 

pathway in humans, non-human primates, and other species. For their studies, they 

introduced yellow microfibrils into the CSF. The presence of yellow microfibrils in the 

nasal lymphatic network in the submucosal region associated with the olfactory and 

respiratory region evidenced the fact that there is a direct association between CSF and 

nasal lymphatic pathway. Walter and his colleagues (Walter et al., 2006) administered 

antigen into the subarachnoid space of the rat brain and their experimental evidence 

showed the presence of the antigen in the cervical lymph nodes and nasal mucosa owing 



16 

 

to the drainage of the antigen from subarachnoid space to nasal lymphatic vessels which 

provided the direct relationship between CSF and nasal lymphatics. These possible 

pathways are significant predominant in a number of animal species (rats, rabbits, and 

sheep) accounting for 50% of CSF clearance (Boulton et al., 1999; Boulton et al., 1996). 

However, in the case of human drug therapeutics are essentially transported into the blood 

because of the pressure difference at the arachnoid granulations present on the blood 

capillaries in the subarachnoid space. These pathways are evidenced by the fact that 

therapeutics can be specifically delivered to the CSF following intranasal administration 

(Born et al., 2002). 

Experimentally it is hard to determine the contribution of a pathway followed by a drug 

molecule for the transportation into the cerebrum after IN administration. Still, it is 

possible, however, more than one pathway involved for nasally administered drug to be 

transported to the brain tissue. The possible pathways are depicted in Figure 1.2.  

 

Figure 1.2: Proposed pathways of drug molecule from nose to the brain in human 

after IN administration  
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1.4 Nose to Brain drug delivery 

In spite of the various advantages mentioned earlier, nose to brain delivery possess some 

challenges such as the rapid elimination of drugs due to increased nasal mucociliary 

clearance, reduced nasal permeability of high molecular weight drugs across nasal 

mucosa, and damage to the nasal mucosa due to frequent use of drug (Pardeshi & 

Belgamwar, 2013). These limitations lead to the development of modified formulation 

such as NPs which has attracted great interest in the drug delivery into the brain. NPs can 

be used as a platform technology for delivery of an extensive range of hydrophilic drugs, 

hydrophobic drugs, peptides & proteins, vaccines, biological macromolecules etc. 

(Wilson et al., 2008). In addition, NPs retard drug release at the peripheral site and reduce 

local and peripheral toxicity by means of altering their surface properties which make 

them attractive carriers for brain transport (Cheng et al., 2013; J. P. Rao & Geckeler, 

2011). Additionally, higher surface/volume ratio of NPs subsequently bring about a 

reduction in dose as well as the frequency of administration of the drug.  

During the last two decades, numerous systems have been developed to target the drugs 

from nose to the brain which include polymer based NPs (Al-Ghananeem et al., 2010; Md 

et al., 2012; Wang et al., 2008), lipid-based NPs (Kumar et al., 2008) and liposomes (Li 

et al., 2012). Among the various targeted drug delivery systems for the brain, polymeric 

NPs have demonstrated the promising potential for the treatment of AD and other NDs 

(Brambilla et al., 2011; Amir Nazem & Mansoori, 2011). This is due to their capability of 

site-specific targeting nature and ability to deliver a wide range of therapeutics molecules 

in a controlled release manner to the brain (Fazil et al., 2012) for example estradiol (G. 

Mittal et al., 2011), rivastigmine (Wilson et al., 2008) and curcumin (Cheng et al., 2013; 

La Porte et al., 2012).     

1.4.1 Polymeric nanoparticles 

Polymeric NPs possess controlled and sustained release properties due to their solid 

matrix. Those particulate carriers also protect the drug molecule from degradation. Due to 

their polymeric nature, they can be used to further enhance bioavailability and even 
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permeability of many drugs. Although they are very simple to formulate, still 

physicochemical properties of a drug such as molecular mass, lipophilic nature, and its 

ability to cross mucous membrane are needed to be considered while designing polymeric 

NPs for IN delivery. Additional issues such as protection against systematic enzymatic 

attack and minimizing clearance rate of drugs in the brain are also to be concerned in 

designing polymeric NPs (Modi et al., 2009). 

A wide variety of natural to semi-synthetic polymers has been used in the preparation of 

polymeric NPs. These include chitosan, gelatin, sodium alginate, albumin, guar gum and 

xanthan gum etc. However, in last decades, biodegradable polymers are attracting more 

attention in medical and pharmaceutical applications. Most popular ones are Polylactides 

(PLA), Polyglycolides (PGA), Poly (lactide-co-glycolides) (PLGA), Polyanhydrides, 

Polyorthoesters, Polycyanoacrylates, and Polycaprolactone (PCL). 

There has been increased interest in the development of bioadhesive/mucoadhesive 

polymer pertaining to nasal drug delivery in recent years. These types of mucoadhesive 

polymers are certainly not only needed for enhancing the residence time in the nasal cavity 

and increasing drug transport across nasal barrier but also, pertaining to reducing the drug 

clearance by increasing the viscosity of formulation as well as enhancing the uptake by 

the nasal epithelium. Over the recent decades, several synthetic and natural biodegradable 

mucoadhesive polymers have been studied and showed substantially prolonged residence 

time through the nasal epithelium and reduced drug clearance (Ugwoke et al., 1999; Zaki 

et al., 2007). These polymers primarily consist of derivatives of cellulose, polyacrylates, 

starch and chitosan derivatives (Chaturvedi et al., 2011). Various designed polymeric 

nanoparticulate formulations for the nose to brain targeting with and without targeting 

ligands, mentioned in literature are tabulated in Table 1.2. 
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Table 1.2: Overview of the various polymeric NP formulations that enhance the drug transport to the brain via IN 

administration 

 

Core polymer 

in NP 

Formulation 

Targeting 

ligand used / 

surface 

modification 

Name of the 

drug loaded 

Animal study Findings Reference 

Polylactic 

acid (PLA)  

PEG-20000 

Polysorbate-80 

chitosan 

Borneol 

Mentholum 

Aniracetam In-vivo brain targeting 

efficiency was determined 

by administering multi-

coated PLA NPs and 

control solution of 

Aniracetam in Sprague-

Dawley rats. 

 

Multi-coated PLA NPs 

showed 5 times higher drug 

concentration and AUC in 

the brain as compared to 

control drug solution.  

(Bian et al., 

2016) 

PLGA Glutathione Paclitaxel In vivo study was performed 

in Wistar rats by 

administering both 

glutathione conjugated and 

unconjugated PLGA NPs 

and their brain targeting 

efficiency were determined 

against control (paclitaxel 

solution). 

 

Glutathione conjugated NPs 

and unconjugated NPs 

showed 388% and 225% 

respectively higher brain 

targeting efficiency 

compared to paclitaxel 

solution.   

(Acharya & 

Reddy, 

2016) 
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Core polymer 

in NP 

Formulation 

Targeting 

ligand used / 

surface 

modification 

Name of the 

drug loaded 

Animal study Findings Reference 

Chitosan, and 

its thiolated 

derivative 

Thiolation 

using 

thioglycolic 

acid 

Selegiline In vivo study was performed 

in Wistar rats by 

administering both thiolated 

chitosan NPs and chitosan 

NPs and their brain uptake 

study was compared against 

control selegiline solution. 

Their brain uptake study 

results indicated that 

thiolated NPs enhanced ~2 

times and 3 times higher 

brain drug concentration than 

that to chitosan NPs and 

selegiline drug solution.  

(Singh et 

al, 2016) 

Chitosan 

Glutamate 

- Rasagiline Biodistribution study was 

carried out in Swiss albino 

mice (male) after IN and IV 

administration of rasagiline 

loaded chitosan glutamate 

NPs. 

 

Brain targeting efficiency of 

the IN administered 

rasagiline loaded NPs was 

higher (69%) than that of IV 

administered chitosan 

glutamate NPs (66%). 

 

(Mittal et 

al., 2016) 

PEG-PLGA Lactoferrin Rotigotine Brain targeting efficiency of 

Rotigotine was determined 

by IN administration of 

lactoferrin modified and 

unmodified PEG-PLGA 

NPs in male Kunming mice.  

 

In-vivo results revealed that 

Lactoferrin modified NPs 

showed higher drug 

concentration in the brain as 

compared to unmodified 

NPs.   

(Bi et al., 

2016) 

Thiolated 

Chitosan 

Thiolation on 

chitosan 

polymer using 

thioglycolic 

acid 

Buspirone 

hydrochloride 

In vivo study was performed 

on Albino Wistar rats by IN 

administered Thiolated 

chitosan NPs and their brain 

targeting efficiency were 

Buspirone loaded thiolated 

chitosan NPs showed 2 times 

higher drug concentration in 

the brain when compared 

(Bari et al., 

2015) 
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Core polymer 

in NP 

Formulation 

Targeting 

ligand used / 

surface 

modification 

Name of the 

drug loaded 

Animal study Findings Reference 

determined against control 

(buspirone solution).  

 

 

with IN administered 

buspirone solution. 

 

PLGA - Diazepam 99mTc-Labelled Diazepam 

loaded PLGA NPs were 

compared with 99mTc-

labelled Diazepam 

suspension in Sprague-

Dawley rats.  

Results indicated that 99mTc-

Labelled Diazepam loaded 

PLGA NPs showed 60% 

higher drug transport from 

nose to brain as compared to 
99mTc-labelled diazepam 

suspension post-IN 

administration.  

  

(D. Sharma 

et al., 2015) 

PLGA TAT peptide 

(11 amino acid) 

Insulin Both unmodified and TAT-

modified PLGA NPs loaded 

with Fluorescein were 

administered to KM Mice 

via IN route to determine 

the brain uptake efficiency. 

 

TAT-modified PLGA NPs 

showed 3 times higher drug 

concentration in the olfactory 

bulb as compared to 

unmodified PLGA NPs.  

(L. Yan et 

al., 2013) 

Chitosan - Venlafaxine Venlafaxine loaded 

chitosan NPs were 

administered to Wistar rats 

by IN route and compared 

against IN and IV 

administered control drug 

solution. 

 

 

IN administered Venlafaxine 

loaded NPs showed two 

times higher drug 

concentration in the brain as 

compared to IN administered 

drug solution. 

(Haque et 

al., 2012) 



22 

 

Core polymer 

in NP 

Formulation 

Targeting 

ligand used / 

surface 

modification 

Name of the 

drug loaded 

Animal study Findings Reference 

PLGA - Olanzapine Olanzapine loaded PLGA 

NPs were administered IN 

to Albino rats and compared 

with IN and IV 

administered drug solution. 

The in-vivo study revealed 

that IN administered 

Olanzapine loaded PLGA 

NPs enhanced 6.4 and 10.9 

times higher brain drug 

concentration as compared to 

IV and IN administered 

Olanzapine drug solution. 

 

 

(Seju et al., 

2011) 

PEG-PLA low molecular 

weight 

Protamine 

Coumarin-6 

(C-6) 

Both uncoated and 

protamine coated PEG-PLA 

NPs were administered via 

IN route to Sprague-Dawley 

rats.  

The pharmacokinetic data 

also showed 2.03, 2.55, 2.68 

and 2.82 folds higher C-6 

concentration in rat 

cerebrum, cerebellum, 

olfactory tract and olfactory 

bulb respectively as 

compared to unmodified 

NPs. 

(Xia. et al., 

2011) 
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1.4.2 Sialic acid surface modification 

Sialic acids (SA) are the most abundantly occurring acidic 9-carbon-sugar derivatives 

(Figure 1.3 (A)) present on the erythrocyte cell membrane (Murrey & Hsieh-Wilson, 

2008; She et al., 2014). They constitute a group of more than 50 structurally distinct 

compounds, mostly derived from a 5-acetamido-D-glycero-D-galacto-2-nonulosonic 

acid (N-acetylneuraminic acid). N-acetylneuraminic acid (Neu5Ac) is one of the most 

abundantly available sialic acids, that have been used for neuronal targeting (Bondioli. 

et al., 2010; Tosi et al., 2010; Wielgat & Braszko, 2012). They are present in the brain 

close to the mammalian neuronal cell adhesion molecule (NCAM), a glycoprotein 

present on the glial cell surface and skeletal muscle cells. Sialic acids are preferably 

taken up by these protein molecules that play an important role in various neurological 

processes, such as maintenance of plasticity during neuron development (Bondioli et 

al., 2011). They also play an important role in evading the reticuloendothelial system 

(RES) thus prolonging the circulation of nano-systems without any uptake by the 

immune system (Bondioli et al., 2011).  

(A) 

 

 

(B) 

  

Figure 1.3: Chemical structure of (A) Sialic acid (B) Sialic acid-Octadecylamine 

conjugate 
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Using this principle, Tosi and his colleagues (Tosi et al., 2010) developed a Neu5Ac 

(SA) and glycopeptide (G7) tagged PLGA NPs for CNS localization to achieve 

significant levels of brain delivery of the loperamide. Their results indicated the 

increased drug concentration of loperamide in the brain along with extended time 

period of 24 h, after an administration of PLGA-SA-G7 NPs. The increased brain drug 

concentration was thought owing to the interaction of the SA present on the NPs with 

neuronal cells present in the brain and also resist the NPs efflux, ultimately prolonged 

brain drug concentration.  

Based on this concept that SA could enhance and maintain the brain drug concentration 

for an extended time, we choose Neu5Ac as our choice of the targeting ligand aiming 

to deliver and then increase retention of RV close to neuronal cells in the CNS. As SA 

is hydrophilic in nature, therefore, it was conjugated with a hydrophobic moiety 

(octadecylamine) to form sialic acid-octadecylamine (SA-ODA) to incorporate the 

sialic acid into the NPs matrix phase [Figure 1.3 (B)].  

1.4.3 Chitosan modification 

A widely used mucoadhesive polymer, chitosan, a biodegradable and biocompatible 

polymer, is naturally occurring and abundantly available [Figure 1.4(A)]. It is derived 

from alkaline deacetylation of chitin, which can be obtained from crustacean shells. 

chitosan is composed of repeating units of D-glucosamine and N-acetyl-D-

glucosamine residues coupled through a β (1→4) glycosidic linkage. It bears the 

positive charge owing to free amino groups, resulting in its pKa value 5.5-6.5. The 

actual mucoadhesion and permeation characteristics of chitosan are results of the ionic 

interaction between cationic amino group and anionic counterpart of the mucous 

membrane. Hence, it possesses mucoadhesive characteristics which in turn not only 

reduce mucociliary clearance but also transiently open up the tight junctions between 

epithelial cells thereby significantly improving drug transportation across the nasal 

membrane to the brain by paracellular route (Md et al., 2012). This unique property is 

favorable in retaining the particulate formulations for the extended time period inside 

the nasal cavity and also simultaneously helping in translocation of the drug molecule 

across the membrane (Casettari & Illum, 2014). It has been widely used in the 

development of advanced formulation because of its desirable biological properties 

such as biodegradability, good stability, non-toxicity, biocompatibility, mucoadhesive 
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and permeation enhancing ability (Jayakumar et al., 2010; Md et al., 2012; Wilson et 

al., 2011; Wilson et al., 2010). 

Wang and his colleagues (Wang et al., 2008) formulated Estradiol loaded chitosan NPs 

by using ionic gelation method with an average size of 269.3±31.6 nm, +25.4mV zeta 

potential and estradiol loading capacity of 1.9 mg/mL with an entrapment efficiency 

of 64.7%. Subsequently, they targeted Estradiol in CSF via IN and IV administration 

of Estradiol loaded chitosan NPs. The CSF drug concentration was substantially higher 

when they compared IN administration (76.4±14 ng/mL) with IV administration (29.5 

±7.4 ng/mL) of NPs. It was concluded that Estradiol loaded chitosan NPs transported 

through nasal cavity into cerebrospinal fluid improving the levels of Estradiol into the 

brain thereby providing neuroprotection.  

A similar study was also performed by Al-Ghananeem and his colleagues (Al-

Ghananeem et al., 2010) for investigating the IN route as a potential route for drug 

targeting to the brain. They formulated didanosine loaded chitosan NPs using ionic 

gelation method. Brain targeting efficiency of didanosine loaded chitosan NPs was 

determined and compared against drug solution of didanosine IN and IV via the nose. 

It is reported that drug concentration in the brain, olfactory bulb, and CSF was higher 

in the case of didanosine loaded chitosan NPs than that of drug solutions. 

Another set of similar results were also reported by Fazil and his colleagues (Fazil et 

al., 2012). They encapsulated Rivastigmine (RV) into chitosan NPs for brain targeting 

via IN delivery, with an average size of 185.0±8 nm and zeta potential of +38.9 ±2.85 

mV. They also studied nose to brain delivery pathway using confocal laser scanning 

microscopy technique via administering blank NPs loaded with rhodamine-123 as a 

fluorescent marker. Confocal studies indicated the higher concentration of rhodamine 

in the brain after IN administration compared to IV administration. Further 

pharmacokinetic studies indicated that area under the curve (AUC) of RV was 2 times 

higher in the brain in RV loaded chitosan NPs as compared to RV drug solution after 

IN administration. These results suggest that there is a direct nose to brain pathway for 

the drug administered in the form of chitosan NPs via IN route. All these studies 

suggest that the combination of polymeric NPs with IN route is an effective strategy 

to enhance the drug delivery into the brain.   
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Despite many superior properties, chitosan has a major disadvantage, that could lead 

to loss of its permeability enhancing property and absorption nature in vivo, its poor 

solubility at physiological pH which may cause it to precipitate out from solution in-

vivo (Kotze et al., 1999). Thus, various chemical modifications have been introduced 

in order to improve chitosan solubility at physiological pH (Cho et al., 1999; Kubota 

et al., 2000; Mourya & Inamdar, 2008).  

The synthesis of water-soluble chitosan derivatives has led to the introduction of glycol 

chitosan (GC), [Figure 1.4 (B)] a water-soluble derivative which maintains its free 

amino group and favorable mucoadhesive property. GC is hydrophilic in nature at all 

neutral/acidic pH owing to its hydrophilic ethylene glycol side chain thus provides 

steric stabilization. It was produced by reacting the chitin with ethylene oxide followed 

by its deacetylation (Trapani et al., 2009). 

Pawar and his colleagues (Pawar & Jaganathan, 2016) introduced the Hepatitis B 

surface antigen loaded GC NPs via IN route to evaluate the systemic and mucosal 

response. Both chitosan and GC NPs were prepared using polyelectrolyte complex 

method with an average size below 200 nm and positive surface charge. In vivo nasal 

clearance study was performed in male New Zealand white rabbits by administering 

separately 99mTc-labelled chitosan and GC NPs. Their results indicated that 

mucoadhesive polymer showed less nasal clearance from nasal mucosa as compared 

to control 99mTc-labelled lactose solution and 99mTc-labelled Hepatitis surface antigen 

solution. GC NPs showed significantly (p<0.05) less nasal clearance and even better 

mucosal uptake than that of chitosan NPs. These results attributed to less nasal 

clearance of NPs and the better mucoadhesive nature of GC. Considering the better 

mucoadhesive property and reduced nasal clearance of the GC, we decided to use GC 

as a polymer coat to target to the nasal mucosa membrane.     
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(A)      (B) 

              

Figure 1.4: Chemical structure of (A) Chitosan (B) Glycol Chitosan 

 

 

Lately, it has been reported that chitosan showed stronger mucoadhesive property 

when sulfhydryl groups were conjugated to the polycation amino group (Bernkop-

Schnürch et al., 2004). This thiolated chitosan is also known as “Thiomers”. Bernkop-

Schnurch and his colleagues (Bernkop-Schnürch et al., 2004) compared the 

mucoadhesive properties of thiolated chitosan with native chitosan. Their study 

indicated that mucoadhesive property was augmented by 6-100 folds in thiolated 

chitosan depending upon the degree of thiolation. It was suggested that the underlying 

mechanism behind the enhanced mucoadhesion is the formation of the strong disulfide 

bond between thiol groups of the polymer and cysteine-rich domain of mucus layer 

(Bernkop-Schnürch et al., 2004).  

Furthermore, Shahnaz and her colleagues (Shahnaz et al., 2012) compared 

pharmacokinetic profiles of Leuprolide from thiolated chitosan NPs, unmodified 

chitosan NPs and IN Leuprolide solutions in Sprague-Dawley rats via IN 

administration. Their results indicated that the thiolated chitosan NPs has enhanced the 

AUC and increased mean residence time of leuprolide in plasma as compared to 

unmodified NPs and control drug solution which led to an increase in plasma 

bioavailability of leuprolide. In another study, Bari and his colleagues (Bari et al., 

2015) evaluated the brain delivery of buspirone hydrochloride after administration of 

thiolated chitosan NPs and control drug solution into Wistar rats through IN route. 

Their results provide the evidence of enhanced brain concentration (797.3 ± 35.7 

ng/mL) of the thiolated chitosan NPs as compared to IV administered buspirone drug 
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solution (384.5 ± 13.4 ng/mL) and IN administered buspirone drug solution (417.7 ± 

19.2 ng/mL).  

Recently, Singh and his colleagues (Singh et al., 2016) investigated the increase in the 

brain delivery of selegiline hydrochloride to improve the depression symptoms. For 

this, they formulated selegiline loaded chitosan and thiolated chitosan NPs and 

evaluated their pharmacological effects against IN administered control selegiline 

solution. Their brain uptake study revealed the thiolated chitosan NPs has attained 2 

times and 3 times higher brain drug concentration as compared to chitosan NPs and 

control drug solution respectively.  

All the above-mentioned studies indicate that thiolation of the chitosan helps to 

increase the brain drug concentration via IN route and it is expected to see the same 

principle will work for the GC. Because this chemical modified GC would not alter 

the fundamental skeleton of chitosan, would maintain its original biochemical and 

physiochemical properties and finally would bring the new better-targeted delivery 

system. Till date, the author is not aware of the any published literature involving the 

use of the thiolated glycol chitosan (TGC) for improved brain drug delivery via IN 

route. Therefore, using this principle, we proposed a novel nanoparticulate formulation 

using TGC as a polymer coat to improve the brain uptake efficiency of the drug. 

1.4.4 Polyethylene Glycol surface modification 

Not only the chitosan NPs used for the nose to brain drug targeting, but also there are 

a number of other polymers which substantially prolong the residence time through 

the nasal epithelium and reduced drug clearance, has been employed. For example, 

Polyethylene glycol (PEG), a polyether compound along with versatile applications, 

biodegradable nature, and low toxicity profile. Surface modification of NPs with PEG 

progresses the diffusion of the NPs across the mucus layer by improving their 

physiochemical properties.  

Zhang and his colleagues (Q.-Z. Zhang et al., 2006) investigated the use of methoxy 

Polyethylene Glycol-Polylactic acid (mPEG-PLA) NPs to enhance the brain uptake of 

nimodipine following IN administration. Nimodipine loaded NPs were prepared by 

using emulsion/solvent evaporation technique bearing size 76.5±7.4 nm and a negative 
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surface zeta potential with 5.2% drug loading. CSF/plasma and olfactory bulb/plasma 

concentration were significantly higher after an IN administration of NPs as compared 

to control drug solution. Thus, it has indicated that mPEG-PLA NPs demonstrated 

improved targeting efficacy from direct nose to brain transport of drugs.  

1.4.5 Peptide surface modification  

Despite the direct route from nose to brain, a drug needs to be penetrated through 

various heterogeneous compartments before reaching the brain. To overcome the 

multiple bio-barriers a versatile drug carrier is necessary. Cell penetrating peptides 

(CPP) are one of the best carrier systems for the delivery of the drugs into the brain. 

They are short chain cationic peptides that have drawn much attention due to their 

ability to enhance the permeability of hydrophilic drug cargoes into cells. 

The research work led by Xia and his colleagues (Xia et al., 2011) used low molecular 

weight protamine as a CPP for enhanced drug delivery into the brain. Protamine 

possesses various advantages such as high cell translocation potency, being neither 

antigenic nor mutagenic and showed reduced toxicity. This protamine has high 

arginine content and can act as an efficient carrier for delivering cargoes across the 

brain. Considering all these known facts, they developed a PEG-PLA NPs 

functionalized with protamine using emulsion/evaporation techniques to enhance 

brain delivery following IN administration. C-6 was used as a fluorescent molecular 

probe to study brain targeting efficiency of modified nanoparticulate system. Modified 

protamine NPs showed significantly better cellular internalization compared to that of 

unmodified NPs yet, without detectable cytotoxicity on a Human Bronchial Epithelial 

cells line. The pharmacokinetic data showed 2.0, 2.5, 2.7 and 2.8 folds higher C-6 

concentration in rat cerebrum, cerebellum, olfactory tract and olfactory bulb 

respectively for a modified NPs than that of unmodified NPs.   

Trans-activated transcriptional (TAT) peptide is one type of CPP, obtained from the 

protein transduction domain of the human immunodeficiency virus (HIV). It has been 

successfully used to deliver small and large macromolecules such as Insulin across the 

biological membrane for their biological action. Yan and his colleagues (L. Yan et al., 

2013) studied the effect of the TAT peptide modified PLGA NPs for enhanced nose to 

brain delivery of macromolecule agents via olfactory pathways. Insulin-loaded TAT-
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conjugated-PLGA NPs were formulated by a modified double emulsion solvent 

evaporation method for the delivery of Insulin to the brain. The intracellular uptake 

efficiency was 4-5 folds higher in Caco-2 cells with TAT modification as compared 

to unmodified PLGA NPs. In-vivo experiments were conducted in mice revealed that 

there is only 0.4% of insulin disposition in olfactory bulb from uncoated NPs compared 

to 2.6% insulin disposition of TAT-modified PLGA NPs. A similar pattern of drug 

concentration (3.4% vs. 0.9%) for modified NPs vs. unmodified was detected in the 

cerebrum. A total brain delivery of Insulin reached 6.0% which provided a proof-of-

concept of using TAT to enhance IN delivery of macromolecular drugs such as insulin 

to the brain.  

The literature suggests that the basic domain of TAT peptide should be rich with 

arginine content with at least 9 amino acid sequence for enhanced cellular uptake of 

various types of cargoes molecules (Brooks et al., 2005). The removal of this arginine 

content leads to the non-translocation property. The most common sequence of TAT 

peptide used for cellular interaction is GRKKRRQRRR sequence. Later, Torchilin and 

his colleagues (Torchilin, 2008) used TAT peptide with lysine and arginine amino acid 

residues for increased cell adhesion with the energy dependent mechanism. Therefore, 

we decided to use the basic domain of TAT peptide (NH2-RKKRRQRRR-COOH) to 

enhance the translocation of NPs across the biological membrane further. 

All these findings clearly suggested that there is a direct nose-to-brain drug transport 

and the use of positively charged functionalized groups such as TAT, chitosan, 

thiolated chitosan or protamine on NPs surface can enhance the drug delivery into the 

brain.  

1.4.6 Dual and multi targeted ligands modified NPs 

NPs functionalized with dual targeted and multi-targeted ligands is a new innovative 

technology which mainly implies the use of various ligands targeting to the variety of 

different receptor cells to improve the targeting efficiency and residence time of the 

NPs or drug at the target.  

Using this principle, Bian and his colleagues (Bian et al., 2016) formulated an 

Aniracetam loaded PLA NPs. Aniracetam is a racetam chemical class compound. It is 
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currently being tried in the animal’s treatment and human for treatment of senile 

cognitive disorder and memory impairment. Bian’s group formulated a multi-

component coated PLA NPs. The various ligands used are PEG 20000, Polysorbate-

80, chitosan, borneol, and mentholum were added during the various stages of NPs 

formulation and by coating processes. The formulated multi-coated aniracetam loaded 

PLA NPs were administered intranasally and their brain targeting efficiency was 

determined and compared against IN administered aniracetam solution (control). Their 

results indicated five-time enhanced brain drug concentration by multicoated PLA NPs 

as compared to control drug solution. The various targeting ligands viz., chitosan and 

borneol/mentholum mixture support in enhancing the brain uptake of aniracetam by 

acting as a permeation enhancing agents. Whereas tween-80 allowed to maintain the 

constant drug concentration in the brain for longer duration via inhibiting the P-

glycoprotein in the brain endothelial cells, ultimately inhibiting the drug efflux. The 

coating of mPEG-20,000 polymer allowed the multi-coated PLA NPs to escape from 

reticuloendothelial cells, resulting in the longer circulation of the NPs for a prolonged 

time. Therefore, these all targeting ligands not only helped to maintain a higher drug 

concentration in the brain but also contribute to maintaining a constant drug level for 

a prolonged time. Further, the drug concentration in the brain was maintained for an 

extended period compared to control which gives the direct evidence of the 

significance of the multiple ligands loaded NPs. However, Bian and his colleagues 

have not included the comparison of control PLA NPs without any targeting ligands 

or using single or double targeting ligands, therefore it is difficult to assess the 

contribution of the individual targeting ligand in order to enhance the drug level in the 

brain (Bian et al., 2016).  

Hence, to evaluate the impact of the individual targeting ligands for attaining higher 

brain drug concentration, a concept of NP with single ligand and dual ligands was 

designed. Till date, the available literature suggests the dual ligands modified NPs for 

promoting brain targeting via IV route (Cui et al., 2016; Huile et al., 2011; Tosi et al., 

2010; C. Zhang et al., 2014), whereas, author is not aware of any dual targeting ligand 

modified NPs for targeting from nose to brain bypassing the BBB. Therefore, using 

the same concept, we also aimed to enhance the brain drug concentration of RV by 

formulating dual targeting ligands associated PLGA NPs.    

.   
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1.5 Rivastigmine 

1.5.1 Physicochemical properties of Rivastigmine  

Rivastigmine (RV), (S)- N-Ethyl-N-methyl-3-[1-(dimethylamino)ethyl]-phenyl 

carbamate is a parasympathomimetic agent, belongs to a cholinergic class of drug. It 

is a carbamate derivative structurally related to physostigmine. Its molecular formula 

is C14H22N2O2 with a molecular weight of 250.33 Dalton. It is available in tartrate form 

having a molecular formula C184H28N2O8 with a molecular weight of 400.42 Dalton. 

The detailed structure of rivastigmine and rivastigmine hydrogen tartrate is 

represented in Figure 1.5. It is available under generic name as rivastigmine and 

marketed under brand name mainly as Exelon (Novartis).  

 

(A)  

 

 

 

(B) 

 

Figure 1.5: Chemical structure of (A) Rivastigmine (B) Rivastigmine hydrogen 

tartrate 
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Its melting point varies from 123.0 to 127.0°C. RV is both hydrophilic and lipophilic 

in nature. Due to this, it has a certain solubility in water (2.04 mg/mL), slightly soluble 

in n-octanol and slightly soluble in ethyl acetate (Human Metabolome Database NIH, 

2012). It is stable and its shelf life is more than 5 years if stored below 30°C. RV is a 

weak base and its pKa is 8.89 and Log P is 2.41 (US-National-Library-of-Medicine). 

As indicated by its Log P, RV can cross the BBB to a certain degree. Although it can 

permeate the BBB but it has restricted entry in the brain due to its hydrophilic nature, 

therefore, requires frequent dosing administration. The frequent dosing ultimately 

producing cholinergic adverse effects such as anorexia, bradycardia, vomiting nausea 

etc. (Nagpal et al., 2013).  

The literature indicated that RV is stable under various conditions such as heat (37°C 

and 60°C), 0.5N hydrochloric acid except for basic conditions (Rao et al., 2005; 

Temussi et al., 2012). RV produces degradation products under alkaline conditions 

(0.5 M sodium hydroxide) however, these degradation conditions were milder than 

ours’ degradations conditions. The literature study indicated that RV and its active 

metabolite NAP-226-90 is stable in human plasma at various storage conditions such 

as storage at -18°C, room temperature and after three freeze-thaw cycles (Pommier & 

Frigola, 2003).  

1.5.2 Mechanism of action of Rivastigmine 

RV is most commonly employed in the treatment of AD with mild to moderate 

dementia (Joshi et al., 2010). It is a reversible dual cholinesterase inhibitor (IC50= 5.5 

µM), that reversibly inhibits both brain butyrylcholinesterase and acetylcholinesterase 

enzyme, thereby, retard the rate at which acetylcholine (ACh) is broken down. (Yang 

et al., 2013). While the precise mechanism of RV action is unknown, it is postulated 

to exert its therapeutic effect by enhancing the amount of acetylcholine in the brain, 

which may help to reduce the progression of dementia in patients with AD. RV is 

structurally similar to acetylcholine so it occupies the enzyme’s active site, after the 

administration, in a similar fashion to acetylcholine which results in a “flattening” of 

an active site producing prolonged inhibition of acetylcholine esterase enzyme (Jann, 

2000). Ultimately prolong the action of acetylcholine in the CNS.  
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1.5.3 Rivastigmine dosage and administration  

RV is available in its hydrogen tartrate form which is known as Rivastigmine hydrogen 

tartrate. The initial dose for Rivastigmine hydrogen tartrate is 3.0 mg/day (1.5 mg 

b.i.d). If this initial dose is well tolerated, after a minimum of 2 weeks the dose may 

be increased to 3 mg b.i.d. (6 mg/day, up to maximum 12 mg/day). The usual 

maintenance dose of Rivastigmine hydrogen tartrate is 6-12 mg/day. It may cause the 

dose-related side effects in human such as weight loss, nausea, vomiting, diarrhea, 

increased saliva sweating, slow heartbeat, dizziness, etc. (Gottwald & Rozanski, 

1999).  

1.5.4 Pharmacokinetic profile of Rivastigmine  

RV is well absorbed and approximately 40% bound to plasma proteins over a 

concentration range of 1 to 400 ng/mL after oral administration. Its peak plasma 

concentration is attained in approximately within 1 h of administration and can also be 

detected in CSF, brain within 1-4 hours of peak plasma concentration (Polinsky, 1998). 

The absolute oral bioavailability of RV ranges from nearly 35% at 3 mg/day to 71.7% 

at 6 mg/day after oral dosing (Amini & Ahmadiani, 2010). The estimated oral LD50 

values in rats are 8.1 mg/kg (males) and 13.8 mg/kg (females). These dose levels are 

more than 20 times the maximum recommended a human dose of 12 mg/day 

(assuming a normal healthy adults’ weight). The apparent volume of distribution of 

RV is 5±3 L/Kg.  

RV extensively undergoes first pass metabolism primarily via acetylcholinesterase 

enzyme-mediated hydrolysis to a decarbamylated phenolic metabolite (NAP 226-90). 

RV is also metabolized into its principal metabolite, NAP 226-90 in CNS by 

cholinesterase enzyme, therefore, bypassing the hepatic metabolic pathways. It has an 

approximately 10% activity and 2.5 to 4 h plasma half-life compared to the parent 

compound. Further, NAP 226-90 is metabolized in the liver into N-demethylated 

conjugate and sulfate conjugate (Jann, 2000). This sulfate conjugate predominantly 

accounts for 40% of the dose. Approximately 7% of this decarbamylated phenolic 

derivative excreted through the kidney within 24 h (Gottwald & Rozanski, 1999).  
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As RV has and short biological half-life (~1.5 h) and undergoes extensive metabolism. 

Furthermore, its hydrophilic nature limits its entry into the brain. Due to all these 

above-mentioned reasons, it needs to be administered frequently to maintain constant 

brain drug level. The frequent dosing increases its bioavailability along with increased 

incidence of dose-related adverse effects. Hence all these determinants provide an 

opportunity for the development of targeted drug delivery system especially NPs to 

provide the better targeting and sustained release. 
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1.6 Significance of research 

The most outstanding feature of this project is the use of functionalized NPs with two 

targeting ligands, SA derivative (N-acetylneuraminic acid) and GC modified polymer, 

to deliver RV loaded PLGA NPs into the brain and to extend the drug residence time 

there.  

The first targeting ligand chosen was employed as a modified mucoadhesive TGC 

polymer to coat the surface of the PLGA-SA-ODA NPs. The target ligand-1 (TGC 

polymer) will target to the nasal mucosal membrane which will reduce the nasal 

clearance of NPs owing to its mucoadhesive nature and enhance the uptake of the NPs 

via nose to the brain via olfactory pathway. 

The second targeting ligand chosen was SA-ODA which is coupled with PLGA NPs. 

The targeting ligand-2 (SA-ODA) will interact with the SA residue receptor cells 

expressed on neuronal cells present inside the brain (Bondioli et al., 2011). This 

interaction will allow the NPs to stay longer inside the brain region close to neuronal 

cells, thereby, helps to increase the drug concentration in the brain. 

Thus, a novel formulation with dual targeting ligands was developed to enhance the 

drug concentration in the brain for the treatment of brain disorders. RV was selected 

as a model drug for the development and evaluation of nanoparticulate formulations 

for the nose to brain targeting. The developed NPs was also loaded with C-6 along 

with the RV because C-6 is used as a diagnostic model drug for the various studies and 

a fluorescent marker which can be easily detected.  

The nasal route of administration of dual ligand NPs will provide an alternate and 

efficient route for CNS delivery of RV to improve brain bioavailability and minimize 

the cholinergic side effects. A novel nasal delivery also offers significant advantages 

in terms of ease of delivery, pain-free administration, ability to bypass the BBB, and 

reduce the systemic drug metabolism which limits the drug concentration in the brain. 

Thus, the synthesis and development of this novel nanoparticulate technology is not 

limited to this drug but represents a platform technology potentially applicable for 

delivery of therapeutic molecules targeting other neurodegenerative disorders.  
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1.7 Overall objectives 

The overall aim of this project was to develop an effective nanoparticulate based 

platform technology which can promote the delivery of therapeutics molecules like 

RV into the brain through IN administration. This system was aimed to enhance the 

drug delivery into the brain and possible to extend the drug retention in the brain to 

maximize the therapeutic effects and minimize the drug distribution to non-targeted 

areas, thereby reducing peripheral adverse effects. The objective was achieved via 

following steps: 

 Synthesis and characterisation of various functionalised polymeric ligands 

such as   

 TGC via conjugating thioglycolic acid to GC using selective 

carbodiimide reaction 

 TAT-conjugated mPEG polymer 

 Development and validation of a suitable RP-HPLC method for analytical 

determination of both RV and C-6 concentration in-vitro and in biological 

samples. 

 Design, development, and formulation of various types of polymeric PLGA 

NPs using single ligand or dual ligand such as 

 RV+C-6 loaded PLGA-SA-ODA NPs (single ligand)   

 RV+ C-6 loaded PLGA-SA-ODA NPs coated with GC (dual ligand)   

  RV+ C-6 loaded PLGA-SA-ODA NPs coated with TGC (dual ligand) 

 In-vitro evaluation of designed PLGA polymeric nanoformulations to 

determine the encapsulation efficiency, drug loading, release profile and 

stability characteristics.   

 In-vivo evaluation of the developed PLGA nanoformulation modified with one 

and two targeting ligands for brain targeting via nose to the brain pathway. The 

in-vivo studies were conducted to evaluate: 

 Pharmacokinetic profile of the developed nanoformulation against 

control drug solutions administered by IV and IN routes. 

 Brain targeting efficacy of the developed NPs administered via IN. 
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1.8 Thesis overview 

This project is focused on the development and evaluation of a novel nanoparticle 

formulation for enhancement of RV delivery into the brain via IN administration. The 

whole thesis is divided into four main chapter followed by general discussion and 

conclusion. The summary of rest of the chapters are as follows: 

 The second chapter describes the synthesis and characterisation of two modified 

polymeric ligands: TGC and mPEG-CONH-TAT. The TGC was eventually 

employed to physically coat the nanoparticulate formulations whereas, 

synthesized mPEG-TAT was not used further due to its low yield. 

 The third chapter deals with the development and validation of various analytical 

methods that has been employed for analysis of RV and C-6 during various 

stages of this project.  

 The fourth chapter explained the formulation, development, and evaluation of 

PLGA NPs coupled with various synthesized targeting ligands. Various 

parameters have been studied and optimized for the successful development of 

single ligand and dual ligand functionalized PLGA NPs. 

 The fifth chapter reports the in-vivo evaluation of the developed PLGA based 

nano-formulations and assesses the potential use of single ligand and dual 

ligands PLGA NPs for its brain targeting efficacy via nose to the brain pathway. 

The NPs were loaded with both RV and C-6 for determination of their 

pharmacokinetic profile and brain uptake.  
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2. Chapter-2 Synthesis and Characterisation of 

Functionalised Targeting Ligands   
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2.1 Introduction 

There is extensive use of natural or semi-synthetic polysaccharides in the 

pharmaceutical and biomedical industries due to their biodegradability, non-toxicity, 

low immunogenicity, biocompatibility and ease production by living organisms 

(Wilson et al., 2011; Zalipsky, 1995). These polysaccharides are abundant in nature 

and have the capacity to form physical and chemical bonds with a wide variety of 

therapeutically active drug molecules. GC is water soluble chitosan derivative with the 

mucoadhesive property itself and its chemical modifications of chitosan do not alter 

the fundamental skeleton of chitosan and amino groups would maintain its original 

biochemical properties while mean time with enhanced solubility which leads to 

potentially better targeting (Figure 1.4). We have selected GC, a base polymer for the 

synthesis of TGC which will be further employed as a targeting ligand-1 for the surface 

coating of the developed NPs. All the properties of GC and TGC have been already 

discussed in section 1.4.3.  
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Figure 2.1: Chemical structure of Thiolated glycol chitosan 

 

PEGs are another established polymer of interest with varying molecular weight. They 

are gaining a lot of interest in biological fields due to their hydrophilic, non-toxic and 

biodegradable nature. Furthermore, pegylation, which is an attachment of the PEG 

molecule to a protein/peptide or therapeutic drug molecule, does further enhance the 

pharmacokinetics and pharmacodynamics properties and protects the cargoes from 

removal by RES, enzymatic degradation and renal clearance. Due to this property, it 

leads to increased blood circulation and reduced cytotoxicity (Malhotra et al., 2013). 

Despite of the fact that PEGylation enhances the hydrophilic nature of the polymer 
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which leads to biocompatibility and extension of the NPs’ residence time in-vivo, 

increasing the success of the drug targeting, however, PEGylation of NPs also has been 

reported to be related to a pronounced reduction of cellular uptake in comparison to 

bare NPs (Pelaz et al., 2015). Hence, incorporating a cationic cell penetrating peptide 

into the NPs may encourage NPs interaction with negatively charged cell surface in 

order to enhance the cellular uptake of NPs. For this purpose, conjugate the basic 

domain of TAT peptide (Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg) with mPEG to 

increase the translocation of NPs across the biological membrane.  

2.2 Objectives 

The primary objectives of this study were to synthesis biodegradable targeting ligands 

which can be used for providing the NPs with strong interaction with mucosa 

membrane and or olfactory epithelium in the nasal cavity and capable of enhancing 

NPs transport into the brain. This is achieved by using selective synthetic approaches 

with the following steps: 

1. Synthesis and characterisation of TGC polymer. 

2. Synthesis of TAT peptide conjugated mPEG polymer  

a. Synthesis and characterisation of mPEG carboxyl derivative (mPEG-

COOH) from the mPEG polymer. 

b. The conjugation of mPEG-COOH polymer with TAT peptide 

c. The optimization of the PEG grafting conditions which enables 

successful conjugation of TAT peptide onto the mPEG derivative and 

exploration of suitable purification methods to extract TAT peptide 

tagged PEGylated derivative from the reaction mixture.  
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2.3 Materials 

Methoxy Polyethylene Glycol (mPEG) (Average Mw: 2000, 202509-500 gm), 

Fluorescamine (>98%, F9015-100 mg), N-Hydroxysucciniimide (NHS) (98%, 

130672-25 gm), Chloroacetic acid (>99.0%, 402923), Thioglycolic acid (>98%, 

T3758-250 mL), GC, (Mw 250 kDa: G7753-5g), 5,5′-Dithiobis(2-nitrobenzoic acid) 

(DTNB or Ellman’s Reagent), Potassium permanganate (KMnO4) and Potassium 

hydroxide (KOH), Sodium Chloride, Sodium Hydroxide, Dichloromethane and 

sodium hydride were purchased from Sigma-Aldrich Company (Castle Hill, NSW, 

Australia). A TAT peptide (Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg) having a 

molecular weight of 1339.63 g/mole (pI 12.81) and 1-Ethyl-3-(3-dimethylamino) 

propyl carbodiimide (EDC), was purchased from GL Biochem Ltd, (Shanghai) China.   

Dialysis bag (cellophane membrane, the various molecular weight cut off) was 

purchased from Spectrum Laboratories Inc (Rancho Dominguez, USA). 

Tetrahydrofuran (THF), Dimethyl sulphoxide (DMSO), Dimethylformamide (DMF) 

and Dichloromethane (DCM) was purchased from Thermo Fischer Scientific 

Company (Australia) and stored over the molecular sieves (4A°). Ultrapure Milli-Q 

water was used throughout all the procedures and experiments. All other chemicals 

used for analysis was of HPLC grade unless otherwise specified. 

  



44 

 

2.4 Methods 

2.4.1 Synthesis of TGC 

The amino group of GC was chemically modified via selective acylation with 

thioglycolic acid using carbodiimide crosslinker approach i.e. activation of the 

carboxylate group of thioglycolic acid with EDC and NHS and conjugation with GC 

by following a method of Makhlof and his colleagues (Makhlof et al., 2010).  
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Figure 2.2: Synthesis of TGC from GC using selective carbodiimide-mediated 

acylation  

 

Initially, GC (0.002 mmol, 500 mg) was dissolved in 50 mL of 0.1% acetic acid 

solution. Further, 30 mL of thioglycolic acid, EDC (0.645 mmol, 100 mg) and NHS 

(0.52 mmol, 60 mg) were dissolved in above reaction mixture and pH was adjusted to 

5.0 using 3N sodium hydroxide solution. The reaction mixture was stirred for 3 h in 

the dark at room temperature to achieve maximum thiolation. The modified TGC was 

purified using a dialysis tube (molecular weight cut-off 12KDa). The dialysis medium 

was changed 5 times, initially replacing 3 times with 5.0 mM HCl followed by 2 times 

with 1 mM HCl containing 1% sodium chloride for 3 days at 8°C in the dark followed 

by freeze drying and dried product stored at -20°C until use. Sodium Chloride was 

added to reduce the ionic interaction between the positively charged polymer and a 

negatively charged sulfhydryl group. HCl was added for complete removal of 

unreacted thioglycolic acid (Anitha et al., 2011). It is very unlikely that sodium 
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chloride remains in the samples in significant amount after dialysis. To ensure this, a 

simple flame test was conducted for the presence of sodium ion traces.   

2.4.2 Characterisation of TGC 

2.4.2.1 FT-IR characterization 

Thiolation of GC leading to the formation of an amide bond between a carboxylic 

group of thioglycolic acid and the amino group of GC was confirmed by FT-IR 

spectroscopy. All FT-IR spectrum analysis was performed using 5 mg of the sample 

on a Perkin-Elmer UTAR TWO, FTIR Spectrophotometer (Perkin Elmer, 

Massachusetts, USA). 

2.4.2.2 Thiol group quantification 

Quantitative determination of free thiol group substitutions on GC was performed 

spectrophotometrically using Ellman’s reagent (5,5’-dithio-bis-2-nitrobenzoic acid, 

DTNB) as described in the literature (Anitha et al., 2011; Bravo-Osuna et al., 2007; 

Hornof et al., 2003). DTNB is a water-soluble compound specifically reacting with the 

free sulfhydryl group present in the polymer producing a yellow colored complex with 

absorbance at 412 nm. Ellman’s reagent was prepared by dissolving 3.0 mg of DTNB 

in 10 mL of 0.5 M phosphate buffer, pH 8.0. 

Derivatization procedure for thiol group determination 

Briefly, 2 mg/mL of TGC polymer solution was prepared in milli-Q water. To 1.0 mL 

of the TGC solution (containing 2.0 mg of TGC polymer), 1.0 mL of phosphate buffer 

saline (pH 8.0) and 2.0 mL of Ellman’s reagent was added. The mixture was incubated 

for 3 h at 37°C in dark to allow the reaction of free sulfhydryl groups with Ellman’s 

reagent and absorbance was measured at 412 nm. A control sample (GC) was also 

incubated using the same procedure with similar concentration (2 mg/mL GC solution 

in milli-Q water).  

The number of thiol groups present in the synthesized TGC polymer was determined 

from a standard curve constructed from 0.20 to 2.0 mM of thioglycolic acid in water 

after subtracting absorbance of the control samples (Anitha et al., 2011). The various 
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concentration of thioglycolic acid was prepared and derivatized similarly as that of the 

unknown sample.       

2.4.3 Synthesis of mPEG carboxylate polymer 

Functionalisation of a polymer with acid terminal groups is essential for attaching 

targeting ligands such as TAT peptide for drug targeting. The hydroxyl group of mPEG 

was converted into the carboxylic group. This carboxyl group was further adjoined 

with the amino group of the TAT peptide using a selective carbodiimide-mediated 

coupling. To convert the hydroxyl group into the carboxylic group we compared two 

methods (i) the carboxylic group was introduced by the nucleophilic substitution 

reaction of chloroacetic acid with mPEG (ii) direct oxidation of terminal hydroxyl 

group in mPEG.   

2.4.3.1 Nucleophilic substitution reaction 
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Figure 2.3: Synthesis of mPEG-carboxylate polymer using nucleophilic 

substitution reaction (Scheme I)  

 

In Scheme-I, mPEG with acid terminal was synthesized by grafting chloroacetic acid 

to a mPEG molecule in the presence of sodium hydride in THF. Briefly, mPEG (1.0 

mmol, 2.0 g) was dissolved in 10 mL of THF, then a suspension of sodium hydride 

(10 mmol; 240 mg) in THF was added dropwise and the reaction mixture was stirred 

at 40°C under a nitrogen atmosphere for 4 h. After 4 h, chloroacetic acid (5 mmol; 

472.5 mg) was added and the reaction mixture was stirred at 60°C for 48 h. After 48 

h, the reaction mixture was washed with 30 mL of ultrapure milli-Q water to 

decompose the excess of sodium hydride and then extracted with dichloromethane. 

The organic layer was mixed with anhydrous sodium sulfate for overnight to remove 

residual water, then filtered and concentrated under reduced pressure using a rotary 
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evaporator (Buchi Rotavapor, R-200, Flawfil Switzerland). mPEG-Carboxylate 

(mPEG-COOH) was then dried in a vacuum oven overnight. The purified mPEG-

COOH was stored in an air-tight container at -20°C and was characterized by FT-IR 

and 1H-NMR spectroscopy. The 1H-NMR analysis was performed on a Bruker Avance 

III AVN 400 spectrometer (400.1 MHz for 1H-NMR, Bruker, USA). 

2.4.3.2 Direct oxidation method 
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Figure 2.4: Synthesis of mPEG-carboxylate polymer using direct oxidation 

method (Scheme II)   

 

The mPEG-COOH was also prepared using direct oxidation via a modification of the 

method reported by (Heimann & Vögtle, 1980). Briefly, mPEG (5 mmol; 10.0 g) and 

KOH (10 mmol; 560 mg ;) was dissolved in 50 mL of water. An aqueous solution of 

KMnO4 (10 mmol; 1.6 g in 20 mL) was added dropwise and the reaction mixture was 

stirred on ice bath for 4 h. After 4h, pH of the reaction mixture was adjusted to 2 or 

lesser and the product was extracted with dichloromethane. The organic layers were 

combined and dried over anhydrous sodium sulfate in order to remove the residual 

water, then filtered and concentrated under reduced pressure using a rotary evaporator. 

The mPEG-COOH was then dried in a vacuum oven at 40°C overnight. The purified 

mPEG-COOH was stored in an airtight container at -20°C and was characterized by 

FT-IR and 1H-NMR spectroscopy.  
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2.4.4 Synthesis of mPEG-CONH-TAT polymer 

The conjugation of mPEG-COOH to TAT peptide was achieved by selective 

carbodiimide coupling reaction, using EDC and NHS. This reaction involves the 

formation of the unstable reactive intermediate ester derivative. The detailed 

mechanism of amide bond formation between TAT and mPEG is represented in Figure 

2.5.  
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Figure 2.5: Reaction mechanism of mPEG with EDC, NHS and TAT peptide   

mPEG carboxylate molecule reacts with EDC produces intermediary an unstable urea 

derivative which couples with NHS generating semi-stable highly reactive ester 

derivative that further reacts with amine nucleophile and forms a stable amide bond.  
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2.4.4.1 General procedure used for TAT conjugation to mPEG 

The coupling reaction of the mPEG-COOH polymer with TAT peptide was performed 

in a single pot system following the Malhotra and her colleague's procedure (Malhotra 

et al., 2013). The conjugation reaction was carried out in a single step reaction, the 

carboxyl group of the functionalized PEG molecule was activated in situ using EDC 

and NHS and reacted with an amino group of a peptide molecule, which is also present 

in the reaction mixture.  

To the synthesized mPEG-COOH (0.02 mmol; 40 mg) in 2 mL of water, EDC (0.1 

mmol; 19.2 mg) and NHS (0.5 mmol; 57.5 mg) were added and the reaction mixture 

was stirred for 2 h for the activation of carboxylic group. After 2 h, the pH of the 

reaction mixture was raised to 10.0 (near to the isoelectric point of TAT peptide). TAT 

peptide (0.02 mmol; 26.7 mg), previously dissolved in the water was added to the 

reaction mixture and mixture was stirred for 24 h at room temperature to form a mPEG-

TAT-conjugated polymer. The conjugated polymer was purified using dialysis 

technique (Spectra/Por Dialysis membrane, molecular weight cut-off 2000 Da, 

Diameter: 11.5 mm, volume: 1.1 mL/cm, length 5 m, Rancho Dominguez, USA) at 

room temperature to remove the unreacted polymer and its by-products. The 

conjugated mPEG-CONH-TAT polymer was dried using freeze dryer. The purified 

dried product was stored in airtight container at -20°C and was characterized by 

fluorescamine assay method described in section 2.4.6.1.  

To conjugate mPEG-COOH with TAT peptide, various reaction conditions were 

optimized which are explained below. 

 Effect of type of reaction solvent on TAT conjugation 

The selection of solvents for chemical reaction often plays a critical role in the success 

and efficiency of the reaction. In order to determine the effect of reaction medium on 

the conjugation reaction of TAT peptide with the mPEG-COOH molecule and reaction 

feasibility, various solvents such as DMSO, DMF+DMSO, water and MES buffer (pH 

6.0) were employed. Four different sets of reactions were conducted following the 

general procedure and similar amount of the reaction components as mentioned in 

section 2.4.4.1. The effect of the reaction solvent on TAT conjugation was determined 

by analyzing the dried product using fluorescamine assay method. 
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 Effect of EDC molar ratio on TAT conjugation  

EDC required to activate the carboxylic group of the mPEG-COOH polymer. The 

molar ratio of the EDC was optimized to accomplish better TAT conjugation 

efficiency to the mPEG polymer. Experiments were performed utilizing five and ten 

mmol excess of EDC with respect to the mPEG-COOH amount used in the reaction to 

ensure a sufficient degree of mPEG-COOH activation. The TAT conjugation chemical 

reaction was performed in water using similar conditions and general procedure was 

followed as described in section 2.4.4.1. The reactions were performed using water as 

a reaction medium with 2 h of pre-activation time and 24 h of reaction stirring time at 

room temperature. The synthesized conjugated products were analyzed using 

fluorescamine assay method to determine the effect of the molar ratio of EDC on the 

level of the TAT conjugation on the mPEG polymer.     

 Effect of coupling reaction time on TAT conjugation 

Optimization of reaction time was very crucial for the extent of TAT conjugation on 

the mPEG-COOH polymer. Therefore, we investigated the effect of the conjugation 

reaction time on the effectiveness of TAT grafting on the mPEG-COOH molecule. 

Three different types of conjugation reaction were performed at different time intervals 

viz. 4 h, 24 h, and 48 h.  

For this, the synthesized mPEG-COOH (0.02 mmol; 40 mg) in 2 mL of water, EDC 

(0.2 mmol; 39 mg) and NHS (0.5 mmol; 57.5 mg) were added and the reaction mixture 

was stirred for 2 h for the activation of carboxylic group. After 2 h, the pH of the 

reaction mixture was raised to 10.0 (near to the isoelectric point of TAT peptide) and 

TAT peptide solution (0.02 mmol; 26.7 mg dissolved in the 1 mL of water) was added 

to the reaction mixture. All the three different set of reaction mixtures were stirred for 

three different time intervals viz. 4 h, 24 h and 48 h at room temperature to optimize 

the coupling reaction time to form a mPEG-TAT conjugated polymer. The conjugated 

polymer was purified using dialysis, freeze dried and analyzed using fluorescamine 

assay method.   
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 Effect of pre-activation time on TAT conjugation 

The influence of pre-activation time of carboxyl group of mPEG-COOH polymer on 

conjugation efficiency was studied in two sets of reactions. The pre-activation time of 

the carboxyl group of mPEG-COOH was carried out with 20 min and 40 min followed 

by the 4 h stirring time after adding the TAT peptide. All the set of reaction parameters 

were similar as mentioned in section 2.4.4.1 (c) except the pre-activation time. After 

pre-activation of mPEG-COOH, the reaction mixture was stirred for 4 h for TAT 

conjugation with activated mPEG-COOH polymer. The conjugated product was 

purified using dialysis of the reaction mixture in milli-Q water for 24 h and freeze 

dried. The extent of TAT conjugation over mPEG molecule was monitored by 

analyzing the dried conjugated products using fluorescamine assay.  

 Effect of Temperature on the TAT conjugation 

To determine the effect of temperature on the conjugation reaction, we performed three 

different set of reactions. The three different sets of TAT conjugation reaction was 

carried out at room temperature (25°C), 40°C and 48°C with equimolar concentrations 

of reactants. Briefly, all the three sets of reactions were conducted in water with an 

initial activation of the mPEG-COOH at room temperature for 20 min and, after 

addition pH of reaction mixture was raised to 10.0. TAT peptide (previously dissolved 

in water) was added to the reaction mixture and the temperature was further increased 

to 40°C and 48°C for sets II and III, respectively. The conjugated polymer was purified 

by using dialysis technique against milli-Q water for 24 h and freeze dried further. The 

dried products were analysed using fluorescamine assay method to evaluate the effect 

of the temperature on the TAT conjugation onto mPEG molecule.  

The summary of all the parameters optimized during the reaction optimization is 

represented in Table 2.1.
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Table 2.1: Optimization parameters studies during mPEG-CONH-TAT conjugation reaction  

 

Optimization step   Factors Optimized                               Optimized 

conditions 

 

 Reaction solvent Activating agent Conjugation Reaction 

time 

Temperature Purification  

Aqueous vs non-

aqueous 

Water/DMSO/DMF+

DMSO/ MES buffer 

(pH 4.5)  

EDC (0.1 mmol) 24 h 25°C Dialysis Aqueous Medium 

EDC Molar ratio Water EDC 0.1 mmol or 

0.2 mmole 

24 h 25°C Dialysis 0.2 mmol (10 times 

higher as compared 

to mPEG amount) 

Coupling reaction 

time 

Water EDC (0.2 mmol) 4 h/ 24 h/ 48 h 25°C Dialysis 4 h 

Pre-activation 

time 

Water EDC (0.2 mmol) 20 min/40 min pre-

activation time with 4 h 

total reaction time 

25°C Dialysis 20 min pre-

activation time with 

4 h total reaction 

time 

Reaction 

Temperature 

Water EDC (0.2 mmol) 40 min pre-activation 

time with 4 h total 

reaction time 

25°C/40°C/48°C Dialysis 25°C 

Product 

purification 

Water EDC (0.2 mmol) 40 min pre-activation 

time with 4 h total 

reaction time 

25°C Dialysis/ Size 

exclusion 

chromatograp

hy 

Size exclusion 

chromatography 
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2.4.4.2 Optimized procedure for mPEG-CONH-TAT synthesis 

After optimization of several reaction parameters, we used the following final 

procedure for the synthesis of the mPEG-CONH-TAT peptide.  To synthesized mPEG-

COOH (0.02 mmol; 40 mg) dissolve in 10 mL of 0.1M MES buffer (pH-6.0), EDC 

(0.2 mmol; 38.3 mg) and NHS (0.5 mmol; 57.5 mg) were added and the reaction 

mixture was stirred for 20 min for the activation of carboxylic group. After 20 min, 

excess EDC was neutralized by adding 2-mercaptoethanol (14 µL) and the pH of the 

reaction mixture was raised to 10.0 (near to the isoelectric point of TAT peptide) using 

sodium bicarbonate-carbonate buffer. TAT peptide (0.02 mmol; 26.7 mg), previously 

dissolved in sodium bicarbonate-carbonate buffer, was added to the reaction mixture 

and stirred for 4 h to form mPEG-TAT conjugated polymer. The conjugated polymer 

was purified using dialysis technique (Spectra/Por Dialysis membrane, molecular 

weight cut-off 2000 Da, Diameter: 11.5 mm, volume: 1.1 mL/cm, length 5 m) at room 

temperature for 24 h or size exclusion chromatographic technique to remove the 

unreacted polymer, and its by-products. The conjugated mPEG-CONH-TAT polymer 

was dried using freeze dryer. The purified dried product was stored in airtight container 

at -20°C and was characterized by fluorescamine assay method.  
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Figure 2.6: Synthesis of mPEG-TAT polymer via amide bond formation 
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2.4.5 Purification of mPEG-CONH-TAT conjugate 

Purification of the functionally modified mPEG-TAT conjugated polymer should be 

performed under mild conditions to avoid modifying its nature and to provide 

acceptable quality and quantity of the material. Due to the high cost of TAT peptide, 

isolation of mPEG-TAT from the reaction mixture was employed in a small volume 

to optimize the in-process purification parameters. Two different methods of 

purification of mPEG-TAT conjugate were carried out to separate it out from the 

remaining reaction mixture.   

2.4.5.1 Dialysis technique  

It was expected to get an increase in the molecular weight of mPEG polymer after 

tethering it with TAT peptide. Thus, the isolation of conjugate polymer was 

accomplished by using dialysis membrane owing to its increased molecular weight. 

For this, mPEG-TAT complex was purified using dialysis membrane to remove 

unreacted polymer and its by-products (Spectra/Por Dialysis membrane, molecular 

weight cut-off 2000 Da, Diameter: 11.5 mm, volume: 1.1 mL/cm, length 5 m, Rancho 

Dominguez, USA) at room temperature. Purification was performed using 1 L of water 

as a medium for the removal of unreacted reaction material. During first 8 h, water 

was changed after every 2 h to avoid the saturation conditions and dialysis was 

performed for 24 h. 

2.4.5.2 Purification by Size exclusion 

Size exclusion technique was another technique used to purify the mPEG-TAT 

conjugated polymer from the reaction mixture. Samples were purified using a Bio 

ScaleTM Mini Bio-Gel® P-6 Desalting column (Bio-Rad laboratories Inc., Australia) 

connected to size exclusion chromatography (AKTA explorer 10XT (GE Healthcare 

Technologies, Australia)). Purification of PEGylyated TAT peptide was performed 

using degassed 50mM PBS buffer (pH 7.2) at flow rate 0.5 mL/min. Various 

components of the reaction mixture were separated based on their molecular sizes and 

their elution profiles were monitored by following UV spectroscopy measuring 

absorbance at 200, 205 and 210 nm.  
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2.4.6 Analytical method for TAT characterisation  

2.4.6.1 Fluorescamine assay  

The fluorescamine assay method was used for the determination of TAT conjugated 

to the mPEG polymer and free TAT peptide released into the dialysis medium. 

Fluorescamine interacts with primary amino groups of TAT peptide in the picomole 

range to yield fluorophores in a fraction of seconds (Figure 2.7). The intensity of 

fluorophores was used as a marker to determine the TAT content, while the excess of 

fluorescamine rapidly hydrolysed to give non-fluorescent products. 

The fluorescamine derivatization method used in this study was adapted from the 

method described by Bae and his colleague (Bae et al., 2000). A standard solution of 

TAT at 20 µg/mL was prepared in water, derivatized with fluorescamine and scanned 

for excitation and emission using Varian Cary Eclipse spectrofluorometer (Varian 

Technologies, Australia). Based on these results, excitation and emission wavelengths 

for the fluorescence analysis were adjusted at 390 nm and 485 nm, respectively. 

Derivatization method for fluorescamine assay 

To each 500 µL of TAT peptide solution, 500 µL of 0.05% w/v fluorescamine 

dissolved in acetone and 1.5 mL of 60 mM boric acid buffer pH 9.0 were added. The 

solution was incubated for 5 min at room temperature before its fluorescence was 

measured using Varian Cary Eclipse spectrofluorometer. Blank solutions consisting of 

water, boric acid buffer and fluorescamine in acetone were used to correct for 

fluorescence background. The degree of fluorescence was recorded after subtracting 

the blank. The amount of peptide content in the unknown samples was then determined 

using a calibration curve prepared from the TAT standard concentration.  

O

O

O

O + TAT-NH2

COOH
OH

N

O

TATpH 9.0

Fluorescamine Fluorophor  

Figure 2.7: Derivatization reaction between fluorescamine and TAT peptide 
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2.5 Results and Discussion 

2.5.1 Synthesis and characterisation of TGC 

TGC was synthesized successfully by the amide bond formation between carboxylic 

group of thioglycolic acid and the amino group of GC as shown in Figure 2.2. The 

product obtained was 82.0% in yield, white in color, fibrous in structure, and odorless.  

2.5.1.1 FT-IR Characterisation 

Both GC and TGC showed a broad band around 3343 cm-1 due to stretching vibration 

of NH2 and OH group involved into the inter and intramolecular hydrogen bonding 

(i.e., ν(O-H) and ν(N-H)) and 2868 cm-1 due to ν(C-H) stretching vibrations. The peaks at 

1057 cm-1 represented the pyranose ring. The peaks at 1651 cm-1 and 1586 cm-1 were 

attributed to the presence of δ(N-H) vibrations in GC spectra which represent the peak 

of the amino group present in the GC [Figure-2.8 (A)]. 

Considering FT-IR spectra of TGC, [Figure-2.8 (B)] all peaks were present except the 

amino group peaks corresponding 1651 cm-1 and 1586 cm-1, as the GC amino group 

reacted with the carboxylic group of the thioglycolic acid successively forming an 

amide bond. The appearance of the amide bond formation can be seen at 1627 cm-1 

(Amide-I band) and 1519 cm-1 (Amide-II band). The disappearance of the peak at 1651 

cm-1 and the appearance of the amide bands indicates the successful conjugation of the 

thiol moiety with GC. The weak peak at 2323 cm-1 corresponded to SH group thus 

confirming the conjugation between thioglycolic acid and a primary amino group of 

GC (Anitha et al., 2011). It is expected that FT-IR is not sensitive enough to detect SH 

group tagged to the GC moiety. It is, therefore, another method which involves the use 

of the Ellman’s reagent was employed for the analysis of the thiol groups attached to 

GC molecule.     
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Figure 2.8: FT-IR spectrum of (A) GC (B) TGC 

 

(A) 

(B) 
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2.5.1.2 Thiol group quantification by Ellman’s reagent 

Ellman’s reagent is very selective towards the -SH groups present in the polymer. It is 

highly sensitive in nature and can detect from 50 µM -1000 µM concentration. It 

produces the yellow colored complex which can be detected in the visible range (412 

nm). The standard curve of thioglycolic acid was employed for the determination of 

the free thiol groups concentration conjugated on GC using Ellman’s reagent (Anitha 

et al., 2011). The determined amount of micro mole of thiol group present per gram of 

polymer is represented in Table 2.2 and Appendix 8 (section 8.2). 

  

Table 2.2: Determination of amount of thiol group content on synthesized TGC 

polymer 

  

Sample name 

Amount of –SH group 

content 

(µmol/g of TGC polymer) 

Amount of -SH group 

Content (g/g of TGC 

polymer (% w/w)) 

TGC 881.8 ± 21.3 8.25 ± 0.19 

TGC: Thiolated Glycol chitosan 

2.5.2 Synthesis and characterisation of mPEG-COOH for TAT 

conjugation 

To convert the hydroxyl group of mPEG 2000 to the carboxyl group, we attempted 

two different routes. According to Scheme-I, we performed nucleophilic substitution 

reaction using chloroacetic acid and mPEG in the presence of sodium hydride using 

THF as the reaction medium. In Scheme II, a straightforward direct oxidation of 

terminal primary alcohol functional group of mPEG with potassium permanganate in 

the presence of potassium hydroxide was used for the preparation of carboxylic acid 

functionalised mPEG. Scheme-II produced the functionalised polymer in almost 98% 

yield, whereas, Scheme-I produced the desired product in 65-70% of yield. The high 

level of purity was confirmed by FT-IR and 1H-NMR spectroscopy with their 

characteristic signals. The FT-IR spectrum of the starting material mPEG and mPEG-

COOH is shown in Figure 2.9 (A). 
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The FT-IR spectrum of mPEG did not show any characteristic peak in the range of 

1,700-1,750 cm−1 indicating the absence of the carbonyl functional moiety, while the 

presence of a peak at 1,744 cm−1 in the spectra of mPEG-COOH [Figure 2.9 (B)] 

confirms oxidation of the terminal –CH2OH group to –COOH group. Both spectra 

showed a broad peak at about 2,883 cm−1 corresponding to –CH2 stretching vibrations 

of mPEG backbone. 

1H NMR spectrum of mPEG in CDCl3 (Figure 2.10) showed a singlet at 3.37 ppm 

corresponding to –OCH3 group and a broad singlet at 3.63 ppm corresponding to 

(−CH2–CH2–O) n of the PEG chain. The conversion of mPEG to mPEG-COOH 

polymer led to the appearance of the new peak with a singlet at 4.13 ppm for –CH2 

group vicinal to –O–CH2–COOH and other corresponding peaks of the PEG chain 

remained same (Figure 2.11). The ratios of the methoxy group and a carboxyl moiety 

of the modified mPEG polymer samples were identified using 1H NMR spectra by 

comparing integration values of signals for the methoxy group on the one side of the 

polymer and methylene protons on the carbon adjacent to the carboxylic acid group at 

the other end of the polymer.  

In comparison, the direct oxidation of the terminal alcohol (Scheme II) was found to 

be a simpler and more effective method for the introduction of the carboxylic group to 

the mPEG. The success of the direct oxidation of PEG using less toxic and more 

environmentally friendly solvents offers a better choice for the PEG functionalization. 

This has significant implications as carboxylic acid PEGs are important intermediates 

for polymeric drug delivery systems and other fields.  
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Figure 2.9: FT-IR spectra of (a) mPEG and (b) mPEG-COOH polymer  

  

(A) 

(B) 



61 

 

 
Figure 2.10: 1H-NMR spectra of mPEG-2000 in deuterated chloroform 
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Figure 2.11: 1H-NMR spectra of mPEG-COOH in deuterated chloroform obtained by a reaction of mPEG with KOH and KMnO4.
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2.5.3 Synthesis and characterisation of mPEG-CONH-TAT 

conjugate 

2.5.3.1 TAT peptide fluorescamine assay method  

The fluorescamine assay method was successfully developed to determine the 

concentration of TAT peptide in the conjugated polymer and free TAT released in the 

dialysis medium during the product purification. This assay method was simple, 

efficient and economical but it will detect both free and conjugated TAT peptide.  

To ensure that only conjugated TAT peptide was analyzed in synthesized product, we 

determined the time required to remove all free TAT peptide from conjugated polymer 

by dialysis. For this, dialysis of a physical mixture of mPEG polymer and TAT peptide 

(in equimolar concentration to mimic the actual concentration in the reaction mixture) 

was performed against milli-Q water. It was found that all free TAT peptide (100 %) 

was released from the bag over a period of 17 hours (Figure 2.12).   

 

Figure 2.12: Determination of release of free TAT peptide during dialysis. 

Samples were taken after every hour and derivatized using fluorescamine assay method 

to determine the release of free TAT peptide over a time frame. Dialysis medium was 

changed after every hour for initial five h to avoid the saturated conditions. Data 

represents the percent of TAT peptide released in the dialysis medium with respect to 

time (n=1).     
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The results indicated that the presence of free unreacted mPEG-COOH polymer does 

not alter the release of free TAT peptide from the dialysis of physical mixture. 

However, dialysis of only mPEG-COOH polymer did not show any fluorescent 

intensity in fluorescamine assay method which further signifies that fluorescamine 

method is also selective to the amine group of TAT peptide. Therefore, it can be 

anticipated that the presence of mPEG does not affect the release of free TAT peptide. 

It was also confirmed that unreacted TAT peptide can be removed from the dialysis 

bag after dialysis over a period of 17 h. Thus, all the synthesized products were purified 

by dialysis against water for 24 h and characterized by using fluorescamine assay 

method.  

2.5.3.2 Effect of type of reaction solvent on TAT conjugation   

Researchers have reported the use of selective carbodiimide reaction in the presence 

of water/non-amine buffers for the conjugating PEG carboxylates and peptide 

molecule (Barrera et al., 2009; Hong et al., 2007; Wazawa et al., 2006). When water 

used as a reaction solvent for the conjugation of TAT peptide with mPEG-COOH 

polymer, we found that the degree of conjugation efficiency was enhanced 

significantly compared to the non-aqueous solvent systems. A similar pattern was 

detected when the reaction was carried out in the water/ MES buffer (pH 6.0) with a 

pH adjustment using sodium bicarbonate-carbonate buffer (Figure 2.13).  

The TAT peptide coupled with mPEG-COOH polymer was negligible in 

DMF+DMSO and DMSO. Conjugation was increased significantly to 0.527 mmol of 

TAT peptide/mmole of conjugated polymer in presence of water as the reaction 

medium. The use of MES buffer (pH 6.0) didn’t improve the conjugation efficiency. 

A similar conjugation trend was observed by Van Delden and his colleagues (Van 

Delden et al., 1997). Therefore, the aqueous medium was selected as a medium to 

perform the conjugation reaction.  
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Figure 2.13: Effect of type of reaction solvent on the level of conjugation of TAT 

peptide onto mPEG molecule 

The chemical reactions were performed in different solvents in order to determine the 

effect of reaction medium on TAT conjugation level onto the mPEG polymer (n=1). 

All the reaction parameters were similar except the change of the reaction medium.   
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2.5.3.3 Effect of EDC molar ratio on TAT conjugation 

As demonstrated in Figure 2.14, 10 mmol equivalents of EDC showed 1.5 times better 

TAT conjugation level than that of 5 mmol equivalents because of maximum NHS 

activated ester available to conjugate with TAT peptide. Subsequently, further 

experiments were done using 10 mmol equivalents of EDC.  

As per mentioned literature, the few millimolar concentration of EDC is sufficient to 

form the activated intermediate complex (Grabarek & Gergely, 1990). Since we 

employed ten times concentration of EDC for conducting the reaction in the one-pot 

system, the presence of the excess of EDC in the reaction mixture may react with the 

carboxyl group of the TAT peptide (NH2-Arg-Lys-Lys-Arg-Arg-Glu-Arg-Arg-Arg-

COOH). This could lead to the formation of an amide bond between TAT peptide 

molecules. The addition of β-mercaptoethanol or EDTA precludes the chances of 

cross-linking of TAT peptide by inactivating an excess of EDC (Grabarek & Gergely, 

1990). For this reason, we employed β-mercaptoethanol to quench the excess of EDC 

before addition of TAT peptide. 

 

Figure 2.14: Effect of EDC: mPEG molar ratio on the level of TAT conjugation.  

X axis represents the two different mmol ratios of EDC were taken with respect to the 

mmol of mPEG-COOH used in the reaction. Data represents the mean TAT peptide 

present in the conjugated polymer ± SD (n=2).  
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2.5.3.4 Effect of reaction time on TAT conjugation  

The extent of the conjugation efficiency was influenced by total reaction stirring time 

which is the sum of pre-activation time for carboxyl group and TAT coupling reaction 

time to the polymer. The conjugation efficiency of TAT peptide over mPEG-COOH 

molecule decreased with the increase of the coupling reaction time (Figure 2.15). The 

maximum TAT conjugation was achieved in 4 h, however, the presence of TAT 

peptide was decreased to 0.82 mmol of TAT peptide/mmol of conjugated polymer with 

an increase in the reaction time.  The TAT peptide conjugation increased to the 0.90 

mmol of TAT peptide/mmol of the conjugated polymer after increasing the reaction 

time from 24 h to 48 h. The possible reason could be the extent of saturation could be 

associated with an increase in the repulsive forces and steric hindrance caused by the 

already formed mPEG-TAT complex towards the TAT peptide approaching activated 

carbonyl group of mPEG-COOH and henceforth the conjugation becomes inhibited 

after a certain time-period.  

 

 

Figure 2.15: Effect of reaction coupling time on level of conjugation of TAT 

peptide onto mPEG molecule  

All the three-different set of reactions were conducted using water as a reaction medium 

using similar reaction conditions except varying conjugation reaction time viz. 4, 24 

and 48 h. The data represented is TAT peptide present in the conjugated polymer (n=1) 

for this reaction.   
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2.5.3.5 Effect of pre-activation time on coupling efficiency 

Pre-activation time is an important parameter for the stability of the NHS ester formed. 

NHS-ester is optimally stable at neutral pH (half-life is 4-5 h), however, its stability 

fluctuates with a change of the reaction medium pH. Therefore, it is important to 

determine the optimal pre-activation time. It was observed in the fluorescamine assay 

that the product of the reaction with 20 min pre-activation contained 0.47 mmol of 

TAT peptide present/mmol of the polymer compared to 0.43 mmol of TAT peptide 

per/ mmol of the polymer for the reaction with 40 min pre-activation. Hence, it can be 

concluded that the reaction performed with 20 min pre-activation time gave better 

results compared to the reaction with the pre-activation time increased to 40 min. 

2.5.3.6 Effect of temperature on conjugation efficiency 

There was a significant increase in TAT conjugation after raising the temperature from 

room temperature to 40°C. Conjugation efficiency decreased with a further increase in 

temperature to 48°C (Figure 2.16). Emoto and his colleagues (Emoto et al., 1996) 

studied the impact of various factors, such as temperature and pH, on the grafting 

efficiency of polyethylene glycol oxide derivatives to amino-derivatized quartz. They 

envisaged that a change in temperature influences the grafting kinetics. Their results 

showed that 35°C is the optimum temperature for grafting. We obtained similar results 

for our conjugation process. Hence it can be concluded that optimal temperature of the 

conjugation reaction is 40°C at which the conjugation efficiency was accelerated. 

However, the increase in temperature can also cause the increase of side reactions such 

as hydrolysis which could here negative impact on the conjugation. This could be the 

reason for the reduced conjugation seen at 48°C.   
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Figure 2.16: Effect of the reaction temperature on conjugation of TAT peptide on 

mPEG-COOH. 

The TAT peptide conjugation reaction was conducted in presence of water with an 

initial activation of mPEG-COOH activation at room temperature for 2 h. After addition 

of TAT peptide, the reaction temperature was further raised to three different levels (25, 

40, and 48 °C) to evaluate the effect of reaction temperature on TAT level conjugation. 

The data represented is TAT peptide present in the conjugate polymer for single set 

(n=1) of reaction.  
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2.5.4 Purification of mPEG-CONH-TAT conjugate 

We utilized two commonly used purification methods for purifying the reaction 

mixtures: (i) dialysis technique and (ii) size exclusion chromatography. 

Purification of the reaction mixture using dialysis membrane has several problems 

such as poor product yield, probably due to hydrolysis of the product. Dialysis was 

also unable to separate the mono-PEGylated peptide conjugate from peptides 

conjugated with more than one mPEG-COOH molecule. Due to the heterogeneity 

nature of the mixture of the native mPEG-COOH, mono-, di- and tri-PEGylated 

peptide conjugates, it was unacceptable to employ the product further as a therapeutic 

agent. Therefore, a downstream purification is necessary to overcome this issue and 

obtain a homogenous end-product.    

SEC technique demonstrated that it is possible to remove mPEG-COOH and by-

products from the desired PEGylated product using SEC technique. However, several 

factors such as buffer ionic strength of the elution buffer, flow rate, and injection 

volume need to be optimized for the complete separation of mono-PEGylated TAT 

peptide conjugate from the mixture of the multiple PEGylated peptide complexes. 

Although the smaller injection volume gives better resolution of the purified 

components, the complete purification of the large volume of the reaction mixture 

requires a larger column, which was unavailable due to budget constraints. Moreover, 

the use of small injection volumes produces a low amount of the purified product, 

which would be insufficient for subsequent application.  
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2.6 Conclusion 

We synthesized and characterized two different types of modified cationic polymers: 

(i) TGC and (ii) mPEG-CONH-TAT polymer. 

TGC was successfully synthesized using selective carbodiimide reaction. The 

developed method allowed the successful conjugation of thioglycolic acid onto GC. 

The formation of amide bond was confirmed qualitatively by FT-IR spectroscopy. The 

presence of thiol groups on GC was confirmed and quantitatively determined using 

Ellman’s reagent. The appearance of the amide bond formation and presence of thiol 

group on GC confirms the successful attachment of thiolate moiety on GC polymer. 

This synthesized polymer was utilized as our first targeting ligand for coating of the 

developed nanoparticles. 

The development of cationic mPEG-CONH-TAT polymer was also accomplished by 

using selective carbodiimide reaction. Two different approaches were employed to 

accomplish preparation of a key reagent for the PEGylation, mPEG-COOH. Use of an 

aqueous based solvent system makes this method a ‘greener approach’ compared to 

the nucleophilic substitution according to Scheme I. The reaction was optimized with 

pre-activation reaction as 20 min. In addition to this, the addition of β-mercaptoethanol 

to neutralize the excess of EDC in the reaction mixture, coupling reaction time as 4 h 

and optimum reaction pH for the conjugation being 10.0, using in aqueous conditions 

compared to the non-aqueous solvents.  

The fluorescamine assay showed the presence of a total amount of the TAT peptide 

including both free and conjugated peptides. Unfortunately, we cannot use this 

analytical technique to produce uniform, reproducible results in complex reaction 

mixtures. Although we employed a various method of purification to extract out the 

mPEG-TAT conjugated polymer from the reaction mixture but to reproduce the 

accurate amount of conjugated polymer was a major difficulty throughout the process 

development. Hence, a suitable methodology for further improvement in synthesis and 

purification of mPEG-TAT is needed to be established. As there is no single analytical 

method to cover the detection of all different types of aggregates, it is recommended 

to use several complimentary methods based on different principles in order to 

examine conjugates from an orthogonal angle.  
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Furthermore, the prolonged reaction between reacting species leads to the formation 

of a heterogeneous mixture of mono, di- and tri-PEGylated peptide conjugate, and 

unreacted mPEG polymer. Therefore, complex and multistep downstream purification 

steps are required to isolate the desired product. Due to the time constrain and the high 

cost to obtain the required amount of the purified mPEG-TAT, we discontinued the 

approach of using mPEG-TAT for our future NPs.  

  



73 

 

 

  



74 

 

 

 

 

 

 

 

 

3. Chapter-3 Analytical Method Development and 

Validation for Rivastigmine and Coumarin-6 

Analysis   
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3.1 Introduction 

One of the most important approach for the quantitative analysis of the drug and their 

metabolites present in the samples is the Reverse Phase-High Performance Liquid 

Chromatography (RP-HPLC). It is an efficient analytical tool which permits separation 

and quantification of the drug and its metabolites from other biological and chemical 

components present in the sample in a precise and reproducible manner. Therefore, the 

development of a suitable analytical method for RV is the focus of the study in this 

chapter to facilitate the analysis of RV concentration in clean in-vitro samples and 

biological samples during in-vivo animal studies.  

A few RP-HPLC methods have been reported in the literature to determine the RV in 

the non-biological matrix using RP-HPLC (Kale, 2014; Simon et al., 2016). However, 

these methods used different kinds of buffers for RV analysis, which caused peak 

tailing. Therefore, a new RP-HPLC method was developed for the use of the 

acetonitrile/TFA and water/TFA mixture with an isocratic mode or gradient mode. 

The developed RP-HPLC method used for in-vitro samples analysis was not able to 

produce neat chromatograms with good selectivity for RV analysis in biological 

samples. It was due to the low absorption wavelength of plasma interferences and 

resulting in the overlapping with the RV peak in chromatograms. Several methods 

have been reported for the estimation of RV in biological matrices using RP-HPLC 

chromatography using UV detector (Amini & Ahmadiani, 2010), fluorescence 

detector (Arumugam et al., 2011; Karthik et al., 2008). In addition, the few reported 

literatures (Bhatt et al., 2007; Enz et al., 2004; Frankfort et al., 2006; Parekh et al., 

2014; Pommier & Frigola, 2003) also used LC-MS technique for RV quantification in 

biological samples which we were not able to use owing to the limited resources.  

As RV is fluorescent in nature, therefore, can be easily detected using fluorescence 

detector. Hence a simple and suitable RP-HPLC method using fluorescence detector 

was developed and validated for the quantitative analysis of RV in biological matrices 

such as plasma or brain homogenate. Furthermore, there was a need to develop a 

sample preparation method to extract the RV from biological samples. There are 

reports on established sample preparation methods for the extraction of RV from 

biological matrix include liquid-liquid extraction (Amini & Ahmadiani, 2010; Enz et 

al., 2004), protein precipitation (Noetzli et al., 2012) and solid phase extraction (Bhatt 
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et al., 2007; Parekh et al., 2014). All these reported literature were used either liquid-

liquid extraction method or protein precipitation method for the RV extraction from 

the sample. These reported methods were not efficient enough for complete recovery 

of RV and our chosen internal standard (venlafaxine) from biological matrices in our 

laboratory. The given sample preparations methods were either partial recovering the 

drug and internal standard or producing dirty chromatograms. Therefore, a novel 

extraction method involving the combination of liquid-liquid extraction and protein 

precipitation technique was developed to achieve high drug recovery with clean 

chromatograms.  

In addition to RV, C-6 was also incorporated into our NPs as a marker, thus, a simple 

and sensitive RP-HPLC method using the fluorescent detector was developed for the 

analysis of C-6 in-vitro samples during various drug loading and leaching experiments. 

In addition, biological samples for C-6 analysis were determined using 96 well plate 

reader. The various developed analytical methods are represented in Figure 3.1  

 

Figure 3.1: Flow diagram of various quantitative analytical method developed for 

analysis of RV and C-6  
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3.2 Objectives 

The overall objective of this part of Ph.D. was to develop a simple, accurate, selective 

and sensitive RP-HPLC method for the analysis of RV during in-vitro release and in-

vivo pharmacokinetics studies. The aim of this method development was to produce a 

selective, accurate and precise HPLC assay method. In addition, a simple clean-up 

procedure was developed to extract the drug from the biological samples. As a part of 

method development, a forced degradation study was conducted to ensure the HPLC 

method is a stability indicating assay method. 

The present chapter also presented the work on the development of RP-HPLC method 

employed for the analysis of C-6 in clean samples. As C-6 is fluorescent in nature, 

therefore, a simple and sensitive plate reader method was also developed to determine 

the concentration of C-6 in plasma and brain samples. 

3.3 Materials 

Rivastigmine hydrogen tartrate (IC-CS-146-0-140108 99.2%) was purchased from 

Innochem (Beijing) Technology Co., Ltd. C-6 (442631-1G), Venlafaxine (V7264-10 

mg), Tertbutyl methyl ether (306975-2L) and RIPA Buffer (R0278-500mL), 

Ethylenediaminetetraacetic acid, Acetonitrile, Methanol, Trifluoroacetic acid 

(solvents in HPLC grade) were purchased from Sigma-Aldrich (Castle Hill NSW, 

Australia) and stored as per mentioned storage conditions. 

Drug-free blood was collected from healthy male Sprague-Dawley rats. Plasma was 

collected in blood collecting centrifuge tubes containing 20 µL of 10% EDTA solution 

and stored at -80°C after spinning down the blood at 11,370 g for 10 min. 

RP-HPLC analysis of the various samples of this thesis work was performed on an 

Agilent Technologies chromatographic HPLC-1100 system with dual detectors 

(G1315B UV-DAD detector and G1321A fluorescence detector), G1316A column 

oven, G1329A autosampler, G1311A pump and chemstation B.04.02 software. A RP-

HPLC C-18 column (150 mm X 4.6 ID, 5µm) serial no 215070077 (Grace Division 

Discovery Sciences, Alltech Australia, Catalogue No: 36505) was employed for 

analysis of various samples on RP-HPLC for this thesis work.   
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3.4 Methods 

3.4.1 Conversion of Rivastigmine hydrogen tartrate to RV base 

RV free base was prepared from rivastigmine hydrogen tartrate using 2M potassium 

carbonate solution (pH 10.0). A weighed amount of rivastigmine hydrogen tartrate was 

dissolved in 5 mL of milli-Q water and then treated with a 2M aqueous solution of 

potassium carbonate until the pH raised to 10.0 or above. The aqueous alkaline 

solution of rivastigmine hydrogen tartrate was further extracted 5 times with 5 mL of 

dichloromethane. The extracted organic layers were combined and dichloromethane 

was evaporated using rotary evaporator at 50°C. The RV base concentrate was dried 

overnight using vacuum oven at room temperature for complete removal of organic 

solvent. The % purity and conversion of rivastigmine hydrogen tartrate to RV base 

was confirmed by running 1H-NMR spectrum. 

3.4.2 UV and Fluorescence scanning 

A stock solution of RV free base (2 mg/mL) was prepared in acetonitrile by dissolving 

20 mg RV in 10 mL of acetonitrile in a volumetric flask and stored at -20°C. A standard 

solution of 20 µg/mL RV was prepared with dilution using water from the RV stock 

solution and scanned for excitation and emission wavelengths. A standard solution of 

C-6 (20 µg/mL) in methanol was prepared from C-6 stock solution (2 mg/mL in 

methanol) and scanned for excitation and emission wavelength.  

UV absorption maxima were determined using Hewlett Packard 8452A UV-VIS 

spectrophotometer (Hewlett Packard, Germany) and fluorescence excitation and 

emission wavelengths determined using a Varian Cary Eclipse spectrofluorometer 

(Varian Technologies, Australia).  
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3.4.3 Method development and validation for in-vitro RV analysis  

3.4.3.1 RV method development 

A 20 µg/mL RV concentration was prepared in a mixture of acetonitrile and water (20: 

80) from a stock solution of RV and used for method development and forced 

degradation study. 

The mobile phase used for quantitative determination of RV was composed of 

acetonitrile: Milli-Q water in a ratio of 20: 80 respectively with 0.1% trifluoroacetic 

acid. The chromatographic elutant was detected by using a UV-Diode Array detector 

at a wavelength of 214 nm. The flow rate was 1.5 mL/min in isocratic mode. The 

temperature of the column oven was maintained at 50°C for faster elution of RV. The 

injection volume used for analysis and validation was 50µL.  

3.4.3.2 Forced degradation study 

The forced degradation study was performed to develop and validate the stability 

indicating HPLC method for analysis of RV. This study was mainly used to evaluate 

the selectivity of the developed method. This study was performed using various stress 

conditions to produce degradation products that are likely to be generated during 

storage conditions. The forced degradation studies typically involve the treatment of 

the samples with stress conditions under different pH, oxidative degradation, light and 

thermal degradation (Blessy et al., 2014).   

(a) Hydrolytic degradation  

Hydrolytic forced degradation involves the degradation of the chemical drug in 

presence of water under acidic/basic stress conditions.  

Base Hydrolysis 

Base hydrolysis was performed by treating 20 µg/mL of RV sample with 1M sodium 

hydroxide and pH of the sample was adjusted to 10.0. The base-treated sample was 

stored at 60°C. Samples were withdrawn at predetermined fixed time intervals and 

neutralized for analysis by HPLC to determine the degradation products.   
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Acid Hydrolysis  

Acid hydrolysis was carried out by treating the samples with 1M HCL and pH of RV 

drug solution was adjusted to 2.0. The acid treated samples were further stored at 60°C 

and samples were withdrawn at predetermined fixed time intervals and neutralized for 

analysis by HPLC to determine the degradation products. 

(b) Oxidative degradation  

Oxidative degradation study was performed by treating the 20 µg/mL RV drug 

solutions with 5% hydrogen peroxide solutions further storing at 60°C. Samples were 

withdrawn at predetermined fixed time intervals to analyze by HPLC for the 

determination of oxidized degradation products. 

(c) Thermal degradation  

To evaluate the stability of RV in the presence of heat, a 20 µg/mL RV drug solution 

was prepared separately in mobile phase and PBS (10mM, pH 7.4) and exposed to 

37°C and 60°C. Samples were withdrawn at predetermined fixed time intervals up to 

72 h to analyze by HPLC to determine degradation products. 

3.4.3.3 RV method validation 

 Selectivity for analyzing in-vitro samples 

The selectivity of the developed RP-HPLC method for RV analysis was determined 

by comparing the RV samples with various controls. These controls are:  

(i) blank supernatants obtained from developed blank PLGA nanoparticulate 

formulations. 

(ii) blank dialysis medium obtained after performing in-vitro release study of blank 

PLGA NPs in PBS.  

These supernatants were diluted 100 times with the mobile phase and analyzed on 

HPLC to determine the method selectivity. The HPLC chromatograms were observed 

for the interference of the matrix with the retention time of RV.  
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The selectivity of the developed method was evaluated by analyzing the various RV 

samples against their respective blanks obtained during the various studies such as 

samples stored at a different temperature, stressed acidic and alkaline conditions and 

analysis in different solvents viz: water, mobile phase, PBS etc. All these sample 

selectivity studies had already described in section 3.4.3.2.   

 Linearity  

Assay linearity was evaluated in the two different solvents that are used for 

determination of RV drug loading and in-vitro release study.  

(i) Drug loading solvent (20:80 v/v acetonitrile: water): 2 mg/mL RV stock solution 

was prepared in 0.3% TPGS (d-α-tocopheryl polyethylene glycol 1000 succinate) 

solution to mimic the actual conditions. A series of RV concentrations ranging from 

0.1-20 µg/mL was further prepared by diluting the stock solution with the solvent.  

(ii) In-vitro release study solvent (PBS; 10mM, pH 7.4); RV stock solution (2mg/mL 

in acetonitrile) was diluted with PBS at the concentration ranging from 0.1-20 µg/mL. 

All samples were injected on HPLC and analyzed with double injections. The peak 

area of chromatogram was measured by using UV-DAD detector at a wavelength of 

214 nm. The standard curve was constructed using known standard RV concentrations 

versus peak area recorded. 

 Sensitivity 

The limit of detection (LOD) and limit of quantification (LOQ) were determined using 

noise level obtained after injecting blank supernatant solution diluted in the mobile 

phase and PBS. Each solvent was injected six times and the average noise level was 

determined and LOD and LOQ were calculated using following formula:  

 

LOD =
3.0 ×  average noise level of six blank injection

slope obtained from calibration curve of RV peak height against conc
 

LOQ =  
10.0 ×  average noise level of six blank injection

slope obtained from calibration curve of RV peak height against conc
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 Recovery (Accuracy) 

Accuracy or recovery is the closeness of the test result values with the standard true 

values. The recovery of the RV was carried out to determine the interference of the 

PLGA matrix formulation during RV analysis. RV recovery was performed by spiking 

with the blank supernatant obtained after centrifugation of blank PLGA 

nanoparticulate formulation with a known amount of RV. Three sets of different 

concentrations of 2, 4 and 8 µg/mL of RV were spiked in the blank supernatant and 

analyzed by HPLC. The accuracy of the developed method was determined by 

comparing the calculated spiked RV concentration with spiked concentrations. 

 Precision 

System precision was determined by six replicate injections of RV sample at three 

different concentrations. Two sets of RV samples were prepared separately in a mobile 

phase and PBS. The average area of the RV and %RSD was determined for all six 

injections. 

 Intraday and interday repeatability 

Intraday and interday repeatability were performed by analyzing triplicate samples of 

the two different concentrations of the RV. The two sets of RV concentrations were 

prepared separately in the acetonitrile/water (1 µg/mL and 4 µg/mL) and PBS (2µg/mL 

and 5 µg/mL) solutions. The prepared samples were analyzed at three different times 

during the same day and two consecutive days to determine intraday and interday 

variability respectively. The relative standard deviation was calculated in each case. 
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3.4.4 Development and validation of analytical method for analysis 

of biological samples containing RV 

3.4.4.1 Preparation of biological samples for processing and extraction 

of biological samples containing RV 

To analyse RV concentration from in-vivo animal samples, firstly, an extraction 

method was developed to extract RV from plasma and brain samples using a mixture 

of tertbutyl methyl ether, acetonitrile and RIPA buffer. Tertbutyl methyl ether and 

acetonitrile were employed to extract RV from biological samples and RIPA buffer 

was used for protein solubilization and cell lysis.  

To develop a method, A known amount of RV and 15 µL of venlafaxine (1µg/mL in 

milli-Q water) as an internal standard was added to a 100 µL of blank plasma. The 

mixture was thoroughly mixed then extracted following the procedure described in 

Figure 3.2. To develop a method for extraction of RV from brain homogenate, 500 µL 

of blank brain homogenate sample was mixed with a known amount of the RV and 50 

µL of venlafaxine (1.5 µg/mL in milli-Q water) as an internal standard. The mixture 

was extracted by following a procedure as described in Figure 3.3.  
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Figure 3.2: Method employed for extraction of RV and IS from plasma samples 

  

100 µL of blank 

plasma spiked with 

20 µL of RV 

Vortexed for 10 min and stir for 20 min  

 

15 µL of Internal Standard 

(venlafaxine) 

Vortexed for 2 min  

 
Extract the sample with 1 mL of a mixture of organic solvents (100 µL of 

Acetonitrile + 20 µL of RIPA Buffer + 880 µL of Tert-butyl-methyl ether) 

Centrifuge the mixture at 16,200 g for 15 min at 4°C 

Centrifuged 

sample 

Second extraction of 

centrifuged pellets 

using 900 µL TBME 

Transfer 900 µL of 

supernatant to another 

centrifuge tube 

Combine collected organic 

layers and evaporate it till 

dryness using heating block 

Reconstitute dried extract with 200 µL of 

mixture of acetonitrile and water (20: 80 v/v) 

Inject 70 µL of sample in HPLC 

Vortexed 

for 10 min 

and stir 

for 20 min  
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Figure 3.3: Method employed for extraction of RV and IS from the brain samples 

  

500 µL of Brain 

sample spiked with 

20 µL of RV 

Vortexed for 10 min and stir for 20 min  

 

Vortexed for 2 min  

 
Extract the sample with 1 mL of a mixture of organic solvents (100 µL of 

Acetonitrile + 50 µL of RIPA Buffer + 800 µL of Tertbutyl-methyl ether)  

Centrifuge the mixture at 16,200 g for 15 min at 4°C 

Centrifuged sample 

Second extraction of 

centrifuged pellets 

using 900 µL TBME 

Transfer 900 µL of 

supernatant to another 

centrifuge tube 

Combine collected organic layers 

and evaporate it till dryness using 

heating block 

Reconstitute dried extract with 200 µL of 

mixture of acetonitrile and water (20: 80 v/v) 

Inject 70 µL of sample 

in HPLC 

Vortexed 

for 10 min 

and stir 

for 20 min  

 

50 µL of Internal Standard 

(venlafaxine) 
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3.4.4.2 HPLC method development  

After extraction of RV from biological samples, processed samples was analysed by 

RP-HPLC to determine the drug concentration. For this, a RP-HPLC method was 

developed using fluorescence detector. The chromatographic elutant was detected by 

using fluorescence detector at an excitation and emission wavelength of 220 and 305 

nm respectively. The temperature of the column oven was maintained at 50°C during 

the analysis. The injection volume used for RV analysis and validation was 70µL.  

The mobile phase used for the analysis of RV in biological samples consisted of two 

different solvents. Solvent A was acetonitrile with 0.1% trifluoroacetic acid and 

solvent B was Milli-Q water with 0.1% trifluoroacetic acid. The flow rate employed 

was 1.0 mL/min with a gradient elution mode. The run time was programmed to 30 

min with the gradient system as follows:  

Time (min)      % acetonitrile/TFA     % water/TFA 

0                                               24                              76 

20                                             24                              76 

21.5                                          95                              05 

26.0                                          95                              05 

26.5                                          24                              76 

30.0                                          24                              76 

 

 

3.4.4.3 Method validation  

 Selectivity 

The selectivity of the HPLC method was determined by running different controls such 

as drug-free blank plasma and blank brain samples, which were processed similarly 

with and without any IS or RV as described in Figure 3.2 and 3.3 respectively.  

Processed samples were analysed by HPLC to determine the interference of the 

endogenous compounds at the retention time of RV and IS.  
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 Linearity  

Linearity range was assessed in acetonitrile/water mixture (80:20), blank plasma, and 

blank brain homogenate samples. The standard or calibration curve of values ranging 

from 200-1000 ng/mL was prepared by adding a known amount of RV in both plasma 

and brain matrices.  

To an aliquot of 100 µL of acetonitrile/water mixture or blank plasma or brain 

homogenate, a known amount of RV was added. The samples containing a mixture of 

RV and acetonitrile/water mixture or plasma or brain homogenate were processed 

similarly as described in Figure 3.2 and 3.3 respectively. All the processed samples 

were analyzed by HPLC with double injections. The peak area was measured for RV 

and IS. The standard calibration curve was constructed using known standard RV 

concentrations versus the ratio of peak areas of the RV to IS recorded. 

 Recovery (Accuracy)  

During the method development, a concern was to obtain the complete and 

reproducible recovery of RV from plasma and brain samples. Various solvents were 

employed to standardize the complete recovery of RV from plasma and brain matrix. 

The liquid-liquid extraction method for the RV was also optimized at various stages, 

viz. stirring time, and the volume required for successful extractions of the RV. The 

recovery of RV in both blank plasma and blank brain homogenate was determined by 

analyzing three sets of different RV concentrations (0.2, 0.5 and 1.0 µg/mL) prepared 

separately in both plasma and brain and extracted in as mentioned in Figure 3.2 and 

3.3 respectively. All the processed samples were analyzed by HPLC with double 

injections.  Percent RV recovery was determined by comparing analyzed concentration 

of RV obtained from extracted samples with the concentration of unextracted RV in 

acetonitrile/water (80:20).  

 Precision 

Intraday and interday precision were performed by analyzing triplicate samples of the 

three different sets of RV concentration. Both plasma and brain samples were spiked 

with three different sets of RV concentrations (0.2, 0.5 and 1.0 µg/mL) and processed 

similarly as mentioned in Figure 3.2 and 3.3 respectively. The final processed samples 
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were analyzed at three different times on day one and for two consecutive days to 

determine intraday and interday variability respectively. The relative standard 

deviation was calculated in each case. The acceptance criteria for intraday and interday 

precision for biological samples should be within 85-115% and precision should not 

be more than ±15% of the coefficient of variation except the lower limit of 

quantifications (US-FDA, 2013).  

 Sensitivity 

The LOD and LOQ were determined using signal noise level obtained after injecting 

the blank plasma and blank brain samples. Each sample was injected six times and the 

noise level was determined and LOD and LOQ were calculated using following 

formula:  

 

LOD =
3.0 ×  average noise level of six blank injection

slope obtained from calibration curve of RV peak height against conc
 

 

LOQ =  
10.0 ×  average noise level of six blank injection

slope obtained from calibration curve of RV peak height against conc
 

 

  



89 

 

3.4.5 Method development and validation for in-vitro C-6 analysis 

3.4.5.1 Method development 

A standard solution of C-6 (20 µg/mL) in acetonitrile/water mixture (84:16) was 

prepared from C-6 stock solution (2 mg/mL in methanol) and used for C-6 method 

development.  

A simple RP-HPLC-FLD method was developed to determine the C-6 content in clean 

in-vitro samples. The mobile phase used for quantitative determination of C-6 was 

composed of acetonitrile: milli-Q water in a ratio of 84: 16 respectively with 0.1% 

trifluoroacetic acid in an isocratic mode. The peak area of chromatogram was 

measured using fluorescence detector with excitation and emission wavelengths of 465 

nm and 502 nm respectively. The flow rate employed was 1.0 mL/min. The injection 

volume used for analysis and validation was 50µL.  

3.4.5.2 Method validation  

 Selectivity 

The selectivity of the developed RP-HPLC method for C-6 analysis was determined 

via observing for the interference of the matrix with the retention time of C-6. For this, 

the blank supernatants obtained from developed blank PLGA nanoparticulate 

formulations were diluted 100 times with the mobile phase and analyzed by HPLC to 

determine the method selectivity.  

 Linearity  

A series of C-6 concentrations ranging from 10-400 ng/mL was prepared by diluting 

the stock solution with the mixture of acetonitrile and water (84:16). All samples were 

injected on HPLC and analyzed with double injections. The standard curve was 

constructed using known standard C-6 concentrations versus peak area recorded. 

 Recovery (Accuracy) 

The recovery of the C-6 was carried out to determine the interference of the PLGA 

matrix formulation during C-6 analysis. To evaluate the accuracy of HPLC method, a 
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known amount of C-6 into the blank supernatant which was obtained after 

centrifugation of blank PLGA nanoparticulate formulation. Three sets of different 

concentrations of 50, 100 and 500 ng/mL of C-6 were spiked in the blank PLGA NPs 

supernatant and analyzed via injecting two injections of each sample. The accuracy of 

the developed method was determined by comparing the determined C-6 concentration 

with spiked concentrations. 

 Precision 

The three different concentrations of C-6 were prepared separately in a mixture of 

acetonitrile and water (84:16 v/v) and analyzed by six replicate injection each on 

HPLC to determine the precision. The average area of the C-6 and %RSD was 

determined for all three concentrations.  

 Intraday and Interday repeatability 

Intraday and Interday repeatability were determined by analyzing triplicate samples of 

the two different concentrations of C-6 (100 ng/mL and 400 ng/mL), prepared in the 

acetonitrile and water mixture (84:16 v/v). The prepared samples were analyzed at 

three different times during the same day and two consecutive days to determine 

intraday and interday variability respectively. The relative standard deviation was 

calculated in each case.  

 Sensitivity 

The LOD and LOQ were determined using noise level obtained after injecting blank 

supernatant solution diluted in the mobile phase. The solvent was injected six times 

and the average noise level was determined and LOD and LOQ were calculated using 

following formula:  

LOD =
3.0 ×  average noise level of six blank injection

slope obtained from calibration curve of RV peak height against conc′n
 

LOQ =  
10 ×  average noise level of six blank injection

slope obtained from calibration curve of RV peak height against conc′n
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3.4.6 Development and Validation of analytical method for analysis 

of biological samples containing C-6 

3.4.6.1 C-6 method development  

C-6 shows high fluorescent sensitivity at excitation wavelength 465 nm and emission 

wavelength 502 nm, therefore, a simple, selective and sensitive method was developed 

and validated using a plate reader capable of measuring fluorescent signals ((EnSpire® 

Multimode plate reader, Perkin Elmer, Waltham, MA USA) at above mentioned 

wavelength for determination of C-6 in biological samples. 

For the development of a method for analysis of C-6, initially, a C-6 spiked samples 

were prepared by adding a known amount of C-6 to a known volume of blank plasma 

or brain homogenate and then processed as per method described below. 

Processing procedure of C-6 in biological samples  

The C-6 spiked samples were treated with RIPA buffer for protein solubilization and 

cell lysis. In brief, to an aliquot of 200 μL of plasma or brain sample, 400 μL of RIPA 

buffer was added. Samples were vortex mixed for 15 min, and fluorescent tracer 

concentration was analyzed on the above-mentioned plate reader at excitation 

wavelength 465 nm and emission wavelength 502 nm. The concentration of the C-6 in 

unknown plasma and brain samples was determined against a calibration curve of C-

6 standards. Untreated plasma and brain samples were used as controls.  

3.4.6.2 C-6 method validation 

 Recovery and senstivity 

The recovery of C-6 in both plasma and brain homogenate were determined by 

analyzing three sets of different C-6 concentrations within the linearity range. 

Triplicate samples of 6.0, 12.0 and 32 ng/mL C-6 concentration were prepared by 

adding C-6 separately in both plasma and brain homogenate. These spiked samples 

were processed similarly using a processing method described above (section 3.4.6.1) 

to evaluate the recovery of C-6 from biological samples. The percent C-6 recovery was 

determined by comparing the concentration of C-6 determined from the treated 

samples with that of samples prepared in clean mobile phase. To determine the 
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sensitivity blank plasma and blank brain homogenate were also treated with RIPA 

buffer and analysed similarly.    

 Linearity  

C-6 linearity range was determined in milli-Q water, blank plasma and blank brain 

homogenate sample by plotting a calibration curve of C-6 from 1-35 ng/mL of C-6 

concentration.  

To an aliquot of 100 µL blank milli-Q water or blank plasma or brain homogenate, 10 

µL of a known amount of C-6 was added. The samples containing a mixture of 

water/plasma/brain homogenate and C-6 were treated with RIPA buffer as described 

in sample processing method (section 3.4.6.1). The fluorescent intensity was measured 

by using plate reader at an excitation and emission wavelength of 465 and 502 nm 

respectively. All the samples were analyzed in triplicate sets on a plate reader.   
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3.5 Results & Discussion  

3.5.1 Conversion of Rivastigmine hydrogen tartrate to RV base 

Rivastigmine hydrogen tartrate was converted into RV base using an alkaline 

hydrolysis with potassium carbonate. The obtained RV base was clear transparent 

liquid in nature with more than 99.0 % purity as confirmed using 1H-NMR spectrum. 

Figure 3.4 indicates the 1H-NMR spectrum of Rivastigmine hydrogen tartrate which 

shows the tartaric acid peak at 4.407 ppm. The conversion of rivastigmine hydrogen 

tartrate into RV base was confirmed by the absence of tartrate peak in the 1H-NMR 

spectrum. Figure 3.5 clearly indicated the absence of a tartaric acid peak in the 1H-

NMR spectrum of Rivastigmine base.  

3.5.2 UV and Fluorescence scanning 

The UV absorption maximum of RV was 214 nm and fluorescence excitation and 

emission were 220 nm and 305 nm, respectively, as determined by scanning a 20 

µg/mL aqueous solution of RV. These wavelengths were used for analysis of RV in 

clean and biological samples.  

The fluorescence excitation and emission 465 nm and 502 nm, respectively, as 

determined by scanning a 20 µg/mL methanolic solution of C-6. These wavelengths 

were used for analysis of C-6 in-vitro samples. 
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Figure 3.4: 1H-NMR spectrum of Rivastigmine hydrogen tartrate in deuterated chloroform 
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Figure 3.5: 1H-NMR spectrum of Rivastigmine in deuterated chloroform 
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3.5.3 Forced degradation study of RV 

The forced degradation study was done to determine the selectivity and stability 

indicating nature of a developed RP-HPLC method. The peak purity results of RV 

were determined using photodiode array detector and data indicating the uniformity of 

RV peak throughout the stress conditions. RV was stable in the mobile phase, PBS and 

thermal conditions both at 37°C and 60°C, however, it was unstable in basic, acidic or 

oxidative conditions. The typical chromatogram of RV in the mobile phase is 

represented in Figure 3.6. 

3.5.3.1 Hydrolytic degradation 

(a) Base/Acid hydrolysis 

RV was unstable in alkaline conditions, even at zero hour and completely hydrolyzed 

in the presence of base within 24 h (Figure 3.7). The major impurity peak in alkaline 

conditions was found to be around 1.4 min. The non-interference of the impurity peaks 

with the RV peaks showed the specificity of the developed HPLC method. Our 

findings confirm the reported literature of RV degradation products (Thomas et al., 

2012). RV was stable in acidic conditions at 60°C for 48 h. The degradation product 

peak was observed at 60°C after 72 hours at retention time 1.64 min (Figure 3.8). 

3.5.3.2 Oxidative degradation 

RV is unstable in hydrogen peroxide and formed N-oxide derivatives immediately 

after treatment. The formation of N-oxide was further accelerated in presence of heat 

(at 60°C) and completely oxidized and gives degradation peak at 7.26 min which was 

well separated from RV peak. (Figure 3.9). 
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Figure 3.6: Typical HPLC chromatogram of RV prepared in a mobile phase.  

The 20 µg/mL of RV was prepared in mobile phase and analysed using HPLC. The 

chromatogram showed RV retention time at 5.7 min with a total run time of 10 min. 

The purity factor was within calculated threshold limit.  
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Figure 3.7: Typical HPLC chromatogram of RV obtained after hydrolysis with 

1M NaOH at zero hour  

The RV chromatogram showed retention time of RV at 5.8 min and RV peak is pure 

and free of interference from the degradation products and indicated by the facts that 

the peak purity was within the threshold limit.  
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Figure 3.8: Typical HPLC chromatogram of RV after hydrolysis with 1M HCl 

and stored at 60°C for 72 h.  

The chromatogram showed retention time of RV at 5.7 min and RV peak is pure and 

free of interference from the degradation products and indicated by the facts that the 

peak purity was within the threshold limit. 
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Figure 3.9: Typical HPLC chromatogram of RV obtained after oxidizing with 

5% H2O2 at zero hour  

The chromatogram showed RV retention time at 5.7 min and major degradation product 

peak at 7.26 min with a total run time of 10 min. RV peak is pure and free of interference 

from the degradation products and indicated by the facts that the peak purity was within 

the threshold limit. 
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3.5.3.3 Thermal degradation 

The results obtained from the thermal degradation are represented in Table 3.1 and 3.2 

which indicates that RV is stable in the mobile phase and PBS both at 37°C and 60°C 

for three days. No degradation peak was observed in the chromatograms of RV in the 

mobile phase and PBS after 72 h (Figure 3.10 and 3.11).  

 

Table 3.1: Thermal stability of RV performed at 60°C for 3 days’  

 

Time (h) RV Potency (%) 

 RV in mobile phase RV in PBS 

0 100.0 ± 0.5 100.0 ± 1.0 

1 99.8 ± 1.1 99.8 ± 1.1 

2 99.8 ± 1.2 99.8 ± 0.9 

4 99.8 ± 0.4  99.8 ± 0.9 

6 99.4 ± 0.6 99.4 ± 1.3 

8 99.5 ± 0.9 99.5 ± 1.2 

24 99.4 ± 0.7 99.4 ± 0.9 

48 99.3 ± 0.6 99.6 ± 0.9 

72 99.2 ± 0.9 99.2 ± 1.0 

Data are represented in % mean RV potency ± SD (n=2) 

 

Table 3.2: Thermal stability of RV performed at 37°C for 3 days’  

Time (h) RV Potency (%) 

 RV in mobile phase RV in PBS 

0 100.0 ± 1.2 100.0 ± 0.95 

2 100.4 ± 1.3 100.5 ± 1.1  

8 100.7 ± 1.3 100.6 ± 0.8 

24 99.9 ± 0.6 99.4 ± 0.7 

48 100.1 ± 0.6 99.5 ± 0.5 

72 99.6 ± 1.3  99.2 ± 0.8  

Data are represented in % mean RV potency ± SD (n=2) 
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Figure 3.10: HPLC chromatogram of RV in mobile phase at 60°C for 72 h  

The RV sample was prepared in the mobile phase and stored at 60°C for 72 h and 

analyzed by HPLC to determine the degradation product. The chromatogram indicated 

the retention time of RV at 5.74 min and RV peak is pure and free of the degradation 

products. 

 

 

 

 

 
 

Figure 3.11: Typical HPLC chromatogram of RV in PBS at 60°C for 72 h 

The RV sample was prepared in PBS and stored at 60°C after 72 h and analyzed by 

HPLC. The chromatogram indicated the retention time of RV at 5.8 min and RV peak 

is pure and free of from the degradation products. 
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3.5.4 Method development and validation for in-vitro RV analysis 

Preliminary experiments were performed during the development of a stability 

indicating HPLC method for RV analysis. The peak shape and symmetry factor of the 

RV were considered as the main parameters during the method development stage. 

Various HPLC parameters such as flow rate, the ratio of organic to the aqueous phase, 

choice of buffers, pH adjustment of the mobile phase were optimized. Mobile phase 

with pH above the 3.0 caused peak tailing. The decrease in the pH of the mobile phase 

improved the peak shape and symmetry factor, therefore the pH of the mobile phase 

was adjusted to 2.0 using trifluoracetic acid.   

3.5.4.1 Selectivity 

The developed RP-HPLC method is selective for the analysis of RV in presence of 

PLGA nanoparticulate matrix. It didn’t show any interference during the analysis of 

RV from NPs matrix and in-vitro release study samples. The chromatogram 

representing the selectivity of developed method is represented in Figure 3.12 and 

3.13. The chromatogram indicates the selectivity of the developed RP-HPLC method 

for RV analysis in clean samples.  

3.5.4.2 Linearity 

The UV detector response for a range of RV concentrations in mobile phase (0.1-20 

µg/mL) and PBS (0.1-20 µg/mL) was linear with a correlation coefficient more than 

0.999. The calculated HPLC parameters were represented in Table 3.4 and Figure 8.4 

(Appendix section). 
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Figure 3.12: HPLC chromatogram of blank PLGA NPs supernatant. 

Blank PLGA NP’s supernatant was diluted 100 times with mobile phase and analyzed 

using developed HPLC method. HPLC chromatogram indicated the selectivity of the 

developed method for RV analysis in clean samples.   

 

 

 

 

 

Figure 3.13: HPLC chromatogram of dialysate medium of blank PLGA NPs.   

The sample obtained from dialysis of blank PLGA NPs was diluted 100 times with 

mobile phase to analyse by HPLC. Chromatogram indicated the selectivity of the 

developed method for RV analysis. 
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3.5.4.3 Recovery (Accuracy) 

The accuracy or recovery of RV from developed PLGA nano-formulations was 

determined to evaluate the specificity of the developed HPLC method. RV recovery 

from blank PLGA matrix (Table 3.3) indicated there was no interference from the 

blank matrices. Recovery of RV was > 97.1 % with less than of 1.5 %RSD.  

 

Table 3.3: RV Recovery from blank PLGA matrix 

 

Sample No Conc. spiked 

(µg/mL) 

Average Conc. 

Recovered (µg/mL) 

Recovery (%) RSD (%) 

1 2.0 1.92 ± 0.05 95.8 ± 2.3 2.4 

2 4.0 3.93 ± 0.04 98.3 ± 1.0 1.1 

3 8.0 7.77 ± 0.09 97.1 ± 1.0 1.1 

% Average Recovery 97.1 ± 1.5 1.5 

Data represented in Mean ± SD (n=3). RSD: relative standard deviation, SD is the 

standard deviation. 

 

 

3.5.4.4 Precision 

The average area of RV and %RSD was determined for all injections and tabulated in 

Table 3.4. The % RSD for all the samples was less than 1% and thus within the 

acceptable limit for the developed method to be precise (Table 8.2 and 8.3, Appendix 

8). 

3.5.4.5 Intraday and Interday Variation 

The intraday and interday variations were conducted at different times for two 

consecutive days, and their %RSD calculated. %RSD for both intraday and interday 

variability was less than 2%, which is within an acceptable limit (Table 3.4) and (Table 

8.2 and 8.3, Appendix 8). 
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Table 3.4: Calculated HPLC parameter for RV using developed method  

 

Parameters RV (Mobile phase) RV (PBS) 

R2 0.999 0.999 

Linear range (µg/mL) 0.1 - 20.0 0.1-20.0 

LOD (ng/mL) 28.0 49 

LOQ (ng/mL) 85.0 149 

Precision (% RSD) 0.61 1.03 

Intra-day R.S.D. (%) 0.58 0.46 

Inter-day R.S.D. (%) 1.15 1.38 
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3.5.5 Development and validation of analytical method for analysis 

of biological samples containing RV 

Successful analysis of biological samples containing RV depends upon various factors 

such as an efficient RV extraction from the biological samples, and adequate 

chromatographic separation of the analyte from plasma endogenous components 

interference. RV extraction from plasma and brain samples was accomplished using a 

combination of multiple organic solvents and buffer, viz. methyl tertbutyl ether and 

acetonitrile with RIPA buffer. Initially, acetonitrile was used alone as a protein 

precipitating agent during the RV extraction from biological samples. However, it was 

not suitable for the bioanalysis of RV because of extracting plasma impurities. Other 

protein precipitating agents such as ethyl acetate and methanol were also employed for 

bioanalysis of RV (Enz et al., 2004) but were not suitable for the extraction because 

of lower extraction efficiency (less than 60%) with high variation and a lot of 

interferences. To enhance the extraction efficiency, the RV extraction was performed 

using a mixture of tertbutyl methyl ether and acetonitrile together with RIPA buffer, 

which consistently showed more than 90% of RV extraction from biological samples. 

RIPA buffer was employed for protein solubilization and cell lysis. Preliminary 

experiments were performed for the development of a selective RP-HPLC-FLD 

method for determination of RV in biological samples. HPLC method was optimized 

after investigating recovery/extraction efficiency, HPLC flow rate, the ratio of organic 

to an aqueous phase, and pH adjustment of the mobile phase. 

3.5.5.1 Selectivity 

The selectivity of RV assay method was evaluated by demonstrating the absence of 

endogenous plasma interference at the retention time of RV and IS. Figure 3.14 (A) 

and (B) portrays the chromatograms obtained from blank plasma and both RV and IS 

spiked plasma sample respectively which indicated that RV and IS peaks are free from 

endogenous plasma interference. Figure 3.15 (A) and (B) shows the chromatograms 

of blank brain sample and both RV and IS spiked in blank brain sample respectively, 

which demonstrates that RV and IS peaks are free from brain endogenous interference. 

These results indicate that the developed HPLC method was selective for 

quantification of RV and IS in rat plasma and brain samples. 
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Figure 3.14: Typical HPLC-FLD chromatogram of processed samples of (A) 

blank plasma (control) (B) blank plasma added with RV and IS.  

Blank brain tissue spiked with RV (0.02 µg) and IS (25 ng). The chromatogram in 

Figure-(A) indicated that no inferences at the retention time of RV and IS. The 

chromatogram in Figure-(B) showed a peak of RV and IS at 7.69 min and 16.6 min 

respectively. 

(B) 

(A) 
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Figure 3.15: Typical HPLC-FLD Chromatogram of processed samples of (A) 

blank brain homogenate (B) blank brain homogenate added with RV and IS.  

Blank brain tissue spiked with RV (0.02 µg) and IS (75 ng). The chromatogram in 

Figure-(A) indicated that no inferences at the retention time of RV and IS. The 

chromatogram in Figure-(B) showed a peak of RV and IS at 7.72 min and 16.8 min 

respectively.   

(A)  

(B) 
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3.5.5.2 Linearity 

The calibration curve obtained from the ratio of peak area of RV to IS versus RV 

concentration prepared was linear with a r2 value more than 0.998, in acetonitrile/water 

(24:76), plasma and brain matrices (Figure 8.6, Appendix section)), which was an 

acceptable limit for biological sample validation as per US-FDA guidelines (US-FDA, 

2013).  

3.5.5.3 Recovery 

The mean recovery of RV from plasma and brain samples is represented in Table 3.5. 

A combination of acetonitrile, tertbutyl methyl ether, and RIPA buffer is the solvent 

of choice for the complete extraction of RV and IS from both plasma and brain 

matrices without any endogenous interference. The mean recovery of the RV from 

plasma sample was more than 97.2 ± 3.0 % with a precision of 3.3% and found to be 

within an acceptable limit. The mean recovery of RV from brain tissue was more than 

98.3 ± 1.2 with a precision of 1.6%. 

3.5.5.4 Accuracy and Precision 

The intraday and interday precisions were 3.3 % and 4.0 % respectively in plasma with 

an accuracy of 97.2 ± 3.0 % and 93.0 ± 1.7 % (Table 3.5). However, intraday and 

interday precision were lower for brain samples, ranging from 1.6 % and 3.4 % 

respectively with 98.3 ± 1.2 and 96.7 ± 0.6 % recovery. The data indicated that the 

intra-day and inter-day accuracy and precision were within an acceptable range for 

bioanalytical method validation as per US-FDA guidelines (US-FDA, 2013). 

3.5.5.5 Sensitivity 

The LOD and LOQ from the developed method were calculated using the signal to 

noise level and slope of the calibration curve. The calculated LOD and LOQ were 

found to be 55.0 ng/mL and 186 ng/mL respectively in the blank plasma along with 

55.0 ng/mL and 166.0 ng/mL respectively in brain samples (Table 8.7 in Appendix 

section). 

 



111 

 

Table 3.5: Intraday and Interday precision and accuracy data for RV in both plasma and brain samples.  

 

Matrix/ 

drug 

spiked 

concentration 

(ng/mL 

  Intraday 

(n=6) 

    Inter-

day 

(n=6) 

  

    mean concentration 

± SD (ng/mL) 

CV (%) Accuracy 

(%) 

mean concentration 

± SD (ng/mL) 

CV (%) Accuracy 

(%) 

RV               

Plasma 200 187.6 ± 11.0 3.6 93.8 182.1 ± 9.7 5.4 91.0 

  500 491.5 ± 16.7 3.4 98.3 472.1 ± 19.4 4.1 94.4 

  1000 994.7± 27.7 2.8 99.5 936.7 ± 22.8 2.4 93.6 

Average  - - 3.3 97.2   4.0 93.0 

brain 200 195.6 ± 3.9 2.0 99.6 193.2 ± 8.9 4.6 96.7 

  500 486.8 ± 6.1 1.3 98.2 475.6 ± 9.0 2.8 95.7 

  1000 979.5 ± 13.2 1.4 97.2 975.6 ± 26.2 2.7 97.6 

Average  

 

    1.6 98.3   3.4 96.7 

Data represented in Mean ±SD (n=6). CV is coefficient of variation, SD:  standard deviation 
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3.5.6 Method development and validation for in-vitro C-6 analysis 

3.5.6.1 Selectivity 

The selectivity of C-6 assay method was evaluated by determining the peak purity 

using photodiode array detector and absence of nanoparticulate matrices interferences 

with the retention time of C-6. Figure 3.16 portrays the chromatograms obtained from 

analyzing the blank supernatant of PLGA NPs diluted in the mobile phase, C-6 

dissolved in mobile phase which indicated that C-6 peaks at 4.4 min retention time.  

 

 

Figure 3.16: Typical HPLC chromatogram of (A) blank PLGA NP supernatant 

in mobile phase (B) 20 ng/mL of C-6 prepared in mobile phase  

Each run was carried out for 8 min with C-6 retention time at 4.4 min. 

(A) 

(B) 
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3.5.6.2 Linearity 

The fluorescent intensity detected for C-6 in mobile phase was linear within the 

concentration ranging from 10-400 ng/mL with a correlation coefficient more than 

0.999 as indicated in Table 3.6 and Figure 8.8 in Appendix. 

3.5.6.3 Recovery (Accuracy) 

The accuracy or recovery of C-6 from developed PLGA nano-formulation was 

determined to evaluate the specificity of the developed HPLC-FLD method. The 

results obtained from C-6 recovery from blank PLGA matrix is tabulated in Table 3.6. 

The recovery test revealed that more than 98.8 ± 0.7% of C-6 recovery was achieved 

with less than of 0.9 %RSD.  

 

Table 3.6: Calculated HPLC parameter for C-6 using developed method * 

 

Parameters C-6 (Mobile 

phase) 

C-6 (Plasma 

samples) 

C-6 (Brain 

samples)  

R2 0.999 0.999 0.999 

Recovery (%) 98.8 ± 0.7 99.5 ± 0.6 99.0 ± 1.1 

Linear range (ng/mL) 10 - 400 1 - 35 1 - 35 

LOD (ng/mL) 0.05 4.3 5.8 

LOQ (ng/mL) 0.1 - - 

Precision (% RSD) 0.9 - - 

Intra-day R.S.D. (%) 0.1 - - 

Inter-day R.S.D. (%) 0.5 - - 

* refer appendix 8 for detailed calculation of this table   



 

 

114 

 

3.5.7 Development and Validation of analytical method for analysis 

of biological samples containing C-6 

Successful analysis of C-6 in biological samples was carried out in RIPA Buffer. 

Various preliminary experiments were performed for the development of a selective 

fluorescent plate reader method to determine C-6 in biological samples treated with 

RIPA buffer. During optimization stage, the volume of the RIPA buffer was studied 

to obtain complete recovery of the C-6 from biological samples. It was found that 

double amount of the RIPA buffer with respect to the volume of biological sample was 

necessary to achieve 100% recovery. 

3.5.7.1 Recovery and sensitivity   

Blank plasma and brain samples were also analyzed as controls and found with 

minimum fluorescence intensity (< 150) on a plate reader. In comparison, the plasma 

and brain samples spiked with 6.5 ng/mL of C-6 showed fluorescent signal more than 

900 LU. An almost complete recovery (>95%) of C-6 from biological samples was 

achieved using RIPA buffer. The mean recovery of the C-6 from plasma and brain 

samples are represented in Table 3.7 The data indicated that the sample processing and 

assay method can produce an accurate analysis of C-6 in biological samples. Based on 

obtained data, we concluded that the developed method is accurate and sensitive for 

the analysis of C-6.   
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Table 3.7: Recovery of the C-6 from the plasma and brain spiked samples.  

 

Matrix/ drug spiked 

concentration 

(ng/mL) 

mean C-6 

concentration 

recovered ± SD 

(ng/mL) 

Accuracy (%) 

C-6       

Plasma 6.5 6.4 ± 0.06 99.1 ± 0.9 

  13.0 12.9 ± 0.2 99.7 ± 1.9 

  32.0 32.0 ± 0.1 99.3 ± 0.1 

Average Recovery  -  99.5 % 

Brain 6.5 6.4 ± 0.2 98.5 ± 3.8 

  12.9 12.8 ± 0.1 99.2 ± 1.1 

  32.2 32.0 ± 0.6 99.2 ± 1.9 

Average Recovery 

 

    99.0 % 

Data represented in Mean ± SD (n=3) 

 

3.5.7.2 Linearity 

The calibration curve obtained from average fluorescent intensity signals against C-6 

concentrations was linear. The r2 value more than 0.999 in blank milli-Q water, plasma 

and brain matrices which were an acceptable limit as per US-FDA guidelines for 

biological sample validation (US-FDA, 2013). These correlation coefficient values 

represent a good correlation between average intensity obtained and concentration of 

C-6 spiked (Figure 8.11, Appendix section).  
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3.6 Conclusion  

The present chapter refines the development of RP-HPLC methods for the analysis of 

RV and C-6 in both in-vitro samples and biological samples. Both the methods are 

highly sensitive and selective in nature for the quantitative analysis of RV and C-6.  

The developed and validated HPLC method for quantification of RV in-vitro samples 

was very simple and reliable in the isocratic mode. The mobile phase composition 

employed for analysis was easy to prepare and was not containing any buffer. The 

method was validated for linearity, accuracy, precision, LOD and LOQ. In addition to 

this, the analysis of forced degradation products demonstrated that the developed 

HPLC method for RV is stability indicating method. Besides this, the represented 

chromatograms representing the various degradation products of RV under stressed 

conditions. However, all degradation products were completely isolated from the peak 

of the RV verifying specific nature of the developed HPLC method. The method was 

highly sensitive with a LOD of 28.0 ng/mL and a precision of less than 2.0 %. Thus, 

the developed HPLC method was simple, sensitive, stability indicating, accurate and 

precise enough to quantify the RV in the developed nano-formulations.  

The gradient method developed for the quantitative determination of RV in plasma 

and brain samples was simple, cost effective, and selective. The extraction method 

developed for extraction of RV and venlafaxine (IS) was effective as it utilized a 

combination of RIPA buffer and two organic solvents. The recovery of the RV from 

both the plasma and brain matrices was more than 97.2 ± 3.0 % and 98.3 ± 1.2 % 

respectively. 

Likewise, RV, another simple, accurate and selective method was also developed for 

the in-vitro analysis of C-6 which was isocratic in nature. It is a short run of 8 min. 

The developed method was highly sensitive and able to detect the C-6 with a LOD of 

0.05 ng/mL with a SD of less than 1.52%. The sample recovery of C-6 was more than 

98.7 ± 0.6%, Therefore, the method for C-6 analysis was highly sensitive, accurate, 

selective and precise enough to quantify the C-6 in the developed nano-formulations. 

Simultaneously, a very fast, sensitive and accurate method was also established for the 

evaluation of C-6 in biological samples using RIPA buffer and plate reader. The mean 

recovery of the C-6 from plasma and brain sample was more than 99.0 % and well 
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within an acceptable limit. This high recovery is attributed to the use of RIPA buffer, 

direct fluorescent measurement without extraction process. 

In conclusion, the developed methods are selective, accurate, highly sensitive and 

reproducible in nature. These developed HPLC methods are all successfully validated 

for quantifying the RV and C-6 separately in in-vitro samples, rat plasma and brain 

samples for pharmacokinetic study.           
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4. Chapter-4 Formulation and Development of Single 

Ligand and Dual Ligand PLGA Nanoparticles   
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4.1 Introduction 

Brain targeting via IN route to bypass the BBB is a promising treatment approach for 

various neurodegenerative disorders. Although direct delivery from nose to the brain 

is possible, neurotherapeutic drugs still need to cross various transport barriers such as 

the nasal mucosa membrane, intracellular transport along the olfactory neuron, and 

diffusion across multiple brain compartments (Hanson & Frey, 2008; Pardeshi & 

Belgamwar, 2013). Biodegradable NPs with various targeting approaches such as 

surface chemical modification (Acharya & Reddy, 2016; Singh et al., 2016) or surface 

conjugation with specific targeting ligands (Bi et al., 2016; Bian et al., 2016; H. Xia et 

al., 2012) have been investigated to increase the nasal uptake and therapeutic efficacy 

of drugs in the brain. Functionalized NPs have demonstrated to be able to enhance the 

ability to deliver drugs specifically to the brain and sometimes can protect the drug 

from chemical degradation in the body. 

The two most commonly used polymers for nasal drug delivery are PLGA and chitosan 

(or its derivatives). Both polymers are biocompatible, biodegradable and safe for 

preparing effective nanoparticulate drug delivery systems. As PLGA has been used for 

controlling drug release for decades and is approved by the U.S. FDA for parenteral 

use, it is an obvious choice for drug encapsulation. PLGA forms spherical particles 

that are normally negatively charged with a smooth surface. They can slowly release 

their content, based on the hydrolysis rate of the polymer (Sah et al., 2013). Whilst 

some promising results have been observed (Seju et al., 2011; D. Sharma et al., 2015), 

the use of PLGA NPs in IN drug delivery is significantly hindered due to rapid nasal 

mucociliary clearance, lack of mucoadhesion and short residence time in the brain 

region. Various efforts have been made to tackle these problems by surface 

modification with proper functionalization (Bi et al., 2016; L. Yan et al., 2013). 

We formulated PLGA NPs containing SA-ODA for targeting neuronal cells. The SA 

present on the surface of the NPs will potentially interact with the SA receptor 

expressing cells (i.e., neuronal cells) present inside the brain and increase the drug 

concentration in the brain region. In addition, a mucoadhesive polymer such as GC or 

TGC was used to coat the surface of the NPs in order to reduce nasal mucociliary 

clearance and thereby increase the nasal residence time.  
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Mucoadhesive polymers such as chitosan and GC have been shown to enhance 

permeation and mucosal retention (Bernkop-Schnürch et al., 2004; Shahnaz et al., 

2012). Although GC has been reported to improve the mucosal absorption of poorly 

soluble drugs by increasing the nasal residence time and therefore may be helpful in 

increasing the drug uptake (Pawar et al., 2013) but, GC has not been reported for the 

IN administration of NPs for brain targeting. Hence, we explored the use of thiolated 

GC, a water-soluble chitosan derivative for surface coating the functionalized PLGA 

NPs. The attachment of the thiol moiety to GC is expected to further improve its 

mucoadhesive properties of NPs via formation of disulfide bonds with a cysteine-rich 

subdomain of the mucus layer, ultimately allowing the NPs to stay longer in the nasal 

mucosa (Makhlof et al., 2010). The use of the TGC has not been previously reported 

for the brain targeting of drugs using IN pathways. Our novel formulation containing 

dual targeting ligands, SA-ODA and TGC, was designed to enhance the delivery of 

the drug into the brain via the IN route. 

In addition, the use of a stabilizer is essential for the formulation of nano-sized 

droplets. A stabilizer plays an important role in preventing the aggregation of NPs 

during the emulsification process. Although many different stabilizers including 

surfactants have been used for the emulsification process (Cooper & Harirforoosh, 

2014; Sharma et al., 2016), the biocompatibility and non-toxic nature of the stabilizer 

must be considered in pharmaceutical formulations. Therefore, we investigated two 

different types of stabilizer [Polyvinyl alcohol (PVA) and d-α-tocopheryl polyethylene 

glycol 1000 succinate (Vitamin E TPGS or TPGS)] for the fabrication of our NPs 

(Figure 4.1). PVA is the most commonly used emulsifier in the formulation of PLGA 

NPs (Menon et al., 2012; Murakami et al., 1999). It is widely used as a steric stabilizer 

for NPs and blocks the aggregation of nano-sized droplets during the emulsification 

process, thereby producing NPs with a low polydispersity index.  

Various literature indicated that Vitamin E prevents or slows the oxidative damage of 

brain cells induced by β-amyloid cells (Dysken et al., 2014; Farina et al., 2012; 

Grundman, 2000). The idea of formulating PLGA NPs using TPGS as an emulsifier 

for the treatment of the brain disorder via IN route potentially would solve two 

purposes, stabilizing NPs and synergistically treating AD. Although in our 

formulation, the primary function of TPGS is functioning as an emulsifier or stabilizer.  



 

 

122 

 

PLGA NPs prepared with TPGS as an emulsifier may have an additional advantage is 

that TPGS potentially could improve cognitive disorders, which is not be possible with 

NPs prepared with PVA. Structurally, TPGS is amphiphilic in nature owing to the 

presence of the long polyethylene glycol chain and hydrocarbon chain. Due to its 

unique structure and property, it is miscible with both water and oil phase, which helps 

in improving the emulsification process during NPs fabrication (Mu & Feng, 2003a).  

 

(A) 

 

(B) 

 

      

Figure 4.1 Chemical structure of (A) PVA (B) TPGS 
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4.2 Objective 

The objective of this study was to formulate and develop biodegradable and bio-

compatible RV and C-6 loaded PLGA NPs functionalized with dual targeting ligands 

for brain targeting. The NPs were loaded with C-6 along with the RV. C-6 has been 

used as a diagnostic model drug for various studies and a fluorescent marker that can 

be easily detected. We used the C-6 here as a marker for easy detection in-vivo and to 

assess the co-incorporation of two agents into the same NPs.  

This chapter involves the formulation of three different types of nanoparticulate 

formulations using two separately synthesized targeting ligands, which were chosen 

to formulate RV loaded PLGA NPs. The first targeting ligand, GC or modified TGC 

polymer was employed via surface coating of the developed PLGA NPs, which aimed 

to provide, better mucoadhesive ability to prolong nasal residence time and promote 

brain uptake. A second targeting ligand, SA-ODA was incorporated into the organic 

phase during the formulation of PLGA NPs. Thus, this system represents a novel 

formulation to achieve prolonged treatment of brain disorders (Huile et al., 2011; Tosi 

et al., 2010). Following types of NPs were formulated and characterized: 

A. RV and C-6 loaded PLGA-SA-ODA NPs (containing single ligand as SA-

ODA) 

B. RV and C-6 loaded PLGA-SA-ODA NPs coated with GC (containing dual 

ligand as SA-ODA and GC) 

C. RV and C-6 loaded PLGA-SA-ODA NPs coated with TGC (containing dual 

ligand as SA-ODA and TGC) 

4.3 Materials 

Rivastigmine hydrogen tartrate (99.2%, IC-CS-146-0-140108) was purchased from 

Innochem Technology Co., Ltd., (Beijing, China) which was converted into RV free 

base before being incorporated into NP formulations. PLGA (47:53 ratio, Mw 3.5 kDa) 

was received as a gift sample from Durect Corporation, Birmingham, USA.  PLGA 

(47:53 ratio, Mw 110 kDa) and PLGA (50:50 ratio, Mw 150 kDa) was purchased from 

Purac Biochem (Gorinchem, Germany). GC, (G7753-5g, Mw 250 kDa), PVA (80% 

hydrolysed; Mw: 9000-10,000, 360627 500 gm), TPGS (57668-5g) and C-6 (442631-
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1G), Ellman’s reagent were purchased from Sigma-Aldrich (Castle Hill NSW, 

Australia).   

Dialysis bag (cellophane membrane, molecular weight cut off 10,000-120,00Da) was 

purchased from Spectrum Lab Inc (Rancho Dominguez, USA). Ultrapure Milli-Q 

water was used throughout all the procedures and experiments. Other chemicals used 

for analysis were of HPLC grade unless otherwise specified.  

4.4 Methods 

4.4.1 Formulation of RV loaded PLGA NPs 

RV loaded PLGA NPs were prepared using oil-in-water (o/w) single emulsion solvent 

evaporation method using either 1% PVA or 0.3% TPGS in the external water phase 

as a stabilizer with slight modifications (McCall & Sirianni, 2013; Parveen & Sahoo, 

2011).  

General Procedure for (o/w) single emulsion solvent evaporation method 

Briefly, 2 ml of ethyl acetate containing 10 mg of PLGA polymer (oil phase) and 3 mg 

of RV free base were added dropwise to 4.0 mL of aqueous phase (1% PVA or 0.3% 

TPGS), and the mixture sonicated for 90 seconds in an ice bath using a probe sonicator 

(UP200S, Microtip-S7, Hielscher Ultrasonics GmbH, Teltow, Germany) set with 80% 

amplitude and 0.4 cycle/sec. The o/w emulsion was diluted up to 20 mL of aqueous 

phase (1% PVA or 0.3% TPGS) and stirred at 100 rpm for 30 min using a magnetic 

stirrer (RW 20, Ika Laboratories, Postfach, Staufen, Germany) to harden the surface 

of the NPs. After 30 min, the organic solvent was evaporated at 50°C for 20 min under 

vacuum using a rotary evaporator (Buchi Rotavap R-200, Flawfil Switzerland) and the 

resultant NPs were purified by centrifugation at 35,000g (20 min, 4°C) (Allegra TM 

64R centrifuge, Backman Coulter, Inc., CA, USA) to remove free RV. After 

centrifugation, the supernatant was removed and PLGA NPs were resuspended into 

5mL of milli-Q water and stored at 4°C for further analysis. 

Blank PLGA NPs were also fabricated separately for optimization of various 

parameters using a similar procedure as described above.  
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4.4.2 Optimization of RV loaded PLGA NPs 

To achieve the optimum particle size and good encapsulation efficiency (EE), RV 

loaded PLGA NPs were optimized for the following parameters.  

4.4.2.1 Effect of aqueous phase pH 

To investigate the effect of pH on EE of RV in PLGA NPs, pH of the aqueous phase 

was optimized. For this, milli-Q water was replaced with 1 mM HEPES Buffer (pH 

9.0) as an aqueous medium. The NPs were formulated via single emulsion (o/w) 

solvent evaporation technique using 1% PVA (as a stabilizer) using 23.0% w/w 

theoretical drug loading (i.e., 3 mg of RV free base) and low molecular weight PLGA 

polymer (3.5 kDa). PVA was previously prepared in 1 mM HEPES buffer. PLGA NPs 

were formulated using the similar procedure described previously in section 4.4.1.  

4.4.2.2 Effect of molecular weight of PLGA 

The size of the NPs is affected by various factors, and molecular weight of the polymer 

is one of the most important factors. Therefore, the effect of varying molecular weight 

of PLGA polymer on the NP’s size and EE of the drug was studied. To investigate 

this, PLGA NPs were prepared using 3.5 kDa, 110 kDa and 150 kDa molecular weight 

and 1% PVA aqueous solution as a stabilizer. Briefly, the NPs were formulated by o/w 

single emulsion method using a general procedure described in section 4.4.1 with 

23.0% theoretical drug loading (3 mg of free RV base). The formulated NPs were 

characterized for nanoparticle size, EE, and experimental drug loading in order to 

evaluate the effect of the PLGA molecular weight on colloidal properties of the NPs.  

4.4.2.3 Effect of stabilizers 

A stabilizer plays an important role in facilitating the nano-emulsion formation by 

aligning at the o/w interface. To investigate the effect of the stabilizer, the NPs were 

formulated by the single emulsion (o/w) solvent evaporation method with two different 

types of emulsifiers: PVA (1% w/v aqueous solution) and TPGS (0.3% w/v and 1.0% 

w/v aqueous solution). All other parameters such as theoretical drug loading (23.0% 

w/v), ultra-sonication power (80% amplitude and 0.4 cycle/sec), and PLGA molecular 
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weight (110 kDa) were kept constant to determine the effect of stabilizer on colloidal 

properties of the NPs.  

4.4.2.4 Effect of formulation method (single emulsion versus double 

emulsion) 

To determine the influence of the formulation methods on physicochemical properties 

of the developed PLGA NPs, we compared two different methods for NPs formulation. 

RV loaded PLGA NPs were formulated using single and double emulsion methods as 

expressed in Table 4.1.  

Table 4.1: Comparison of o/w and w/o/w formulation method 

 

Name of component Quantity used  

 Single emulsion  

(o/w) method 

Double emulsion  

(w/o/w) method 

RV (free base) 5.0 mg 5.0 mg 

PLGA (110 kDA)  30 .0 mg 30.0 mg 

Ethyl acetate 3.0 mL 3.0 mL 

Stabilizer (0.3% TPGS) 20.0 mL 20.0 mL 

 

 Single emulsion solvent evaporation method 

RV loaded PLGA NPs were formulated by single emulsion solvent evaporation 

method following a general procedure as mentioned in section 4.4.1. Briefly, an 

organic phase (containing 5.0 mg of RV drug and 30.0 mg of PLGA polymer in 3.0 

mL of ethyl acetate) was emulsified with 6.0 mL of 0.3% TPGS solution using a probe 

sonicator set with 80% amplitude and 0.4 cycle/sec. The emulsified mixture was 

diluted with 14.0 mL of aqueous phase (0.3% TPGS solution) and stirred at 100 rpm 

for 30 min to harden the surface of the NPs. RV loaded PLGA NPs were obtained by 

evaporating the organic solvent using rotary evaporator at 50°C and further purified 

by centrifugation at 35,000g (20 min, 4°C). After centrifugation, the supernatant was 

removed and PLGA NPs were resuspended into 5 mL of milli-Q water for further 

characterisation.  
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 Double emulsion solvent evaporation method 

RV loaded PLGA NPs were formulated using double emulsion solvent evaporation 

method (w/o/w) as described following: Briefly, the primary emulsion was formed by 

mixing 0.5 ml of aqueous phase (5.0 mg RV dissolved in 0.3% TPGS solution) with 3 

mL of ethyl acetate containing 30 mg of the PLGA polymer (oil phase). The w/o 

mixture was sonicated for 2 min in an ice bath using a probe sonicator set with 80% 

amplitude and 0.4 cycle/sec. The primary w/o emulsion was immediately transferred 

into 20 mL of aqueous phase (0.3% TPGS solution) and the mixture was emulsified 

for 2 min using the same probe sonicator under similar conditions. The w/o/w double 

emulsion was stirred for 30 min using a magnetic stirrer to harden the NPs surface. 

After 30 min, the organic solvent was evaporated at 50°C under vacuum using a rotary 

evaporator and the resultant PLGA NPs were purified by centrifugation at 35,000g (20 

min, 4°C). After centrifugation, the supernatant was removed and RV loaded PLGA 

NPs were resuspended into 5mL of milli-Q water and stored at 4°C for further analysis. 

4.4.2.5 Effect of theoretical RV drug loading 

To achieve the maximum amount of drug loading inside the NPs, we optimized the 

theoretical drug loading using various amounts of RV ranging from 14.3% to 23.0% 

w/w of PLGA polymer. The NPs were formulated using double emulsion solvent 

evaporation technique as described previously in section 4.4.2.4 (b). All the batches 

were formulated in triplicates using 0.3% TPGS as an emulsifier and PLGA molecular 

weight (110 kDa) except NPs were loaded with theoretical drug loading varying from 

14.3 to 23.0% w/w.      

The various parameters optimized for the development of the RV loaded PLGA NPs 

are summarized in Table 4.2.
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Table 4.2: Optimization of various formulation variables for development of PLGA NPs 

 

Formulation 

Parameter 

  Factors Optimized   Optimized 

conditions 

 

 Polymer 

type 

Stabilizer 

concentration (% 

w/v) 

Aqueous phase Theoretical drug 

loading (w/w) 

Formulation 

method 

 

Effect of External 

Aqueous phase pH 

      

 PLGA (3.5 

kDa) 

1% PVA 1% PVA in Water   23.0%  o/w method 1% PVA in 

Water 

 PLGA (3.5 

kDa) 

1% PVA 1% PVA in 1m M 

HEPES buffer (pH 

9.0) 

   23.0%  o/w method  

Effect of molecular 

weight of PLGA 

      

 PLGA (3.5 

kDa) 

1% PVA 1% PVA 23.0%  o/w method  

 PLGA 

(110 kDa) 

1% PVA 1% PVA 23.0%  o/w method PLGA  

(110 kDa) 

 PLGA 

(150 kDa) 

1% PVA 1% PVA 23.0%  o/w method  

Effect of Stabilizer       

 PLGA 

(110 kDa) 

1% PVA 1% PVA 23.0%  o/w method  

 PLGA 

(110 kDa) 

0.3% TPGS 0.3% TPGS  23.0%  o/w method 0.3% TPGS 
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Formulation 

Parameter 

  Factors Optimized   Optimized 

conditions 

 

 Polymer 

type 

Stabilizer 

concentration (% 

w/v) 

Aqueous phase Theoretical drug 

loading (w/w) 

Formulation 

method 

 

 PLGA 

(110 kDa) 

 

1% TPGS 1% TPGS 23.0%  o/w method  

Effect of  

formulation 

method 

      

 PLGA 

(110 kDa) 

0.3% TPGS 0.3% TPGS  14.3%  o/w method  

 PLGA 

(110 kDa) 

0.3% TPGS 0.3% TPGS  14.3%  w/o/w method w/o/w method 

Effect of  

theoretical drug 

loading 

      

 PLGA 

(110 kDa) 

0.3% TPGS 0.3% TPGS  14.3%  w/o/w method 14.3%   

 PLGA 

(110 kDa) 

0.3% TPGS 0.3% TPGS  16.6 %  w/o/w method  

 PLGA 

(110 kDa) 

0.3% TPGS 0.3% TPGS  23.0%  w/o/w method  

 Various parameters were optimized to achieve the highest drug loading and EE while nanoparticulate size was kept below 250 nm and high zeta 

potential.  
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4.4.3 Optimized single ligand RV loaded PLGA-SA-ODA NPs 

The naked PLGA NPs were optimized for all the formulation conditions as mentioned 

in Table 4.2, then these optimized conditions were employed for the formulation of 

single ligand modified and dual ligand modified PLGA NPs.  

Single ligand RV loaded PLGA NPs were prepared using a (w/o/w) double emulsion 

solvent evaporation method using 0.3% TPGS as a stabilizer. Single ligand PLGA NPs 

were prepared by incorporating SA-ODA (neuronal cell targeting ligand) into the 

organic phase during formulation. SA-ODA was first synthesized by a coupling 

reaction between SA and octadecyl amine using EDC/NHS selective carbodiimide 

reaction (She et al., 2014). The synthesis and characterisation were undertaken by 

Nazhasan Huda (Ph.D. student, School of Pharmacy, Curtin University).  

Procedure 

Initially, SA-ODA conjugate formed a cloudy mixture when it was directly dispersed 

into the organic phase containing PLGA. Therefore, ethanol was selected as a co-

solvent to dissolve SA-ODA conjugate in order to avoid aggregation with the polymer 

in the mixture. Briefly, the primary emulsion (w/o) was formed by mixing 0.5 ml of 

aqueous phase (5 mg of RV dissolved in 0.3% TPGS solution) with 3 ml of polymer 

solution [a mixture of 30 mg of the PLGA polymer and 3 mg of SA-ODA (previously 

dissolved in 120 µL of ethanol)] (oil phase). The w/o mixture was sonicated for 2 min 

using a probe sonicator set with 40% amplitude and 0.4 cycles over an ice bath. The 

primary emulsion was immediately transferred into 20 ml of aqueous phase (0.3% 

TPGS solution) and the mixture was emulsified for 2 min using the same probe 

sonicator under the same conditions over an ice bath. The w/o/w double emulsion was 

stirred for 30 min using a magnetic stirrer to harden the surface of NPs. After 30 min, 

the organic solvent was evaporated at 50°C under vacuum using a rotary evaporator 

and the resultant NPs were purified by centrifugation at 35,000g (20 min, 4°C) to 

remove the excess of free RV. After centrifugation, the supernatant was removed and 

RV loaded PLGA NPs were resuspended into 5mL of milli-Q water and stored at 4°C 

for further analysis. 
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4.4.4 Optimized single ligand RV+C-6 loaded PLGA-SA-ODA NPs 

To evaluate the pharmacokinetic behavior and brain targeting efficiency of a 

developed nanoparticulate formulation, the developed single ligand PLGA NPs were 

also loaded with a hydrophobic fluorescent marker i.e., C-6. According to literature, 

0.25 % w/w of C-6 (amount of polymer) used in the NPs was sufficient for 

determination its concentration in an animal brain tissue (Kulkarni & Feng, 2011), 

therefore, we prepared our NPs with 0.30% of C-6 loading (of the polymer’s weight).  

RV + C-6 loaded PLGA-SA-ODA NPs were formulated using w/o/w double emulsion 

solvent evaporation technique. The developed single ligand modified PLGA-SA-ODA 

NPs loaded with RV and C-6 was formulated using procedure described in section 

4.4.3. Briefly, a known amount of C-6 was dissolved into an oily phase to achieve 

0.3% theoretical C-6 loading. Oily phase consisted of a mixture of 30 mg of PLGA 

polymer (110 kDa), 3 mg of SA-ODA (previously dissolved in 120 µL of ethanol) and 

90 µg of C-6 dissolved in 3 mL of ethyl acetate.  

The primary emulsion (w/o) was formed by emulsifying an 0.5 mL of aqueous phase 

(5 mg of RV dissolved in 0.3% TPGS solution) with 3 ml of oily phase using a probe 

sonicator set with 40% amplitude and 0.4 cycles over an ice bath for 2 min. The 

primary emulsion was immediately diluted into 20 ml of aqueous phase (0.3% TPGS 

solution) and the mixture was emulsified for 2 min using the same probe sonicator 

under the same conditions over an ice bath. The formulated nanoparticulate suspension 

was stirred for 30 min using a magnetic stirrer to harden the surface of NPs. The 

organic solvent was evaporated at 50°C under vacuum using a rotary evaporator and 

the resultant NPs were purified by centrifugation at 35,000g (20 min, 4°C) to remove 

the excess of free RV. After centrifugation, the supernatant was removed and RV 

loaded PLGA NPs were resuspended into 5mL of milli-Q water and stored at 4°C for 

further analysis. All the components used for the final optimized formulation are 

represented in Table 4.4. The pictorial presentation of RV+C-6 loaded PLGA-SA-

ODA NPs are shown in Figure 4.2. 
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Figure 4.2: Representative image single ligand RV+C-6 loaded PLGA-SA-ODA 

NPs 

 

 

4.4.5 Formulation and Optimization of dual ligand PLGA NPs 

The developed single ligand RV+C-6 loaded PLGA-SA-ODA NPs were coated with 

GC/TGC in order to obtain dual ligand modified GC or TGC coated RV+C-6 loaded 

PLGA-SA-ODA NPs respectively. During optimization of coating, SA-ODA and C-6 

was not incorporated into the loaded NPs, owing to its high cost and limited 

availability. 

General procedure 

GC or TGC coated PLGA NPs were formulated employing the double emulsion 

solvent evaporation method. Briefly, inner aqueous phase (5 mg of RV in 0.3% of 

aqueous TPGS solution) was emulsified with 3.0 mL of the organic phase (30 mg of 

PLGA polymer) and sonicated for 2 min using a probe sonicator set with 40% 

amplitude and 0.4 cycles over an ice bath. The primary emulsion was immediately 

transferred into 20 mL of coating polymer solution (0.2% GC or TGC dissolved in 
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0.3% TPGS solution) and the mixture was emulsified for 2 min using the same probe 

sonicator under the same conditions over an ice bath. For coating of the NPs, GC or 

TGC were dissolved in the outer aqueous phase. The coated NPs were purified by 

centrifugation at 7,168g (20 min, 4°C) to remove free RV. After centrifugation, the 

supernatant was removed and GC or TGC coated PLGA NPs were resuspended into 

5mL of milli-Q water and stored at 4°C for further analysis. 

To achieve optimum particle size and good encapsulation efficiency (EE), GC coated 

RV loaded PLGA NPs were optimized for the following parameters. 

4.4.5.1 Effect of centrifugation speed on purification of coated NPs  

During the optimization process, the size of the coated NPs was measured both before 

purification and after purification, as GC coated PLGA NPs were purified using 

centrifugation process, in order to remove the free RV drug. An increase in the size of 

the coated NPs was observed with higher centrifugal speed. Hence, the effect of the 

varying centrifugation speed for purification was investigated on the size and EE of 

the coated NPs.  

The coated NPs were formulated following a general procedure as described in section 

4.4.5 and all the other parameters such as drug loading (14.3%), ultra-sonication power 

and PLGA molecular weight (110 kDa), and GC coat concentration (0.2%) etc. were 

kept constant. NPs were purified at different centrifugation speed varying from 7000 

g to 35,000 g in order to observe the effect of centrifugation speed on the colloidal 

characteristics of the fabricated NPs. 

4.4.5.2 Effect of GC coating polymer concentration 

The amount of GC polymer required for coating was optimized in order to obtain 

coated NPs with appropriate size and drug loading. To investigate this, GC coated 

PLGA NPs were prepared using double emulsion solvent evaporation method 

described in section 4.4.5. Various concentrations of GC (0.05% -0.4%) were 

dissolved in external 0.3% TPGS aqueous solution to prepare GC coated PLGA NPs. 

All the other formulation parameters were kept constant as mentioned in Table 4.3 
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Table 4.3: Formulation variables of GC coated PLGA NPs were studied 

 

Formulation 

Variable 

Polymer type  External phase  Theoretical 

drug 

loading (w/v) 

Formulation 

method 

GC  

polymer 

concentration 

(w/v) * 

Centrifugation 

speed (in g) 

Effect of centrifugal speed 

 

 PLGA (110 kDa) 0.3% TPGS  14.2%  w/o/w  0.2% 35,000 

 PLGA (110 kDa) 0.3% TPGS  14.2%  w/o/w  0.2% 20,100  

 PLGA (110 kDa) 0.3% TPGS  14.2%  w/o/w  0.2% 11,200 

 PLGA (110 kDa) 0.3% TPGS  14.2%  w/o/w  0.2% 7,168 

 

Effect of GC coating concentration 

 

     

 PLGA (110 kDa) 0.3% TPGS  14.2%  w/o/w  0.05% 7,168 

 PLGA (110 kDa) 0.3% TPGS  14.2%  w/o/w  0.1% 7,168 

 PLGA (110 kDa) 0.3% TPGS  14.2%  w/o/w  0.2% 7,168 

 PLGA (110 kDa) 0.3% TPGS  14.2%  w/o/w  0.4% 7,168 

       

Various parameters were optimized to achieve the highest drug loading and EE while nanoparticulate size was kept below 250 nm and high zeta 

potential.  

* GC polymer was dissolved in 0.3% TPGS solution and used as an external aqueous to prepare the coated NPs.
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4.4.6 Optimized dual ligand RV+C-6 loaded PLGA NPs coated with 

TGC or GC  

All the optimization parameters were assessed with GC coated RV loaded PLGA NPs. 

The optimized conditions were used to formulate dual ligand modified RV+C-6 loaded 

PLGA NPs. NPs were formulated using double emulsion solvent evaporation method 

with both TGC or GC and SA-ODA targeting ligands.  

Briefly, the inner aqueous phase (5 mg of RV in 0.5 mL of 0.3% of aqueous TPGS 

solution) was emulsified with 3 mL of organic phase (a mixture of 30 mg of PLGA 

polymer and 3 mg of SA-ODA and 0.09 mg of C-6 dissolved) sonicated for 2 min at 

40% amplitude and 0.4 cycle over an ice bath. The primary emulsion was immediately 

transferred into 20 mL of coating polymer solution (0.2% GC or TGC dissolved in 

0.3% TPGS solution) and the mixture was emulsified for 2 min using the same probe 

sonicator under the same conditions over an ice bath. The dual ligand coated NPs were 

purified by centrifugation at 7,168g (20 min, 4°C) to remove free RV. After 

centrifugation, the supernatant was removed and GC or TGC coated PLGA NPs were 

resuspended into 5mL of milli-Q water and stored at 4°C for further analysis. All the 

components used for the final optimized formulation are represented in Table 4.4. The 

pictorial presentation of dual ligand RV+C-6 loaded PLGA-SA-ODA NPs coated with 

GC or TGC are shown in Figure 4.2. 

 

Figure 4.3: Representative image of dual ligand RV+C-6 loaded PLGA-SA-ODA 

NPs coated with GC or TGC 
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Table 4.4: Formulation of single ligand RV+C-6 loaded PLGA-SA-ODA NPs and 

dual ligand RV+C-6 loaded PLGA SA-ODA NPs coated with GC or TGC   

 

Name of component Quantity used  

 Single ligand NPs Dual ligand NPs 

Internal Aqueous phase    

RV (free base) dissolved 

in 0.3% TPGS solution 

5.0 mg 5.0 mg 

   

Oily Phase   

C-6 0.09 mg 0.09 mg 

PLGA (110 kDA)  30.0 mg 30.0 mg 

SA-ODA (previously 

dissolved in 120 µL of 

ethanol) 

3.0 mg 3.0 mg 

Ethyl acetate 3.0 mL 3.0 mL 

   

External Aqueous 

phase  

  

Stabilizer (0.3% TPGS) 20.0 mL 20.0 mL 

GC or TGC (0.2 % w/v) -  

   

Sonication time and 

duration 

 4 min (2+2)  

40 % amplitude  

and 0.4 cycles 

4 min (2+2)  

40 % amplitude  

and 0.4 cycles 

   

Centrifugation Speed 

Time and temperature 

35,000 g 

for 20 min at 4°C 

7168 g  

for 20 min at 4°C 
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4.4.7 Characterisation of PLGA NPs 

4.4.7.1 Particle size and zeta potential measurement 

The particle size, polydispersity index and surface zeta potential of NPs were 

determined by dynamic light scattering technique using Zetasizer Nano ZSP (Malvern 

Instruments Ltd., Malvern UK). All samples were measured in triplicate and results 

represented in mean ±SD.  

4.4.7.2 HPLC analysis  

RP-HPLC analysis of both RV and C-6 was carried out by using a validated method 

developed in Chapter 3 (section 3.4.3 and section 3.4.5 respectively). 

4.4.7.3 Encapsulation efficiency and drug loading 

The drug encapsulated inside the NPs was evaluated by analyzing the unloaded drug 

present in the supernatant obtained after centrifugation of NPs at 35,000 g (20 min, 

4°C). The supernatant was diluted (X 100 times) and injected onto HPLC column 

following the method described in section 3.4.3 to determine the amount of free drug. 

 

EE (%)     =  
Total drug used − free drug in supernatant

Total drug used
 × 100 

 

Drug Loading (%) =  
Total drug used − free drug in supernatant

Total NP weight
× 100 

 

4.4.7.4 Electron microscopic studies  

The surface morphological characteristics of NPs were analyzed by field emission 

scanning electron microscopy (FE-SEM). A sample of freeze dried NPs was mounted 

on a metal stub and coated with gold-palladium under vacuum using the Cressington 

Sputter coater (208HR, Cressington Scientific Instrument Ltd., Watford, England) and 

then examined on FE-SEM Zeiss NEON 40EsB, Carl Zeiss NTS (Oberkochen, 
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Germany) and photomicrographs were taken to determine the shape and 

morphological properties of the NPs.      

4.4.7.5 Stability studies of NPs 

Since the NPs have to be stored for certain time period at 4°C, the stability study of 

NPs suspension must be known. The stability study for dual ligand and single ligand 

PLGA NPs at 4°C was accomplished by analysing the particle size, polydispersity 

index, and zeta potential over a period of seven days. 

The NPs used for the stability studies was Blank PLGA-SA-ODA NPs, RV+C-6 

loaded PLGA-SA-ODA NPs (one ligand), RV+C-6 loaded PLGA-SA-ODA NPs 

coated with GC (dual ligand), and RV+C-6 loaded PLGA-SA-ODA NPs coated with 

TGC (dual ligand). Both single ligand and dual ligand PLGA NPs were prepared by 

the w/o/w method described in section 4.4.4 and section 4.4.6 using 110 kDa molecular 

weight of PLGA and 0.3% TPGS as an emulsifier. All four groups of NPs were stored 

at 4°C in the fridge for seven days and samples were withdrawn at 0, 1, 3, 5, and 7 

days and analysed further for their size, PDI, and Zeta potential determined.  

4.4.7.6 NPs leakage  study 

The NPs stored at 4°C were also evaluated for leakage of RV and C-6 for 48 h to cover 

the maximum time-period that NPs were likely to be stored for being used. To study 

the drug leaching from NPs, the two different types of NPs were produced by using 

w/o/w method using 110 kDa molecular weight of PLGA and 0.3% TPGS as an 

emulsifier. The NPs were loaded with 5 mg of RV and 0.09 mg of C-6. The prepared 

NPs were single ligand RV+C-6 loaded PLGA-SA-ODA NPs and dual ligand RV+C-

6 loaded PLGA-SA-ODA NPs coated with TGC.  

After formulation, each type of NPs was stored at 4°C, for 0 h, 6h, 24h, and 48 h.  500 

µL of samples of the NPs dispersion were withdrawn and centrifuged for 15 min at 

16,200 g at 4°C. The supernatant was diluted with mobile phase (X 100 times) and the 

percentage loss of RV and C-6 from the NPs was determined by analysing samples in 

HPLC (section 3.4.3 and 3.4.5 respectively).    
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4.4.7.7 Determination of Thiol group on NPs surface 

The presence of the thiol groups on the surface of the RV+C-6 loaded TGC coated 

PLGA-SA-ODA NPs was determined spectrophotometrically using Ellman’s reagent 

(5,5’-dithio-bis-2-nitro benzoic acid or DTNB) as previously described (Anitha et al., 

2011; Bravo-Osuna et al., 2007; Hornof et al., 2003). 

Ellman’s reagent was prepared by dissolving 3.0 mg in 10 mL of 0.5 M phosphate 

buffer (pH 8.0). A sample of 500 µL of TGC coated NP suspension was mixed with 

250 µL of phosphate buffer saline (pH 8.0) and 500 µL of Ellman’s reagent. The 

mixture was incubated for 3h at 37°C to allow the reaction of Ellman’s reagent with 

free sulfhydryl groups. After centrifugation at 16,200g for 15 min at 4°C, the 

absorbance of the supernatant was measured at 412 nm. A control sample (RV+C-6 

loaded GC coated PLGA-SA-ODA NPs) was treated using the same procedure. The 

number of thiol group on NPs surface was determined using the following equation 

(Acharya & Reddy, 2016; Nobs et al., 2004).  

𝑛 = 𝑎𝑁[𝑑 (
4

3
) 𝜋𝑟3 ] 

n is number of thiol group present per NP; a is mole of thiol determined per gram of 

TGC coated PLGA (which was determined using Ellman’s reagent); N is Avogadro 

number (6.023 X 1023); d is density of the NPs determined (1.65 gm/mL); r is mean 

radius of the NP which was determined using Zeta sizer.   

  



 

 

140 

 

4.4.7.8 In-vitro drug release study 

The developed single ligand and dual ligand PLGA NPs were evaluated for their in-

vitro release study. For this, 5 mL of RV loaded PLGA NPs (loaded with 1.0 mg of 

RV) was placed in a pre-washed dialysis tubing, immersed in 50 mL of PBS (pH 7.4) 

and sample was placed on shaker at 100 rpm at 37°C. In addition to release study of 

developed NPs, a RV control solution (1.0 mg of RV dissolved into 5 mL of milli-Q 

water) was placed inside the dialysis bag and immersed in 50 mL of PBS. 1 mL 

samples were withdrawn from the release medium at 1, 2, 3, 4, 5, 6, 7, and 24 h and 

replaced with an equal volume of PBS to maintain the sink conditions. All the collected 

samples at various time intervals were analyzed using HPLC method (section 3.3.3) to 

determine the mean value of % cumulative amount of RV release with respect to time. 

RV control solution was employed to compare the RV release from NPs against 

control drug solution. The RV in-vitro release study was performed in triplicate for 

each type of drug loaded NPs along with above standards.   

In addition, another RV drug solution (1.0 mg free RV base dissolved in 5 mL of water) 

was placed in 20 mL of vial as an external standard to ensure the stability of RV at 

37°C. A 200 µL of sample was withdrawn at same time intervals and diluted 100 times 

with mobile phase for analysis by HPLC to ensure the stability of RV.       

4.4.8 Statistical analysis  

All data are reported as a mean parameter determined ± standard deviation (S.D.) 

unless otherwise stated. The difference between the groups was determined using 

Student’s t-test, and differences between more than two groups were determined using 

ANOVA method using the Graph Pad Prism Software 6.01 version (Prism, Graph Pad 

software Inc. Version 6.01). A P-value ≤ 0.05 was considered as statistically 

significant. 
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4.5 Results and Discussion 

4.5.1 Formulation and optimization of PLGA NPs 

4.5.1.1 Effect of the external aqueous phase pH 

It is indicated in the literature that the external aqueous phase pH influences the EE of 

the drug in the NPs (Peltonen et al., 2004; Song et al., 1997). Evidence showed that an 

increase in external aqueous phase pH inhibits the ionization of a basic drug, decrease 

solubility in the aqueous phase and thereby increasing drug entrapment inside the NPs  

(Govender et al., 1999). Therefore, NPs were prepared with different aqueous medium 

to study the effect of the aqueous phase pH on the particle size and EE and results are 

indicated in Table 4.5. 

NPs prepared with milli-Q water showed significantly higher EE than those prepared 

with HEPES buffer (Table 4.5). For example, NPs prepared in milli-Q water with 3.5 

kDa PLGA molecular weight showed a much better EE 13.9 ± 4.9 % rather than 6.3 ± 

0.4% EE for that prepared using HEPES buffer. Our results were different to previous 

literature reports (Govender et al., 1999). We speculated the reason for low EE is due 

to the nature of our drug and type of polymer employed in our studies. Our drug RV 

is amphiphilic with log P of 2.3. It has a tendency to distribute between both oily and 

aqueous phase during the sonication process, consequently it resulted in a low drug 

EE.  

Particle size greatly affects the mucosal uptake and targeting efficiency. The smaller 

size of NPs has been shown to penetrate through the nasal mucosal membrane, whereas 

larger particles were localized in the nasal epithelial linings (Nafee et al., 2007; Pawar 

et al., 2013). Smaller NPs also have better tissue penetration across the biological 

membrane compared to larger NPs (Barua & Mitragotri, 2014). We found that the size 

of the NPs decreases with an increase in pH of an aqueous phase especially in the case 

of low molecular weight of PLGA. It is postulated that an increase in pH leads to 

greater ionization of the carboxyl group of the polymer, resulting in enhanced particle-

particle repulsion, hence the smaller particle size was observed in HEPES Buffer. For 

example, NPs prepared with PLGA (3.5 kDa) using pH 9.0 as an aqueous phase 

showed 79.0±4.6 nm in size compared to 123.0±2.4 nm in water.  
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It can be concluded that 1mM HEPES Buffer (pH 9.0) is advantageous with regard to 

producing smaller particle size NPs, but drug loading and EE of NPs was also reduced. 

Our objective was to achieve an appropriate particle size with maximum drug loading, 

therefore a change of the pH was not considered necessary for optimization of NPs. 

 

Table 4.5: Effect of the aqueous phase pH on various characteristics of RV loaded 

PLGA NPs. 

   

Aqueous phase 

pH 

 

PLGA 

Molecular 

weight 

(kDa)  

Particle Size 

(nm) 

Zeta potential 

(mV)  

EE (%) Drug 

loading (%)  

Water (neutral 

pH) 

3.5 123.0 ± 2.4 -22.8 ± 3.0 13.9 ± 4.9* 4.0 ± 1.4 * 

     

1mM HEPES 

buffer (pH 9.0) 

3.5 79.0 ± 4.6 -29.3 ± 3.5 6.3 ± 0.4* 1.8 ± 0.1* 

     

Data are represented in mean ± SD (n=3). * p<0.05  
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4.5.1.2 Effect of molecular weight of PLGA  

NPs size is an important parameter that influences the physical stability of the 

suspension, cellular uptake and biodistribution release of the drug. In general, smaller 

particle size provides better physical stability of NPs (De & Robinson, 2004). 

When three different types of molecular weight of PLGA were assessed for their 

effects on size and drug EE, a trend was seen in Figure 4.4 (A). An increase in 

molecular weight resulted in an increase in the size of RV loaded PLGA NPs. A similar 

pattern was observed for blank PLGA NPs (data not shown). The possible reason for 

an increase in the size of the NPs could be due to the increase in viscosity of the 

polymer with high molecular weight that creates difficulty in the formation of nano-

sized emulsion droplets (G. Mittal et al., 2007). Therefore, an increase in the NPs size 

with a high molecular weight of PLGA is expected which is consistent with the 

literature (G. Mittal et al., 2007).  

Figure 4.4 (B) showed that EE did not follow a similar pattern. Initially, EE increased 

from 14.0% to 18.1% with an increase in molecular weight from 3.5 kDa to 110 kDa; 

thereafter a significant drop to 12.4% was seen with an increase in molecular weight 

to 150 kDa. As, the EE of the NPs is affected by both partitioning of the drug between 

oily and aqueous phase, and the rate of polymer solidification during the NPs 

formulation (G. Mittal et al., 2007) therefore, very high molecular weight which  may 

have a very slow rate of polymer solidification because of high viscosity, showed less 

EE.  

It is mentioned in the literature that high molecular weight of PLGA NPs may have 

more hydrophobic interaction between the longer molecular polymeric chain and drug 

molecule, which could result in an increase in viscosity of the polymeric solution and 

thereby hamper the solvent evaporation rate (G. Mittal et al., 2007). The slow 

solidification also created more opportunity for RV to continue to partitioning between 

oil phase and the external aqueous phase, resulting in decreased EE for 150 kDa 

PLGA. Based on these findings, 110 kDa molecular weight of PLGA was selected as 

the optimum molecular weight of PLGA polymer for making NPs. It was used for all 

rest studies. 
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Figure 4.4: Effect of the PLGA molecular weight on (A) particles size (B) EE of 

the NPs 

Data are represented in mean ± SD (n=3).    
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4.5.1.3 Effect of stabilizers  

It has been reported that higher concentration of stabilizer can help to stabilize the NPs 

suspension and produce smaller size NPs (Patil & Surana, 2013). However, the size of 

the NPs also depends on other factors such as the type of the emulsifier and its 

concentration used. Many different types of emulsifiers (such as PVA, poloxamer, 

TPGS etc.) for fabricating stable nanoparticulate emulsions have been evaluated (S. S. 

Feng et al., 2007; McCall & Sirianni, 2013; Mu & Feng, 2003b; Patil & Surana, 2013; 

Turk et al., 2014; Win & Feng, 2006).  

We compared two different types of non-ionic emulsifier or stabilizers to stabilize the 

NPs in our formulation: PVA (the most commonly used non-ionic surfactant which 

has been reported to produce small sized NPs with uniform particle size distribution), 

and TPGS (used as an emulsifier due to its amphiphilic and biodegradable nature). 

These are excellent emulsifiers for encapsulating both water insoluble and water 

soluble drugs (Turk et al., 2014). However, TPGS is believed to be less toxic and has 

additional therapeutic benefit as an antioxidant against inflammation (A. R. Shah & 

Banerjee, 2012; A. Yan et al., 2007). 

The effects of various stabilizers on particles size, EE, and drug loading were 

determined and results are reported in Table 4.6. The results indicated that at 1% level 

both PVA and TPGS produced similar size and drug loading but when TPGS 

concentration was reduced to 0.3%, NPs size was reduced to 152.1 ± 4.1 nm and the 

drug loading was enhanced to 5.6 ± 0.1%. These results confirm that TPGS is an 

effective emulsifier, three times greater than PVA, due to its unique chemical structure 

to emulsify nano-emulsion and stabilize the PLGA NPs. 

The mean particle size of our PLGA NPs was increased when TPGS concentration 

was increased to 1% level. We hypothesized that the relatively large particle size and 

low drug loading associated with high concentration of TPGS is related to the 

hydrophilic and lipophilic nature of RV. During an emulsification process, RV tends 

to stay in the inner oily phase but with an increase in surfactant concentration in the 

external aqueous phase, it may facilitate the solubilization of the drug in aqueous phase 

thereby promoting the drug diffusion from oil phase into the aqueous phase, leading 

to decrease in % EE. Our findings were in agreement with the results reported by other 

groups which indicate that % EE can be lower due to the solubilization effect of 
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emulsifier on the drug with an increased amphiphilic molecule concentration (B. Shah 

et al., 2015; Sharma et al., 2016). 

It is concluded that 0.3% TPGS was an effective stabilizer and used further to stabilize 

the NPs.  

 

 

Table 4.6: Effect of type of stabilizer on particle size, EE and drug loading of the 

RV loaded PLGA NPs. 

 

Emulsifier used Particle Size (nm) EE (%) Drug loading (%)  

PVA (1%) 173.6 ± 5.8 18.2 ± 1.6 5.1 ± 0.5 

Vitamin E TPGS (1%) 184.6 ± 15.0 17.4 ± 2.4 5.0 ± 0.6 

Vitamin E TPGS (0.3%) 152.1 ± 4.1 20.2 ± 0.4  5.6 ± 0.1 

Data are represented in mean ± SD (n=3). 
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4.5.1.4 Effect of formulation method  

Double emulsion solvent evaporation method is most suitable for hydrophilic drugs 

(proteins and peptides) whereas single emulsion solvent evaporation method is more 

acceptable for hydrophobic (oil soluble) drugs. RV exhibits dual nature of the both 

hydrophilic and hydrophobic property. Therefore, the effect of the formulation method 

was studied on the physicochemical properties of the NPs.  

In this part of optimization, we compared single emulsion method with double 

emulsion method. Each method was used to prepare triplicate batches of NPs. The 

resultant EE and drug loading are reported in Table 4.7. The double emulsion solvent 

evaporation (w/o/o) method yielded higher EE compared to the single emulsion 

method (o/w) (22.6 ± 3.2% and 17.2 ± 2.0 % respectively). It is well documented in 

the literature that encapsulation of amphiphilic and water soluble drugs in polymer 

based NPs is challenging because of the rapid partitioning of amphiphilic drugs 

between the oily and aqueous phases (Cohen-Sela et al., 2009; Niwa et al., 1994). The 

use of double emulsion method produced higher EE compared to the single emulsion 

method. This may be due to the presence of organic phase that is impeding the 

diffusion of drug droplets from the internal aqueous phase to external aqueous phase. 

The internal aqueous phase also acts as a drug reservoir, resulting in the increase in 

particle size. The slower diffusion of the RV from inner to outer aqueous phase also 

further explains the difference in the EE. The amphiphilic nature of RV leads to rapid 

diffusion from inner organic phase (high drug concentration) to outer aqueous phase 

(low drug concentration) in the case of single emulsion method, which was the reason 

for causing a decrease in the EE and drug loading. 

In summary, the double emulsion method was considered more appropriate and 

selected as the method of choice because it showed a significantly higher drug loading 

(P value < 0.05) and it produced NPs different to that by single emulsion method. 
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Table 4.7: Physicochemical characterization of RV loaded PLGA NPs by various formulation methods.  

 

Method NPs size (nm) Polydispersity Index  Zeta potential 

(mV) 

EE (%) Drug loading 

(%) 

Single emulsion 

method 

150.5 ± 10.6 0.16 ± 0.06 -37.9 ± 3.4 17.2 ± 2.0 * 2.8 ± 0.3 

Double emulsion 

method 

162.1 ± 4.2 0.17 ± 0.00 -41.4 ± 2.3 22.6 ± 3.2 * 3.6 ± 0.5 

Data represented in mean ± SD (n=3) for all set of batches. * p <0.05
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4.5.1.5 Effect of theoretical drug loading of RV  

To achieve the maximum amount of drug loading inside the NPs and better EE of the 

developed PLGA nano-formulations, the effect of varying theoretical drug loadings 

was investigated on the various properties of the NPs. The NPs were formulated using 

the double emulsion solvent evaporation method technique with 0.3% TPGS as an 

emulsifier.  

The results represented in the Table 4.8 indicated that there is an increase in the drug 

loading from 3.6 to 5.3% w/w with an increase in theoretical drug loading, however, 

the EE decreased from 22.6±3.3 to 18.8±1.6 % w/w (Table 4.8; Figure 4.5). The 

decrease in the EE is attributed to the hydrophilic and lipophilic nature of RV which 

led to rapid partitioning of RV from the inner aqueous phase to the outer aqueous phase 

when an excess amount of RV is present thereby decreasing EE into the NPs during 

formulation. In addition, a limited amount of RV was expected to have a hydrophobic 

interaction with polymer and therefore retained in NPs. 

Niwa and colleagues (Niwa et al., 1994) reported a similar pattern of low EE and 

increased drug loading of nafarelin acetate, a water-soluble peptide drug. These 

researchers concluded that decrease in EE with an increase in theoretical drug loading 

is due to increased drug leakage into an aqueous environment.  

NPs size data showed an increase in NPs size with theoretical drug loading. The 

particle size of the NPs increased from 152.1±4.1 to 184.6±15.0 nm with a reduced 

polydispersity index, which signifies a narrow particle size distribution pattern. An 

increase in the drug loading in the NPs has led to an increase in NPs size. Zeta potential 

of the NPs decreases from -41.4 to -27.8 mV due to an increase in theoretical drug 

loading. This decrease in the surface negativity is due to the interaction of the carboxyl 

group of the polymer with a cationic drug on the particle surface. It is concluded that 

higher theoretical drug loading leads to lower EE and more drug wastage owing to 

more leakage of the drug to the external aqueous phase. Therefore, ~14% theoretical 

drug loading was chosen for further optimization. 
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Table 4.8: Effect of theoretical drug loading on the characteristics of the RV 

loaded PLGA NPs.  

Theoretical 

drug 

loading (% 

w/w) 

NPs size 

(nm) 

PDI Zeta 

potential 

(mV) 

EE (%) Drug 

loading 

(%) 

0 149.3 ± 12.0 0.17 ± 0.001 -31.6 ± 4.6 - - 

14.3 162.1 ± 4.2 0.18 ± 0.02 -41.4 ± 2.3 22.6 ± 3.3 3.6 ± 0.5 

16.6 165.3 ± 4.4 0.20 ± 0.03 -33.9 ± 3.4 20.7 ± 1.5 3.9 ± 0.2 

23.0 184.6 ± 15.0 0.23 ± 0.03 -27.8 ± 1.1 18.8 ± 1.6 5.3 ± 0.4 

Data are represented in mean ± SD (n=3). 

 

Figure 4.5: Effect of theoretical drug loading on EE of RV from PLGA NPs.  

Data represented in mean ± SD (n=3) for each set of the formulation. 
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4.5.2 Formulation and optimization of dual ligand PLGA NPs 

4.5.2.1 Effect of centrifugation speed  

The size of the GC coated PLGA NPs was determined both before and after 

centrifugation which indicated that the size of the NPs before centrifugation was below 

300 nm, however, the size after centrifugation was increased drastically (Figure 4.6). 

The reason was the deposition of multilayers of mucoadhesive GC on the surface of 

NPs during centrifugation. Hence to overcome this issue, the centrifugation speed had 

to be optimized. NPs were centrifuged at a different speed for purification and their 

size was determined.   

As expected, lower the centrifugation speed, smaller the size of the NPs (Figure 4.6). 

Hence, lowest centrifugal speed (7168 g or 8000 rpm) was applied to separate the 

coated PLGA NPs from the coating solution and unloaded drug. 

 

 

Figure 4.6: Effect of the centrifugation speed on the size of GC coated PLGA NPs.  

Data represented as mean ± SD (n=3) for all set of centrifugation speed.   
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4.5.2.2 Effect of GC coating polymer concentration   

GC or TGC was used as a coating polymer to coat the PLGA NPs for obtaining GC or 

TGC coated PLGA NPs. To investigate the amount of the GC or TGC required to coat 

PLGA NPs, various coating concentrations of GC were employed for the fabrication 

of the GC coated PLGA NPs and results are indicated in Table 4.9. It showed NP’s 

size increased gradually with an increase in the coating material (GC polymer) 

concentration, which was conspicuous at 0.4% GC concentration. The nanoparticulate 

formulation with 0.1% GC achieved a size of 210.6 ± 49.4 nm with zeta potential of 

+4.2 ± 0.0 mV, which increased to 251.4 ± 9.1 nm in size and +15.1 ± 0.2 mV in zeta 

potential with 0.2% GC concentration (Table 4.9). However, coating with 0.4% GC 

attained a size of 633.3 ± 52.2 nm with a zeta potential of +17.9 ± 3.0 mV.  

The increase in the size of NPs may be due to the increased viscosity of the polymeric 

solution which hindered the formation of nano-sized droplets, leading to the increase 

in the size of NPs. Similar results were also reported by Nafee and her colleagues 

(Nafee et al., 2007) when they studied the effect of chitosan concentrations on the 

particles size and zeta potential of PLGA NPs. Both size and zeta potential of NPs 

increased gradually with an increase in the chitosan concentration.  

As the smaller size of the NPs is correlated with better brain uptake (Saraiva et al., 

2016), therefore, our aim was to produce NPs with a smaller size, and adequate 

positive zeta potential to stabilize nanosuspension during storage. Among these 

assessed NPs, NPs coated with 0.2% GC coating solution produced the appropriate 

size and zeta potential was acceptable. It was, therefore, decided to use 0.2% GC or 

TGC as the coating concentration to prepare the GC or TGC coated RV loaded PLGA-

SA-ODA NPs. 
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Table 4.9: Effect of GC polymer concentration on colloidal properties of GC coated RV loaded PLGA NPs. 

 

  

GC concentration 

(%) 

Nanoparticle size 

(nm) 

PDI Zeta potential 

(mV) 

Entrapment efficiency 

(%) 

Drug content 

(%) 

-  152.1 ± 4.2 0.18 ± 0.02  -41.4±2.3 22.6±3.3 3.6 ± 0.5 

0.05 203.6 ± 2.6 0.23 ± 0.03 -31.4 ± 1.3 14.8 ± 2.1 2.4 ± 0.3 

0.1 210.6 ± 49.4 0.3 ± 0.05 4.2 ± 0.0 18.5 ± 1.9  3.0 ± 0.3  

0.2 251.4 ± 9.1 0.21 ± 0.04 15.1 ± 0.2 20.8 ± 2.1  3.4 ± 0.3 

0.4 633.3 ± 52.2  0.44 ± 0.08 17.9 ± 3.0  18.3 ± 1.3  3.0 ± 0.2  

Data represented in mean ± SD (n=2) for all the batches. 
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4.5.3 Final Formulation of PLGA NPs 

After optimization of various factors, the final optimized PLGA formulation (Table 

4.10) was used to produce NPs for the stability, in-vitro release, and in-vivo 

pharmacokinetic studies. The final formulation was used to load both RV and C-6 with 

two targeting ligands; SA-ODA and GC or TGC in order to obtain single ligand 

PLGA-SA-ODA NPs and dual ligand GC or TGC-coated PLGA-SA-ODA NPs 

respectively. 

Both single ligand and dual ligand modified RV+C-6 loaded PLGA NPs were prepared 

using 0.3% TPGS as a stabilizer with double emulsion solvent evaporation method. 

The double emulsion (w/o/w) method was selected as an optimized method for the 

fabrication of the NPs on the basis of results obtained. Our results indicated that 0.3% 

TPGS is an effective emulsifier as compared to 1% PVA or 1% TPGS. Therefore, the 

optimized NPs were stabilized using 0.3% TPGS solution. In addition, 14.3% of 

theoretical drug loading (of polymer’s weight) was chosen for loading the 

nanoparticulate formulation to surpass the drug wastage during the formulation. 

Beside this, 0.30 % theoretical drug loading of C-6 was decided to use on the basis of 

available literature (Kulkarni & Feng, 2011). Particles size and zeta potential are an 

important parameter that plays a significant role in cellular uptake efficiency of NPs 

during biodistribution and brain uptake study. Hence PLGA with a molecular weight 

of  110 kDa was selected for formulation of NPs. All the essential colloidal properties 

such as particle size, polydispersity index, and zeta potential were determined for the 

batches used later for in-vivo study and the results tabulated in Table 4.10. 

The particle size and zeta potential for RV+C-6 loaded PLGA-SA-ODA NPs were 

168.4 ± 10.3 nm and -32.4 ± 4.1 mV respectively. Figure 4.7 indicated the particles 

and zeta potential of single ligand RV+C-6 loaded PLGA-SA-ODA NPs determined 

using Zeta sizer. After coating with 0.2% GC polymer, the NP’s particle size was 

increased to 210 ± 29.4 nm with a positive zeta potential of +15.1 ± 0.2 mV (Figure 

4.8). The mean diameter of the TGC coated NPs increased to 236.0 ± 9.8 nm with a 

positive zeta potential of +10.4 ± 3.3 mV. The increase in the size and positive zeta 

potential of NPs is due to the surface deposition of the GC or TGC layer. Increasing 

the size of the NPs upon surface modification were also reported by Dyawanapelly 
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and his colleagues who modified the surface of PLGA NPs with chitosan polymer and 

Chitosan oligosaccharides (Dyawanapelly et al., 2016). In their study, a substantial 

increase in the size of the coated NPs was also reported in comparison to uncoated 

PLGA NPs. In addition, Tosi and colleagues also reported (Tosi et al., 2007) an 

increase of size of the NPs upon surface modification of glycosylated heptapeptide 

(G7) on PLGA polymer 

Our results showed that there was slightly increase in RV drug loading and EE in 

RV+C6 loaded PLGA-SA-ODA NPs when compared with the only RV loaded NPs. 

The possible reason could be because of the hydrophobic nature of C-6, which stayed 

in the oil phase and formed a hydrophobic interaction with RV, further impeded the 

diffusion of RV from the inner aqueous phase to external aqueous phase, leading to an 

increase in RV EE and drug loading. A similar trend was also observed when we 

compared the GC coated RV loaded PLGA-SA-ODA NPs with GC coated RV+C6 

loaded PLGA-SA-ODA NPs. Overall it is clear that dual loading of the RV and C-6 

enhanced drug loading and EE in both the single ligand and dual ligand PLGA-SA-

ODA NPs. The results presented in Table 4.10 also indicated that EE of both RV and 

C-6 has found to be slightly decreased after coating with TGC. We speculate this is 

due to the interaction of the C-6 or RV with the TGC polymer present in the external 

aqueous phase. Our results are in close agreement with results reported by other 

researchers (Dyawanapelly et al., 2016; N. Shah et al., 2009). 

Shah and her colleagues (N. Shah et al., 2009) reported that the coating of 

Pluronic®P85 on paclitaxel loaded PLGA NPs reduces the encapsulation efficiency 

of the paclitaxel. The EE exhibited a slightly decreased from 76.3 % to 73.8 % after 

coating with P85 on paclitaxel loaded PLGA NPs. Dyawanapelly and his colleagues 

(Dyawanapelly et al., 2016) also reported a slight decrease in encapsulation efficiency 

of BSA protein from PLGA NPs upon surface coating with chitosan and its water-

soluble chitosan oligosaccharides derivatives. 
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(A)  

 

(B) 

 

Figure 4.7: Determination of (A) Particles size (B) zeta potential of single ligand 

modified RV +C-6 loaded PLGA-SA-ODA NPs by w/o/w method 
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(A)  

 
 

(B)  

 

Figure 4.8: Determination of (A) Particles size (B) zeta potential of dual ligand 

modified RV +C-6 loaded PLGA-SA-ODA NPs by w/o/w method 
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Table 4.10: Characterisation of single ligand and dual ligand modified-RV+C-6 loaded PLGA-SA-ODA NPs 

 

  

NPs Particle Size 

(nm) 

Polydispersity 

Index 

Zeta 

potential 

(mV) 

RV EE (%) RV loading 

(%) 

C-6 EE 

(%) 

C-6 loading 

(%) 

Single ligand RV + C-6 

loaded PLGA-SA-ODA 

NPs 

 

168.4 ± 10.3 0.178 ± 0.001 -32.4 ± 4.1 23.1 ± 0.7 3.7 ± 0.7 90.4 ± 0.1 0.26 ± 0.00 

Dual ligand RV + C-6 

loaded PLGA-SA-ODA 

NPs coated with GC 

 

210.0 ± 29.4 0.387 ± 0.001 +15.1 ± 1.2 21.4 ± 1.3 3.4 ± 0.2 92.3 ± 0.6 0.25 ± 0.01 

Dual ligand RV + C-6 

loaded PLGA-SA-ODA 

NPs coated with TGC 

236.0 ± 9.8 0.387 ± 0.001 +10.4 ± 3.3  22.8 ± 0.7 3.6 ± 0.1 93.6 ± 0.05 0.28 ± 0.00 

Data represents as mean ± SD (n=3) for all the formulations.
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4.5.4 FE-SEM studies 

FE-SEM images of single ligand modified RV loaded PLGA-SA-ODA NPs and dual 

ligand modified TGC coated PLGA-SA-ODA NPs confirmed the spherical shape of 

the developed NPs (Figure 4.9 and 4.10).   

 

Figure 4.9: FE-SEM image of single ligand PLGA NPs.  

 

 

Figure 4.10: FE-SEM image of dual ligand PLGA NPs. 
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4.5.5 Stability studies of NPs 

As the final NPs were prepared for administration and evaluation of in-vivo activity in 

animals, it is important to determine the stability of NPs in suspension form over a 

reasonable storage time before used for animal administration. We determined the size 

and surface charge of the NPs for seven days stored at 4°C.  

The size of the single ligand blank PLGA-SA-ODA NPS and RV+C-6 loaded PLGA-

SA-ODA NPS was consistent for seven days, whereas, the size of dual ligand PLGA 

NPs (both GC- and TGC-coated PLGA-SA-ODA NPs) increased over a period of time 

(Figure 4.11). The dual ligand PLGA NPs were stable only for one day, and their size 

increased constantly after 24 h. This size increase may be due to the presence of the 

mucoadhesive polymer on the surface of the NPs. In addition, the reduction in zeta 

potential of coated NPs also contributed to the instability of GC- and TGC-coated NPs.   

Blank PLGA-SA-ODA NPs and RV+C-6 loaded PLGA-SA-ODA NPs exhibit 

negative zeta potential (-33.5 ±3.5 mV) due to the presence of ionized carboxyl group 

on the surface of PLGA molecule (Figure 4.12). As expected, the higher negative zeta 

potential of the NPs contributes to their stability. Single ligand PLGA-SA-ODA NPs 

were stable for seven days. The surface coating of GC and TGC leads to the inversion 

of the zeta potential. A positive zeta potential was observed due to the deposition of 

positively charged chitosan derivative on the negative surface of the PLGA NPs. Zeta 

potential of the single ligand NPs was almost constant, whereas dual ligand NPs 

showed positive zeta potential with a slightly increased value over a period of time. 

This change of the surface charge of dual ligand NPs was associated with an increase 

in the size of the NPs. The stability study suggested that dual ligand NPs should be 

used freshly prepared or within 24 h of preparation, while the single ligand NPs can 

be stored in 4°C for a longer period up to seven days, based on their physical stability. 
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Figure 4.11: Particle size measured during the stability study for seven days for 

developed PLGA NPs.  

Data represented as mean size ± SD (n=3) for all the formulations.  

 

 

Figure 4.12: Zeta potential measured during the stability study for seven days for 

developed NPs.  

Data represented as mean zeta potential ± SD (n=3) for all the formulations. 
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4.5.6 NPs Leakage study 

The developed single ligand and dual ligand PLGA-SA-ODA NPs were evaluated for 

leakage of the RV during storage. Leak study of C-6 was also performed to further 

confirm that the fluorescent signal associated with in-vivo release study was due to the 

uptake of C-6 loaded PLGA-SA-ODA NPs instead of free C-6 released into the NP 

suspension.   

4.5.6.1 RV Leakage study 

Both dual ligand and single ligand PLGA-SA-ODA NPs were analyzed for % RV 

leached from NPs over a period of 48 h. Less than 3% of RV leaked from NPs after 

storing over a period of 6 h (Figure 4.13), which we attribute to the loose attachment 

of the RV molecule to the PLGA polymer matrix. Leaking of RV from NPs was 3.5% 

within 24 h, then almost 5% over a period of 48 h. In the case of dual ligand PLGA-

SA-ODA NPs, the amount of the RV leaked from the NPs was less than 5% after 

storing of 48 h. The results suggested that once the NPs are formulated they are stable 

for 48 h with the RV stay inside the NPs.  

4.5.6.2 C-6 leakage study  

The C-6 leach study was also performed on both dual ligand and single ligand PLGA-

SA-ODA NPs over a period of 48 h. Less than 2% of C-6 leaked from developed NPs 

within 24 h and reached to 3% after 48 h (Figure 4.14). This may be due to the 

hydrophobic nature of C-6 molecule which therefore remains inside in the PLGA 

polymer matrix for 48 h. We can be confident that the fluorescent signal acquired 

during our in-vivo study in cell or animals will be due to C-6 loaded NPs. 
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Figure 4.13: Leak study of RV from the single ligand and dual ligand RV+C-6 

loaded PLGA-SA-ODA NPs over 48 h.  

Data are represented as % mean RV leaked ± SD, (n=2) for each formulation 

 

 

Figure 4.14: Leakage study of C-6 from the single ligand and dual ligand RV+C-

6 loaded PLGA-SA-ODA NPs over 48 h.  

Data are represented as % mean C-6 leaked ± SD., (n=2) for each formulation  
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4.5.7 Thiol group determination on NPs surface  

The presence of the thiol groups on the surface of the TGC coated PLGA NPs was 

determined using Ellman’s reagent against a standard curve constructed using 

thioglycolic acid solution (0.20 to 1.4 µmol/L) in the presence of GC. The calculated 

number of the thiol groups present on the surface of dual ligand PLGA NP was found 

to be 533.67 ± 94.7 (0.0608 ± 0.04 g/gm of PLGA polymer (% w/w)), which indicates 

the presence of the thiol moiety on the surface of the NPs.      

4.5.8 In-vitro drug release studies of developed NPs 

In-vitro drug release of RV from various types of RV loaded PLGA-SA-ODA NPs 

(both dual ligand and single ligand) was determined in PBS at 37°C over a period of 

24 h. A biphasic release pattern with PLGA NPs, GC coated- and TGC coated-PLGA-

SA-ODA NPs was obtained, which is characterized by initial burst release of RV, 

followed by a sustained release (Figure 4.15). The in-vitro release study indicated that 

coating of the GC and TGC did not significantly influence the release behavior of the 

drug over a period of 24 h.  

An initial burst release of ~15% RV from NPs was observed in the first hour, followed 

by the relatively constant release of RV from NPs. The initial burst drug release may 

be due to the presence of loosely bound drug on the surface of the NPs. 54% of RV 

was released from the PLGA NP formulation over 24 h.  

Various well-established models were applied to the in-vitro release study data to 

determine the best release kinetics from RV loaded PLGA formulation (Table 4.11 

and 4.12). The model that best fitted the data for all the three types of RV loaded 

PLGA-SA-ODA NPs is the Higuchi model (correlation coefficient > 0.97). The best-

fitted model for the nanoparticulate formulation further supports the view that the drug 

is uniformly dispersed in the matrix. Figure 4.16 represents the graphical 

representation of the Higuchi Model for the three different types of PLGA 

formulations. However, the RV drug solution showed a relatively better fit to the 

Hixson-Crowell model, which represents that dissolution occurs in the plane, and the 

rate of drug release was dependent on the amount of the drug solution present in the 

sample.  
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Figure 4.15: In-vitro drug release for RV from control drug solution and three 

different types of PLGA-SA-ODA NPs.  

Data represented as mean ± SD (n=3) for all set of formulations 

 

 

 

Figure 4.16: Graphical representation of Higuchi model for the three types of 

PLGA NPs
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Table 4.11: Model fitting for the various types of the RV loaded formulations  

 

 RV solution (control) PLGA-SA-ODA NPs 

(1L) 

GC coated PLGA-SA-

ODA NPs (2L) 

TGC coated PLGA-

SA-ODA NPs (2L) 

Model r2 r2 r2 r2 

Zero Order 0.490 0.892 0.878 0.843 

First order 0.732 0.931 0.923 0.902 

Higuchi Model 0.770 0.992 0.981 0.973 

Kors-Peppas Model 0.512 0.890 0.903 0.885 

Hixson and Crowell 

Model 

0.914 0.911 0.912 0.880 

r2: square of correlation coefficient 

Table 4.12: Various parameters calculated for the Higuchi Model for the different types of the RV loaded PLGA-SA-ODA NPs. 

   

 PLGA-SA-ODA NPs GC coated  

PLGA-SA-ODA NPs 

TGC coated  

PLGA-SA-ODA NPs 

Higuchi Model (r2) 0.992 0.981 0.973 

Slope of Higuchi Model 14.3 16.7 17.8 

Intercept of Higuchi Model 0.5 0.1 0.9 
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4.6 Conclusion 

The present research produced a novel formulation of single ligand and dual ligand 

modified C-6+RV loaded PLGA NPs using TPGS as an emulsifier. Both types of NPs 

were formulated using double emulsion solvent evaporation method and their various 

colloidal properties such as surface charge, particle size, and polydispersity index were 

characterized.  

The effect of varying the molecular weight of the PLGA polymer indicated that the 

increase in the NPs size is correlated with an increase in the PLGA molecular weight. To 

obtain the optimum particle size and drug loading, NPs were formulated using 110kD 

PLGA. However, the size and loading of the NPs were also affected by the amount and 

type of the stabilizer used in the formulation. The use of 0.3% TPGS has improved the EE 

and acts as an efficient stabilizer during NPs formulation in comparison to 1% PVA and 

1% TPGS. Hence the lower concentration of TPGS was considered for formulating the 

PLGA NPs. The present investigation suggests that EE and drug loading is correlated to 

the choice of the method employed for the NPs formulation. Double emulsion method 

produced relatively enhanced EE and drug loading compared to single emulsion method, 

despite their similar particle size.  

The centrifugation speed employed for the purification of the GC or TGC coated NPs also 

govern the size and zeta potential of the NPs. Lower centrifugation speed produced 

smaller NPs which is advantageous for drug delivery. Therefore, dual ligand modified 

PLGA NPs were purified on lower centrifugation speed.  

The size of fabricated single ligand formulations was < 200 nm, with a low polydispersity 

index. The particle size and zeta potential for RV+C-6 loaded PLGA-SA-ODA NPs were 

189.3 ± 2.4 nm and -30.4±3.1 mV. In contrast to single ligand NPs, dual ligand TGC or 

GC coated PLGA NPs exhibited a positive zeta potential with an increase in NPs size. 

After attachment of another ligand (GC or TGC), the size of the NPs increased to ~250 

nm. The size and zeta potential of the NPs were largely dependent on the amount of 

coating polymer employed. The optimized 0.2% GC or TGC concentration was 

successfully employed for the coating of PLGA NPs. These coated NPs were stabilized 
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by the electrostatic repulsion and steric force of charged hydrophilic coating polymers. 

The successful inversion of the zeta potential from negative to positive and detection of 

thiol groups on the surface of the NPs further confirmed the successful coating of NPs 

with TGC. Due to the chemical nature of the coating material, the coated NPs will have a 

positive charge and relatively lower magnitude of zeta potential, therefore they are prone 

to aggregation. The physical stability study indicated that the coated NPs should be used 

within 24 h of preparation. FE-SEM studies also revealed the spherical nature of both the 

dual ligand and single ligand PLGA NPs. 

The NPs leakage study showed that 3.5% percent of RV and less than 2% of C-6 was 

released both from the single ligand and dual ligand PLGA NPs over a period of 24 h. The 

leak study showed that both RV and C-6 released from inside the NPs during both in-vitro 

release and in-vivo animal studies. The in-vitro drug release study showed a biphasic 

release pattern with an initial burst release of 13% RV in the first hour, followed by a 

relatively constant release of RV from NPs over 24 h. The release profile of RV loaded 

NPs showed best fit to Higuchi model, indicating drug release from the matrix system.  

In conclusion, single ligand PLGA-SA-ODA NPs and dual ligand TGC or GC coated 

PLGA-SA-ODA NPs have been successfully developed and can be potentially used as a 

drug carrier for targeting the drug to the brain via the IN route. The latter system has the 

dual advantages of improved mucosal delivery resulting from both its permeation 

enhancement properties and mucoadhesive nature of TGC. The novel nanoparticulate 

technology offers a potential platform technology for the targeted delivery of a range of 

therapeutic molecules, thus offering a potential new approach in managing 

neurodegenerative disorders.  
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5. Chapter-5 In-Vivo Animal Studies of Developed 

Single Ligand and Dual Ligand PLGA Nanoparticles  
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5.1 Introduction 

The intranasally administered polymeric NPs has potential to promote drug delivery into 

the brain bypassing the BBB (Acharya & Reddy, 2016; Mittal et al., 2016; Quintana et 

al., 2016; Tosi et al., 2013). Surface modification of the NPs with targeting ligands can 

enhance the CNS delivery of many drugs (Bi et al., 2016; Kulkarni & Feng, 2011). Bi and 

his colleagues (Bi et al., 2016) designed biodegradable lactoferrin modified PEG-PLGA 

NPs for brain delivery of rotigotine via IN route. Their surface modified NPs were able to 

target rotigotine to the brain more effectively than unmodified PEG-PLGA NPs, using IN 

administration, suggesting the importance of targeting ligands on the surface of the NPs.  

The aim of this study was to evaluate whether our novel RV loaded NPs with single and 

dual ligands can enhance brain distribution of RV following their administration by IN 

route. The tested NPs were single ligand RV+C-6 loaded PLGA-SA-ODA NPs and dual 

ligand RV+C-6 loaded PLGA-SA-ODA NPs coated with TGC coated developed as per 

description in previous chapters. The purpose of the incorporating the C-6 into NPs are 

two folds: (i) C-6 is used as a fluorescent label for easy detection of NPs. (ii) C-6 

represents hydrophobic agents, therefore, allow us to study the effectiveness of our 

developed NPs in delivering two drugs or a drug with a diagnostic agent with different 

properties into the brain. 

It is our hypothesis that the effectiveness of the brain delivery of the RV-loaded NPs would 

be enhanced with dual targeting ligands that can target nasal mucosal membrane (by TGC) 

and brain neuron cells (by SA), thereby enhancing both the transport of NPS into the brain 

and prolonging drug concentration in the brain. To confirm that the IN route of 

administration is more effective for brain delivery, we compared the pharmacokinetic 

profile and brain uptake of RV drug solution administered by the IN and IV route.  
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5.2 Materials and Animals 

Rivastigmine hydrogen tartrate (99.2%, IC-CS-146-0-140108) was purchased from 

Innochem Technology Co., Ltd., (Beijing, China) which was converted into RV free base 

before being incorporated into NP formulations. PLGA [(47:53 ratio), Mw 110 kDa] was 

purchased from Purac Biochem (Gorinchem, Germany). C-6 (442631-1G), TPGS (57668-

5g), Venlafaxine (V7264-50 mg), Tertbutyl methyl ether (306975-2L) and RIPA Buffer 

(R0278-500mL) was purchased from Sigma-Aldrich (Castle Hill NSW, Australia). 

Male Sprague-Dawley rats aged between 10-12 weeks (220-250g) were purchased from 

Animal Resource Centre, Perth, Australia. All the animals bought and studies were duly 

reviewed and approved by Animal Ethics Committee of Curtin University before the start 

of the animal study. The animal approval letter is attached in the appendix section.  

5.3 Methods 

5.3.1 Formulation of PLGA NPs for in-vivo studies 

RV+C-6-loaded PLGA-SA-ODA NPs with single ligand and dual ligands were prepared 

using w/o/w double emulsion solvent evaporation technique (section 4.4.4 and 4.4.6). The 

developed NPs were characterized by particle size, polydispersity index, zeta potential 

and drug loading before being administered to animals.  

5.3.2 Animal experiments 

NP formulations were evaluated using  Sprague-Dawley rats, a common preclinical model 

for efficacy, safety, toxicity and pharmacokinetic studies of drugs for both IN and IV route 

of administration (Katare et al., 2015). All animals were held in air-conditioned animal 

facility center of Curtin University and acclimatized for 4 days before the start of the 

animal experiment. Regular food and water ad libitum were provided to all the animals 

during the experiments. The animals were randomly selected and assigned into four 
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different treatment groups, each containing 10 rats. Each group of animals received one 

treatment: 

Group 1: RV drug solution via IV route   

Group 2: RV drug solution via IN route   

Group 3: Single ligand RV + C-6 loaded PLGA-SA-ODA NPs via IN route 

Group 4: Dual ligand RV + C6 loaded PLGA-SA-ODA NPs coated with TGC via IN route  

Dosing and delivery of treatments 

Each rat was administered a dose equivalent to 1 mg/kg RV free base (Wilson et al., 2008) 

and 80 µg/kg of C-6. RV drug solution/nanoparticulate formulations were 

dissolved/suspended in 5% dextrose solution for both IN and IV administration. The IV 

dosing was performed according to Curtin’s standard operating procedures and RV drug 

solution (1 mg/kg) was injected through a syringe with a 30-gauge needle into the 

saphenous vein. 

The IN dosing was performed following a method reported in the literature (Katare et al., 

2015). Briefly, an animal was kept in an induction chamber supplied with 4-5% isoflurane 

in oxygen at a rate of 0.5 mL/min. Once the animal lost its righting reflex and pedal 

withdrawal reflex, it was removed from the chamber. The rat was placed in the supine 

position to administer treatments via IN route. A total 120 µL of RV solution/nanoparticle 

formulation per 250 gm of rat weight was administered by pipetting aliquots of 30 µL into 

each nostril. Each treatment was administered over 3-5 mins with 0.5-1 min intervals. 

Between the instillation of formulations, a dose of 1-2% isoflurane was given by 

inhalation route (i.e. use of a nose cone), to keep the rats sedated to prevent sneezing. 

5.3.3 Pharmacokinetic study of RV and C-6  

The RV and C-6 pharmacokinetic study were carried out to compare the effect of NPs 

formulation with that of the free drug on the drug concentration profile in the systemic 

circulation. After administration of RV drug solution/nanoparticulate formulations, blood 

samples were collected from the tail vein at designated time points, under anesthesia with 
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1-3% isoflurane. To ease the blood collection from a vein, the rat tail was dipped in warm 

water (40°C) for 5-10 seconds for vasodilation. A small incision was made with a 20G 

stainless steel sterile blade; 0.25 mL of blood was collected at 15, 30, 60, 90 min and 2, 

3, 4, 6 and 8 h and transferred to vials with an anticoagulant (20 µL of 10% EDTA 

solution). The blood samples were then centrifuged at 11,370 g at 4°C for 10 min 

(Eppendorf Centrifuge 5415R, Australia). The supernatant plasma was collected and 

stored at -80°C until RV and C-6 content analysed. For analysis of RV from plasma 

samples, 100 µL of plasma was processed for extraction of RV using a procedure as 

described in Figure 3.2 and analysed by a validated HPLC-FLD method described in 

section 3.4.4.2. C-6 in plasma samples were analysed by treating them with double volume 

of RIPA buffer and fluorescent intensity was measured using a plate reader at excitation 

wavelength 465 nm and emission wavelength 502 nm (section 3.4.6.1).  The amount of 

C-6 concentration at various time intervals were determined against C-6 calibration curve 

in HBSS buffer.  

5.3.4 Brain uptake study of RV and C-6 

The brain uptake of RV and C-6 loaded NP formulations was studied over 8 h following 

IV and IN administration. For each formulation, a set of animals (n=5) were sacrificed at 

2 and 8 h of post treatment. The animals were sacrificed after deep anesthesia by 

isoflurane. The collection of final blood was done through a cardiac puncture. The 

remaining blood was flushed out by injection of saline solution into the aorta before 

collecting organs. The whole rat brain was harvested, washed with normal saline, made 

free of fluid, weighed and stored at -80°C until further analysis. The harvested whole brain 

was homogenized in a test tube with 3 mL of HBSS buffer using sonicator (UP200S, 

Microtip-S7, Hielscher Ultrasonics GmbH, Teltow, Germany) at 0.4 cycles and 40% 

amplitude for 3 min. The total volume of brain homogenate was recorded then an aliquot 

of brain sample (500 µL) was extracted as per Figure 3.3 for further analysis of RV content 

using the validated HPLC method (section 3.4.4.2). A known faction of the brain 

homogenate samples was processed for C-6 analysis using a RIPA buffer and further 

analysed on plate reader at an at excitation wavelength 465 nm and emission wavelength 
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502 nm. The amount of C-6 concentration in various samples at various time intervals 

were determined against C-6 calibration curve in HBSS buffer.     

5.3.5 Stability study of RV and C-6 in biological samples  

5.3.5.1 Stability study of RV in plasma 

Since plasma samples have to be stored for a period of time before analysis, the stability 

of the drug in these samples must be known. The RV stability at 37°C was also conducted 

to mimic the body temperature conditions and to cover the worst case of the storage 

conditions or study conditions such as cell culture study. The plasma stability study of RV 

was carried out with known concentration of RV in plasma and samples exposed to 

conditions including 37°C, and -80°C for 48 h and 28 days respectively. 

RV plasma stability at 37°C was carried for up to 48 h. Fresh rat plasma was spiked with 

RV at 200 ng/mL and 400 ng/mL concentration and samples were placed on a shaker at 

100 rpm at 37°C. Samples were withdrawn at 0, 3, 6, 24 and 48 h and RV was extracted 

in the same fashion as described in Figure 3.2. The processed samples were analyzed by 

validated HPLC method to determine % RV remaining drug concentration.  

To study RV stability in plasma at -80°C, rat plasma samples were spiked with RV at a 

concentration level of 3 µg/mL and 5 µg/mL. These spiked plasma samples were stored 

at -80 C̊ for up to 28 days and samples were withdrawn at 0, 7, 14, 21 and 28 days. The 

collected samples were processed to isolate RV following a similar method described in 

Figure 3.2 and further analysed by using a validated HPLC method (section 3.4.4.2).  

5.3.5.2 Stability study of C-6 in plasma and the brain 

C-6 fluorescence stability in plasma and brain samples was evaluated to cover various 

stages such as handling, extraction, and storage. As C-6 is light sensitive, all experiments 

were carried out in the dark and samples were stored in a dark black box.  

The stability of C-6 fluorescent signals in processed plasma and brain samples were 

evaluated over 24 h period at room temperature. For this, 200 µL of plasma or brain 



 

176 

 

homogenate samples were spiked with a known amount of C-6 (6.5 ng/mL, 9.7 ng/mL, 

13.0 ng/mL and 16.0 ng/mL) and mixed with 400 µL of RIPA buffer for cell and tissue 

lysis (section 3.4.6.1). These treated samples were stored at room temperature for 0, 1 h, 

2 h and 24 h respectively and fluorescent intensity was measured using a plate reader 

(EnSpire® Multimode plate reader, Perkin Elmer, Waltham, MA USA) at excitation 

wavelength 465 nm and emission wavelength 502 nm.  The amount of C-6 concentration 

at various time intervals were determined against C-6 calibration curve in HBSS buffer 

and calculated as percent remaining with respect to the C-6 concentration at 0 h.  

The C-6 storage stability at -80 ̊C was studied to evaluate the stability of C-6 in actual in-

vivo biological samples during storage. For this, 200 µL of blank plasma was spiked with 

a known amount of C-6 (34 ng/mL and 67 ng/mL) and stored at -80 ̊C for 28 days. The 

samples were withdrawn from -80 ̊C at 0, 7, 14, 21 and 28 days then thawed. The thawed 

samples were treated with a double amount (400 µL) of RIPA buffer and analysed using 

the plate reader at excitation wavelength 465 nm and emission wavelength 502 nm. The 

amount of C-6 concentration at various time intervals were determined against C-6 

calibration curve in HBSS buffer and calculated as percent remaining with respect to C-6 

concentration at 0 h.    

5.3.6 Statistical analysis  

All data are reported as a mean concentration ± standard error of the mean (SEM) for 

pharmacokinetics and brain uptake study unless otherwise stated. The difference between 

the groups was determined using Student’s t-test, and differences between more than two 

groups were determined using ANOVA method using the Graph Pad Prism Software 6.01 

version (Prism, Graph Pad software Inc. Version 6.01). A P-value ≤ 0.05 was considered 

as statistically significant. All pharmacokinetics parameters were determined using 

Kinetica Software Version 5 (Build 5.0.11, Thermo Fischer Scientific).   
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5.4 Results and Discussion 

5.4.1 NPs formulation and characterization 

The determined particle size of both single ligand and dual ligand modified NPs was under 

250 nm with low polydispersity index which indicates that NPs suspension was 

monodispersed in nature (Table 5.1). Both increased size and positive zeta potential of 

NPs were attributed to surface deposition of the TGC layer on the NPs surface. However, 

the coating of NPs with the TGC did not significantly alter the NPs surface morphology 

and retained their original spherical shape and smooth surface (Figure 4.9 and 4.10). 

5.4.2 Stability study of RV and C-6 in biological samples 

5.4.2.1 Stability study of RV in plasma 

RV was stable in plasma at 37°C for at least 24 h (100.6 ± 2.1 % remaining) with a 5-8% 

decrease in drug concentration at 48 h (Figure 5.1). This means that RV is susceptible to 

enzyme degradation after 24 h.  

RV spiked plasma samples stored at -80°C was stable for up to 28 days (>98% remaining) 

[(Figure 5.2) and Table 5.2]. The results suggest that RV plasma samples obtained from 

the in-vivo animal study can be stored at -80°C for an extended period (up to 28 days) 

before being analyzed and the quality of the samples will not be compromised.
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Table 5.1: Characterisation of single ligand and dual ligand RV+C-6 loaded PLGA-SA-ODA NPs used for in-vivo studies.   

 

NPs 
Particle Size 

(nm) 

Polydispersity 

Index 

Zeta potential 

(mV) 
RVEE (%) 

RV loading 

(%) 
C-6 EE (%) 

C-6 loading 

(%) 

 

Single ligand 

RV + C-6 loaded 

PLGA-SA-ODA 

NPs 

 

189.3 ± 2.4 0.169 ± 0.001 -30.4 ± 3.1 24.1 ± 0.7 3.8 ± 0.1 93.6 ± 0.01 0.26 ± 0.00 

Dual ligand 

RV + C-6 loaded 

PLGA-SA-ODA 

NPs coated with 

TGC 

242.6 ± 8.4 0.385 ± 0.002 +9.4 ± 4.3 22.7 ± 0.9 3.6 ± 0.2 91.3 ± 0.5 0.25 ± 0.01 

     Data represented as mean ± SD (n=3) for all the formulations.



 

179 

 

 

 

 

 

Figure 5.1: RV stability study in rats’ plasma at 37°C for 48 h  

Plasma samples were spiked with 200 ng/mL and 400 ng/mL RV and incubated at 37°C 

for 48 h. Samples were processed for RV content at predetermined time intervals (3,6, 24 

and 48 h) and analyzed by validated HPLC method to determine the amount of RV 

remaining in rat’s plasma. Data represented is the mean value of % RV remaining ± SD 

(n=2). 
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Figure 5.2: RV stability study in rats’ plasma at -80°C for 28 days  

Plasma samples were spiked with 3 µg/mL and 5µg/mL RV and stored at -80°C for 28 

days. The samples withdrawn at 7, 14, 21 and 28 days were extracted and analyzed using 

the validated HPLC method for RV content. Data represented is the mean value of % RV 

remaining in rats’ plasma ± SD (n=3). 
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Table 5.2: Plasma stability study of RV performed at -80°C for 28 days.  

 

Matrix used Condition employed 

for stability testing 

RV concentration 

spiked (µg/mL) 

RV concentration 

determined (µg/mL) 

% RV remaining ± SD 

Plasma Week-0 3.0 3.0 ± 0.0 99.1 ± 1.2 

  5.0 4.9 ± 0.1 98.9 ± 0.9 

 Week-1 3.0 2.9 ± 0.1 98.2 ± 2.3 

  5.0 4.9 ± 0.2 99.3 ± 3.4 

 Week-2 3.0 3.0 ± 0.1 100.9 ± 4.3 

  5.0 4.9 ± 0.1 98.6 ± 3.3 

 Week-3 3.0 2.9 ± 0.1 98.9 ± 2.0 

  5.0 4.9 ± 0.2 99.4 ± 5.5 

 Week-4 3.0 2.9 ± 0.1 98.8 ± 4.4 

  5.0 4.9 ± 0.1 98.6 ± 2.7 

      Data represented in mean RV concentration ± SD (n=3). 
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5.4.2.2 Stability study of C-6 in plasma and the brain 

This study was designed to examine if there was any change of fluorescence intensity of 

C-6 in rats’ plasma and brain tissue over the storage and when C-6 was in contact with 

RIPA buffer. 

The fluorescence intensity signals of C-6 in plasma was stable for 24 h in processed 

plasma samples and 2 h in the brain tissue extracted with RIPA buffer, both at room 

temperature [Figure 5.3 (A) and 5.3 (B)]. This confirms that our sample process and 

storage will have no impact on the fluorescent analysis of C-6 sample.  

Figure 5.4 showed no significant change of C-6 level in plasma stored at -80°C over 28 

days which provides an evidence that C-6 present in our in-vivo biological samples was 

stable for 28 days. 
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Figure 5.3: Effect of RIPA buffer on the stability of C-6 in (A) rats’ plasma (B) rats’ 

brain homogenate at room temperature.  

Data is represented in the mean value of % C-6 remaining in rats’ plasma ± SD (n=2).  
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Figure 5.4: Storage stability of C-6 in rat’s plasma at -80°C over 28 days.  

Data was represented by the mean value of % C-6 remaining in rats’ plasma ± SD (n=2). 
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5.4.3 Pharmacokinetics study of RV  

Although the use of cell culture for evaluating cellular uptake of NPs is fast and 

convenient, however, it can never predict the targeting outcome in animals. Ultimately, 

the proof of concept study on the effectiveness of targeting ligands is the in-vivo animal 

studies. In this study, the pharmacokinetic profile of our two NPs (i.e. NPs with single and 

dual ligands) was compared to the free drug solution administered via IN route. A separate 

control, RV solution, was given by IV injection.  

Figure 5.5 shows the plasma concentration-time profile of RV after administration of 

various NP formulations and control solutions. The RV drug solution via IN route showed 

a rapid increase in drug concentration from 842.0 ± 35.0 ng/mL at 15 mins post 

administration to the highest concentration of 1214.9 ± 103.8 ng/mL at 1 h, which suggests 

there was a relatively rapid and an adequate absorption of RV via the IN route. RV plasma 

concentration then exhibited a rapid decline in plasma concentration to 306.2 ± 79.0 

ng/mL at 3 h and 75.2 ± 10.3 ng/mL at 8 h. As expected, the plasma drug concentration 

obtained post IV administration of free drug solution showed a continuous decline from a 

level of 2294 ± 438.9 ng/mL RV at 15 min to 702.2 ± 44.8 ng/mL at 2 h, due to rapid 

distribution and elimination. The plasma concentration of RV post IV administration 

finally declined to 98.5 ± 19.3 ng/mL at 8 h, similar to that post IN administration. 

In contrast, the plasma profile of RV from NPs showed a much broad peak or sustained 

drug concentration under 8 h in a formulation dependent manner (Figure 5.5). The plasma 

concentration of single ligand PLGA-SA-ODA NPs was lower for the first two hours 

compared to both IN free RV solution and dual ligand NPs. Single ligand NPs only 

achieved 299.5 ± 21.5 ng/mL RV in plasma 15 min after IN administration, whereas 

plasma concentration of RV by IN free RV & dual ligand NPs were 842.0 ± 35.0 ng/mL 

and 609.5 ± 118.4 ng/mL respectively. Plasma concentration of RV by single ligand NPs 

then rose to 902.5 ± 144.5 ng/mL at 2 h and reached maximum 952.5 ± 61.4 ng/mL at 3h. 

The latter plasma concentration was approximately 2 times and 3.1 times higher than that 

of IV and IN of drug solution respectively at 3 h. RV plasma concentration from single 

ligand PLGA-SA-ODA NPs then gradually declined to 170.6 ± 14.5 ng/mL at 8 h.   
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Figure 5.5: Plasma concentration-time profile of RV after administration of RV 

control solution, single ligand PLGA-SA-ODA NPs and dual ligand PLGA-SA-ODA 

NPs coated with TGC.  

Both RV control solution and NPs were administered at a dose level of 1mg/Kg RV free 

base. Both single ligand RV=C-6 loaded PLGA-SA-ODA NPs and dual ligand RV + C=6 

loaded PLGA-SA-ODA NPs were administered via IN route. The control RV solution was 

administered by both IV and IN route. Data are represented in mean RV concentration in 

plasma ± SEM (n=4) for 8 h. 
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Dual ligand RV+C6 loaded PLGA-SA-ODA NPs coated with TGC demonstrated the 

ability to produce a significantly higher drug concentration value (starting from the first-

time point) along with a more sustained concentration pattern of the RV than that of single 

ligand RV+C6 loaded PLGA-SA-ODA NPs. Dual ligand NPs released 609.5 ± 118.4 

ng/mL RV in the plasma at 15 min, with a maximum level of 1206 ± 62.1 ng/mL reached 

at 1.5 h. This level of RV gradually reduced to 976.0 ± 50.0 ng/mL at 3 h (Figure 5.5). 

RV plasma concentration from dual ligand PLGA NPs then gradually declined to 432.7 ± 

51.3 ng/mL at 8 h. The prolonged high plasma concentration of RV by dual ligand NPs 

(1199.7-976.0 ng/mL expanding from 1 h to 3h) was in a sharp contrast to the rapid decline 

of the IN drug solution, indicating that the TGC coating promoted interaction and transport 

of the NPs in the nasal mucosal membrane, at the same time, its NPs provided continuous 

drug release and absorption into the systemic circulation. These results suggested that both 

single and dual ligands NPs were able to attain higher drug concentration in the systemic 

circulation for an extended period of time. This prolonged plasma concentration can also 

help in attaining better brain drug concentration across the BBB.   

Our plasma concentration profile results were similar to that reported by Fazil and his 

colleagues (Fazil et al., 2012) who studied the brain delivery of RV (administered dose is 

0.068 mg/kg) by IN administration of RV-loaded chitosan NPs in Wistar rats.  

To minimize the dose & animal species effect, we calculated the plasma drug 

concentration ratio of drug solution by IN to drug solution by IV and drug-loaded NPs by 

IN to drug solution by IN at both 2 h and 8 h (Table 5.3).  In comparison, our plasma 

concentration ratio of NPs by IN to drug solution by IN, at 2 h, is 1.22 for single ligand 

and 1.6 for dual ligand whereas CS NPs by Fazil et al (2012) showed 2.5. However, at 8h, 

when Fazil’s group couldn’t detect any drug concentration, our two NPs showed plasma 

drug concentration ratio of 2.26 and 5.74 for the single and dual ligand NPs respectively 

(Table 5.3). This means that single ligand system at 8 h produced an almost equivalent 

level of that CS NPs at 2 h while dual ligand at 8 h generated more than doubled the level 

of that of CS NPs at 2 h by Fazil et al (2012). In Table 5.3, we also compared our data to 

that generated by buspirone hydrochloride (BUH)-loaded thiolated chitosan (T-CS) NPs 

(Bari et al 2015). Plasma concentration ratio of BUH-loaded T-CS NPs by IN to BUH 
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solution by IN is much lower (0.55) at 2 h, indicating T-CS NPs didn’t produce higher 

plasma concentration than its drug solution at 2 h post administration when the maximum 

drug concentration was detected in their study.          

All of these comparisons demonstrate that our single ligand and dual ligand NPs showed 

a sustained release of RV over a prolonged time period and dual ligand system is more 

effective than that of single ligand system to produce sustained plasma concentration 

profile. The sustained high plasma concentration is expected to permit more drug to cross 

the BBB via central circulation. This also signifies the importance of our single ligand and 

dual ligands PLGA NPs in providing effective transport and sustained release of the drug 

into general circulation. 

To compare the pharmacokinetics parameters for the both test formulations and controls, 

Thermo Kinetica Software were employed and results are presented Table 5.4. The Cmax 

attained after IN administration of dual ligand PLGA NPs (1380.2±145.0, tmax 1.6 ± 0.2) 

was significantly higher than that obtained with RV (IN) drug solution (1257.1 ±106.8, 

tmax 1.1 ± 0.1) and single ligand PLGA NPs (IN) (1085.6 ± 87.9, tmax 2.4 ± 0.4). As Figure 

5.5 indicated that the RV plasma concentration of dual ligand NPs was higher at all time 

points compared to single ligand NPs. Therefore, an increase in the AUC of the dual ligand 

NPs (9481.7 ± 749.0 ng/mL*h) compared to that of single ligand NPs (5166.0 ± 331.9 

ng/mL*h) was expected. IN administration of dual ligand NPs showed ~2.61 and ~1.83 

times greater AUC(blood) as compared to control RV (IN) solution and single ligand NPs 

respectively, again suggesting dual ligand NPs provides enhanced bioavailability of the 

drug and therefore, more drug for crossing the BBB to access the brain. 

The lowest elimination rate constant was found with dual ligand NPs (0.17 ± 0.001) which 

was significantly lower than that of RV (IN) drug solution (0.30 ± 0.01), RV (IV) drug 

solution (0.31 ± 0.001) and single ligand NPs (0.30 ± 0.03) (Table 5.4). In addition, the 

calculated half-life of the RV was found to be 2.5 ± 0.6 h and 4.4 ±2.2 h for RV (IV) and 

RV (IN) in plasma respectively. The calculated RV (IN) half-life is very close to that 

reported by Fazil and his colleagues (Fazil et al., 2012). However, dual ligand NPs showed 

an increased half-life (4.5 ± 0.9 h) with an extended elimination phase. 
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Table 5.3: Comparative plasma drug concentration study of our developed NPs with the NPs mentioned in the literature  

 

  Plasma drug concentration ratios Plasma drug concentration ratios  

Drug NPs Time 2 h Time 8 h Data 

source 

  Drug solution (IN) 

Drug solution (IV) 

 

Drug loaded NPs (IN) 

Drug solution (IN) 

Drug solution (IN) 

Drug solution (IV) 

 

Drug loaded NPs (IN) 

Drug solution (IN) 

 

RHT CS NPs a 0.60 2.50 N/A N/A (Fazil et 

al., 2012) 

BUH  T-CS-NPs b N/A 0.55 N/A N/A (Bari et 

al., 2015) 

RV Single 

ligand NPs c 

1.10 1.22 

 

0.80 2.26 Current 

Study 

RV Dual ligand 

NPs c 

1.10 1.60 0.80 5.74 Current 

study 

RHT: Rivastigmine hydrogen tartrate, RV: Rivastigmine; CS NP: Chitosan NPs, BUH: Buspirone hydrochloride T-CS NPs: 

thiolated chitosan NPs, single ligand NPs: RV +C-6 loaded PLGA-SA-ODA NPs. Dual ligand NPs: RV+C-6 loaded PLGA-SA-

ODA NPs coated with TGC.  

* Dose used: a: 0.068 mg/kg, b:1.6 mg/kg, c: 1 mg/Kg,  

* Animals Used: a: Wistar rats, b: white albino rats, c: Sprague dawley rats.  
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The calculated clearance rate of the RV from plasma was found to be 195.3 ± 19.3 and 

290.0 ± 28.1 L/h/kg for RV administered by IV and IN respectively. However, the 

clearance rate of RV from dual ligand NPs and single ligand NPs was 107.3 ± 7.5 and 

200.5 ±10.9 L/h/kg respectively. The lower clearance rate of RV from both dual ligand 

and single ligand NPs further support less drug clearance from systemic circulation which 

contributes to the increase in bioavailability of RV, indicating the benefit of NPs as drug 

delivery system. We speculate this is the result of the combined enhanced NP transport 

across the mucosa membrane and sustained release of RV from NPs, which provides an 

opportunity for continuous delivery of the drug into the brain.    

Our results are similar to that reported by Shahnaz and colleagues (Shahnaz et al., 2012) 

who compared thiolated chitosan-modified NPs with unmodified NPs and control IN 

solutions of leuprolide in Sprague-Dawley rats. They demonstrated that the thiolated 

chitosan-modified NPs enhanced AUC and increased mean residence time (MRT) of 

leuprolide as compared to unmodified NPs and control drug solutions administered by IN 

route. Our results also showed the enhanced MRT of both dual ligand and single ligand 

formulation compared to control drug solutions. The increase in the MRT of a single 

ligand, and mainly dual ligand formulation, further demonstrates the supremacy of our 

developed formulation. The prolonged residence time of dual ligand RV loaded PLGA 

NPs in nasal cavity may have facilitated the NPs transport and or lead to more continuous 

drug release, which eventually resulted in the higher drug concentration for an extended 

time as compared to single ligand NPs.   
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Table 5.4: Pharmacokinetic profiling of RV for various formulations administered the drug dose of 1 mg/kg to male 

Sprague-Dawley rats by IV and IN routes.  

 

Pharmacokinetic parameters  IV RV solution IN RV solution RV+C6  

loaded PLGA  

SA-ODA NPs  

(single ligand)   

RV+ C6 loaded  

PLGA SA-ODA NPs 

coated with TGC  

(dual ligand) 

Cmax (ng/mL) 2439.4 ± 401.8 1257.1 ± 106.8 1085.6 ± 87.9 1380.2 ± 145.0 

tmax (h) 0.3 ± 0.1 1.1 ± 0.1 2.4 ± 0.4 1.6 ± 0.2  

AUC (0-α) (ng/mL*h) 5269.0 ± 529.6 3559.7 ± 413.0  5166.0 ± 331.9 9481.7 ± 749.0  

Ke (h-1) 0.31 ± 0.001 0.30 ± 0.01 0.30 ± 0.03 0.17 ± 0.001 

t(1/2) (h) 2.5 ± 0.6 4.4 ± 2.2 3.2 ± 0.4 4.5 ± 0.9 

F (%) 100 65.1 ± 3.5  94.3 ± 3.5 185.8 ± 12.6  

Clearance (L/h/kg) 195.3 ± 19.3 290.0 ± 28.1 200.5 ±10.9 107.3 ± 7.5 

Apparent volume of distribution (L) 194.4 ± 45.1  442.3 ± 166.6 173.8 ± 19.0 168.4 ± 17.8 

MRT (h) 2.9 ± 0.4 4.4 ± 1.7 4.4 ± 0.2  7.1 ± 1.3 

Data represented by a mean parameter ± SEM (n=4) for all set of formulations. Cmax=maximum plasma drug concentration, tmax 

is the highest time of maximum drug concentration in plasma, Ke is overall elimination rate constant. AUC (0-α) is Area under the 

curve from zero to infinity time, t1/2 half-life of the drug formulation, F is systemic bioavailability of the drug, MRT is mean 

residence time of RV in the body.     
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5.4.4 Brain uptake of RV 

IN drug delivery provides greater promise for delivery of drugs into the brain via an 

olfactory and trigeminal nerve pathway. It has been reported that RV attains the highest 

concentration within 2 h post IN administration. As, RV has a short half-life (1.5-2.0 h) 

(Fonseca-Santos et al., 2015; Hadavi & Poot, 2016), therefore, animals in this study were 

sacrificed at 2 h and 8 h post administration, to determine and compare RV concentration 

in the brain.   

During the brain uptake study, the whole brain was collected, homogenized, solubilized 

and extracted for determination of the RV drug concentration. The use of RIPA buffer in 

the process to allow the tissue cells to be lysed and NPs to be solubilized to release RV 

drug into homogenate. Therefore, the brain drug concentration was the sum of the free 

and released drug in the brain as well as drug present inside the NPs which were 

transported to the brain from the nose.   

Figure 5.6 shows the brain distribution of the RV after administration of RV solution (IV), 

RV solution (IN) and single ligand and dual ligand NPs. The concentration of RV is 

expressed in ng/gram of brain tissue. The RV brain concentration was higher with all 

formulations at 2 h as compared to 8 h. Additionally, the RV level of both types of NPs 

was significantly higher than that of the free drug solution (both IV and IN route) at all 

the time points.  

IN administered RV drug solution (377.0 ± 24.0 ng/gm of brain tissue) showed significant 

better brain targeting than the IV drug solution (216.6 ± 9.0 ng/gm of brain tissue) at 2 h. 

Furthermore, the brain concentration of RV for both control drug solutions decreased to a 

comparatively similar low level at 8 h. Dual ligand RV+C-6 loaded PLGA-SA-ODA NPs 

coated with TGC were able to deliver the RV to the brain at a significantly higher level 

than the single ligand RV+C-6 loaded PLGA-SA-ODA NPs and free drug solution. The 

single ligand NPs increased RV concentration (1190.5 ± 104.5 ng/gm of the brain) in the 

brain region, which was 4.5 times and 2.2 times higher than that of IV and IN drug solution 

respectively at 2 h (Figure 5.6). The dual ligand NPs further enhanced brain delivery of 
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RV (1615.3 ± 237.0 ng/gm of the brain) showing 6.5 times and 3.3 times higher when 

compared to IV and IN administered control solutions respectively at 2 h.   

Another interesting point worth mentioning is that the RV concentration at 8 h provided 

by both dual ligand and single ligand NPs showed a level similar to IN RV solution at 2 h 

and even significantly higher than that of IV administered RV solution at 2 h (p <0.01). 

Hence, the data provides proof of the superiority of single and dual ligand NPs over free 

drug solution and furthermore the importance of the use of dual ligand NPs to further 

improve the drug targeting into the brain.  

 

Figure 5.6: RV brain concentration after administration of various treatments  

RV drug solution was administered by IN and IV route, single ligand RV+C6 loaded 

PLGA-SA-ODA NPs and dual ligand RV+C6 loaded PLGA-SA-ODA NPs coated with 

TGC via IN route. Both RV control solution and NPs were administered at a dose level of 

1mg/Kg RV free base. The expressed data was represented in mean RV concentration ± 

SEM (ng/gm of brain) (n=5), **** p<0.0001, * p<0.05.   
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There are a number of plausible mechanisms for the enhanced RV delivery into the brain 

by both single ligand PLGA NPs and dual ligand PLGA NPs.  

Firstly, thiolated polymer can interact with cysteine-rich residues forming disulphide 

bonds with glycoprotein layer in the nasal mucosal membrane, thereby resulting in 

prolonged residence time of a dual ligand NPs, owing to increased mucoadhesive nature 

and more importantly reducing the NPs clearance from the nasal cavity (Kast & Bernkop-

Schnürch, 2001; Pawar & Jaganathan, 2016).  

Secondly, there is evidence to suggest that substitution of thiol groups on the chitosan or 

GC polymer not only would enhance mucoadhesive properties but also increase the 

permeation effects of chitosan or GC polymer (Bernkop-Schnürch et al., 2004; Pawar & 

Jaganathan, 2016). The underlying mechanism for the increased permeation effect is due 

to the electrostatic interaction of the positively charge of the chitosan or GC with 

negatively charged cell membrane resulting in the opening of tight junctions between 

nasal epithelial cells (Pawar & Jaganathan, 2016; Shahnaz et al., 2012). The GC moiety 

present on the surface of NPs may aid opening the tight junctioned nasal epithelial cells, 

thereby increasing the concentration of RV in the brain. The presence of the thiolated 

group in GC, as expected may additionally promote opening tight junctions between the 

epithelial cells by inhibiting the protein tyrosine phosphatase enzyme (Bernkop-Schnürch 

et al., 2004; Gradauer et al., 2013). These mechanisms would enhance NPs transport via 

the paracellular pathway across nasal epithelial cells (Bernkop-Schnürch et al., 2004; Dyer 

et al., 2002; Haque et al., 2012). As a result, dual ligand PLGA NPs were expected to be 

able to deliver higher and prolonged RV concentration owing to its better mucoadhesive 

property. Meantime, the thiolated GC coating can also act as a release barrier to provide 

sustained release effects. These mechanisms will prolong the in-vivo residence time of 

NPs and sustain release of the drug. We don’t have direct evidence to support this 

hypothesis, but our pharmacokinetics and biodistribution results indicated that RV 

concentration has significantly increased at both 2 h and 8 h, in the plasma and brain with 

dual ligand NPs compared to single ligand NPs and free drug solution. 

Thirdly, SA-ODA synthesized derivative present in the PLGA NPs may interact with 

siglec (sialic acid binding immunoglobulin type lectins) family receptor cells present in 
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the cerebrum, resulting in the inhibition of the efflux of the NPs present inside the brain 

(Patel et al., 2016; Tosi et al., 2010). Our targeting ligand SA-ODA present in the NPs 

helped to maintain the sustained concentration of RV inside the brain for a prolonged 

period of the time, via formation of the complex with sialoadhesin receptor cells. 

Consequently, PLGA-SA-ODA NPs were able to maintain a higher RV concentration in 

the brain than that of the RV (IN) and RV (IV) drug solutions.   

All these previously explained mechanisms eventually contributed to the high level of the 

RV in the brain. It is known that brain drug concentration may depend upon the several 

factors, including physicochemical properties of the drug and more importantly NPs, dose 

size, mechanism of drug and NPs transport and drug loading in the NPs. We, therefore, 

choose to calculate NPs drug concentration ratio over its own solution so, that the drug 

and dose-dependent effects can be minimized and the comparison can be made between 

different studies (Table 5.5).  

We compared our brain targeting data with other work reported in the literature (Table 

5.5). In comparison to PLGA NPs prepared by Seju et al (2011), our single ligand PLGA-

SA-ODA NPs were superior in attaining higher brain drug concentration. Our single 

ligand NPs brain drug concentration ratio was almost 1.75 folds higher than that of the 

brain drug concentration ratio obtained by Seju et al (2011) at 2 h. Although, the RV brain 

ratio of single ligand NPs dropped at 8 h but it was still higher than that of the drug 

concentration ratio of PLGA NPs’ prepared by Seju et al (2011) at 2 h.    

Furthermore, in comparison to RV loaded chitosan NPs prepared by Fazil et al (2012), the 

brain drug concentration ratio of our single ligand and dual ligand NPs to that of control 

solution attained 1.44 folds and 2.0 folds respectively at 2 h of the ratio of chitosan NPs 

to their respective control solution prepared by Fazil et al (2012). The enhanced brain drug 

concentration ratios in comparison to the available literature data confirm the strong 

targeting effects of our developed single ligand and dual ligand RV+C-6 loaded PLGA 

NPs.    

In addition, to demonstrate the effectiveness of the thiolated GC ligand in our dual ligand 

PLGA NPs, we compared the brain targeting data of our dual ligand NPs with the thiolated 

chitosan NPs prepared by Bari et al (2015). The results represented in Table 5.5 indicated 
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that the RV brain drug concentration ratio of our dual ligand PLGA NPs to control RV 

(IN) solution was 2.3 folds of that of the respective ratio of thiolated chitosan NPs to drug 

solution reported by Bari et al (2015) at 2 h. It was further observed that RV brain drug 

ratio of both single and dual ligands NPs at 8 h was still higher than that of their ratio at 2 

h.        

This improved brain targeting of our dual ligand NPs to control IN solution indicated that 

dual ligands on PLGA NPs have allowed the NPs to stay intact longer in the nasal mucosa 

and promote higher brain uptake of the drug, hence proving the superiority of the dual 

ligands modified NPs over others. At 2 h and 8 h, our dual ligand NPs are more effective 

than others in enhancing the drug delivery into the brain against its own solution 

formulation. Furthermore, the differences in plasma profile and RV brain concentrations 

from IN, IV solutions and IN NPs support the presence of the direct transport pathway 

from nose to the brain possibly via olfactory and trigeminal nerves. 
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Table 5.5: Comparative brain uptake study of our developed NPs with that of the IN administered NPs reported in 

literature 

 

  Brain drug concentration ratio  

Drug NPs Time 2 h Time 8 h Data source 

  Drug solution (IN) 

Drug solution (IV) 

Drug loaded NPs (IN)   

Drug solution (IN) 

Drug solution (IN) 

Drug solution (IV) 

Drug loaded NPs (IN)   

Drug solution (IN) 

 

 

RHT  CS NPs a 1.83 2.18 2.00 1.71 (Fazil et al., 

2012) 

OZ PLGA NPs b 1.36 1.79 N/A N/A (Seju et al., 

2011) 

BUH  T-CS NPs c 1.31 1.90 N/A N/A (Bari et al., 

2015) 

RV  Single ligand 

NPs d 

1.75 3.15 0.95 2.63 Current 

project 

RV  Dual ligand 

NPs d 

1.75 4.28 0.95 2.67 Current 

project 

* Dose used: a: 0.068 mg/kg, b:1.6 mg/kg, c: 0.26 mg/kg d: 1 mg/Kg, * Animals Used: a: Wistar rats, b: white albino rats, c: 

Wistar rats, d: Sprague dawley rats.  

RHT: Rivastigmine hydrogen tartrate, RV: Rivastigmine; CS-NP: Chitosan NPs, BUH: Buspirone hydrochloride T-CS NPs: 

thiolated chitosan NPs, single ligand NPs: RV +C-6 loaded PLGA-SA-ODA NPs. Dual ligand NPs: RV + C-6 loaded PLGA-

SA-ODA NPs coated with TGC.
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5.4.5 Pharmacokinetics and brain uptake of C-6 

To evaluate the brain targeting of developed nanoparticulate formulations for a 

hydrophobic drug, C-6 was incorporated at 0.3% w/w of the polymer’s weight to serve 

as a model hydrophobic drug and a fluorescent marker, (along with RV) into NPs. The 

results for plasma and brain samples from the both single ligand and dual ligand PLGA 

NPs are presented in Figure 5.7 and Figure 5.8 respectively.  

The plasma concentration profile of C-6 in Figure 5.7 indicated that though both dual 

ligand and single ligand NPs exhibited a similar pattern, but the dual ligand NPs 

attained a lower plasma concentration of C-6 than single ligand PLGA NPs at all time 

points. C-6 has a stronger interaction with NPs, as shown in our leach study (less than 

3% of C-6 leached from NPs within 48 h: section 4.5.6.2). This may be due to the 

hydrophobic nature of C-6 which governs the molecule to remain in the PLGA 

polymer matrix thus less C-6 was released and lower plasma C-6 concentration. 

Furthermore, the TGC coating prevented the C-6 from diffusing out of the matrix. 

Therefore, less release of the C-6 over a period of time.  

The mucoadhesive nature of the TGC on one hand, may cause the opening of tight 

junctions, leading to enhanced transportation of dual ligand RV+C-6 NPs to neuronal 

brain cells via the olfactory and trigeminal nerve pathway, on the other hand, dual 

ligand RV+C-6 NPs could stay in the nasal mucosa for a longer period of time, 

resulting in less available to the systemic circulation. Similar results were presented 

by Gao and his colleagues (Gao, Chen, et al., 2007) when they administered 

unmodified C-6 loaded PEG-PLA NPs and Ulex Europeus Agglutinin 1 (UEA 1) 

modified PEG-PLA NPs. The Cmax and AUC of C-6 were higher in blood for the 

unmodified PEG-PLA NPs as compared to UEA 1 modified PEG-PLA NPs. However, 

in the case of the brain uptake study, the concentration and AUC was higher for the 

UEA 1 modified PEG-PLA NPs than that of unmodified NPs, a pattern which was also 

seen in our study.  



 

199 

 

   

Figure 5.7: Plasma concentration-time profile of C-6 from single ligand RV+C6 

loaded PLGA-SA-ODA NPs and dual ligand RV+C6 loaded PLGA-SA-ODA NPs 

coated with TGC.  

The data was represented in mean C-6 concentration in plasma ± SEM for 8 h (n=5). 

 

 

Figure 5.8: C-6 concentration in brain tissue after IN administration of single 

ligand RV+C6 loaded PLGA-SA-ODA NPs and dual ligand RV+C6 loaded 

PLGA-SA-ODA NPs coated with TGC.   

Both types of NPs were administered at a dose level of 80 µg/Kg of C-6. The data 

represented in mean C-6 concentration in brain ± SEM (ng/gm of brain tissue) (n=5). 

** p<0.01, *** p<0.001.   
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Various plasma pharmacokinetic parameters of C-6 by both formulations were 

calculated using Kinetica software (Table 5.6) Both single ligand and dual ligand NPs 

exhibit similar plasma concentration-time profiles. The average peak plasma 

concentration of single ligand NPs and dual ligand NPs was 389.6 ± 9.5 ng/mL with 

tmax 2.0 ± 0.1 h and 347.9 ± 1.7 ng/mL with tmax 3.0 ± 0.2 h respectively. The plasma 

concentration of C-6 from single ligand NPs was higher at all the times compared to 

dual ligand NPs (Figure 5.7). The single ligand NPs had a higher AUC(0-α) than dual 

ligand NPs. The calculated AUC(0-α) for the single ligand and dual ligand NPs was 70.7 

± 3.4 and 64.3 ± 3.1 ng/mL*h respectively, which indicated that the AUC(0-α) of C-6 

is 1.10 times higher in the case of single ligand RV+C6 loaded NPs than that of dual 

ligand NPs. The higher AUC(0-α) of the single ligand NPs allows them to stay longer 

in the systemic circulation, which will further help to target the single ligand NPs to 

the brain via BBB, ultimately increasing the concentration of RV and C-6 in the brain.   

 

Table 5.6: Pharmacokinetic parameters of C-6 following various formulations 

administered by IN route 

 

Pharmacokinetic 

Parameters 

Single ligand 

RV+C6 loaded 

PLGA NPs 

Dual ligand RV+C6 

loaded PLGA NPs 

Cmax (ng/mL) 389.6 ± 9.5 347.9 ± 1.7 

tmax (in h) 2.0 ± 0.1 3.0 ± 0.2 

Ke (h
-1) 0.09 ± 0.001 0.11 ± 0.01 

t1/2 (h) 6.4 ± 0.4 6.2 ± 0.5 

AUC(0-α) (ng/mL* h) 70.3 ± 3.4 64.3 ± 3.1 

Clearance (L/h/Kg) 1.1 ± 0.06 1.2 ± 0.05 

Apparent volume of 

distribution (L) 
3.3 ± 0.7 2.9 ± 0.09 

MRT (h) 9.9 ± 0.5 10.0 ± 0.7 

 

Cmax=maximum plasma drug concentration, tmax is the highest time of maximum drug 

concentration in plasma, Ke is overall elimination rate constant. AUC(0-α) is Area under 

the curve from zero to infinity time, t1/2 half-life of the drug in a particular formulation, 

MRT is mean residence time of C-6 in the body.  
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The brain uptake concentration of C-6 was in a similar pattern as seen with RV brain 

uptake. The dual ligand PLGA NPs facilitated higher uptake of the C-6 fluorescent 

marker compared to single ligand PLGA NPs (Figure 5.8). The C-6 concentration in 

the brain at 2 h was 46.8 ± 2.5 ng/gm and 58.3 ± 3.1 ng/gm of brain tissue for single 

ligand and dual ligand NPs respectively, which reduced to 18.8 ± 0.9 ng/gm and 34.1 

± 1.3 ng/gm of brain tissue at 8 h respectively. The brain uptake of C-6 from dual 

ligand NP was 1.25 times of that of single ligand NPs at 2 h (similar to that of RV), 

and the level of C-6 concentration reached 2 times level of that of single ligand system 

at 8 h (better than that of RV). This suggests that dual ligand NPs can deliver 

significantly more C-6 from nose to brain than that of single ligand system, and was 

effective in delaying the clearance of C-6 from the brain. Our results were consistent 

with reports from other researchers (Gao, Chen, et al., 2007; Gao et al., 2006; Gao, 

Wu, et al., 2007).  

It is interesting to note that in comparison to RV, C-6 showed a much less dramatic 

reduction of brain concentration at 8 h than that of 2 h, indicating the slow removal of 

hydrophobic C-6 from the brain. We speculate that because of the lipophilic nature of 

the fluorescent marker, this may have restricted the leakage and/or removal of C-6 

from the brain, leading to an enhanced C-6 concentration in the brain for a prolonged 

period of time. In contrast, RV is hydrophilic in nature, thereby increasing its efflux 

from or degradation inside the brain.     

In summary, TGC (targeting ligand-1), as expected, improved NPs transport from nose 

to the brain following IN administration, possibly by multiple mechanisms as 

described previously. SA-ODA (targeting ligand-2) were thought to provide a function 

of maintaining a higher concentration of NPs near the neuronal cells in the brain via 

interacting with sialic acid receptor cells. The combined effect of the targeting ligands 

1 and 2 has dramatically improved the delivery of the drug and fluorescent marker into 

the brain as demonstrated in our studies. This study indicates the success of our dual 

ligand NPs as a platform technology potentially for transport of other brain drugs.    
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5.5 Conclusion 

The present research involved the development of a dual ligand nanoparticulate 

delivery system for RV that has a unique affinity to the nasal mucosal membrane and 

neuron cells in the brain. Both single and dual ligand PLGA-SA-ODA NPs were 

loaded with RV and C-6, administered through the IN route and their brain targeting 

ability was compared with IN and IV RV drug solutions. Our RV plasma stability 

study indicated that RV was stable in plasma at 37°C for 24 h and at -80°C for 28 days 

which suggests that plasma samples can be stored for 28 days prior to analysis. In 

addition, the plasma stability study results of C-6 demonstrate that C-6 was also stable 

in plasma for 28 days while stored in a black box at -80°C. Relevant stability study 

results also confirm that our plasma and brain tissue samples were stable during the 

extraction and processing.      

Our in-vivo experiments demonstrate that both dual ligand and single ligand RV 

formulations successfully increased the brain targeting of RV compared to drug 

solution, proving the superiority of developed NPs over free drug solution. Both dual 

ligand and single ligand NPs were retained in the brain longer than that of control RV 

drug solutions. The dual ligand and single ligand PLGA NPs provided 3.3 and 2.2 

times higher RV concentration in the brain at 2 h than that of IN RV drug solution. We 

also showed that dual ligand PLGA-SA-ODA NPs coated with TGC provided 1.4 and 

1.3 times higher brain concentration of RV and C-6 respectively as compared to single 

ligand PLGA-SA-ODA NPs, indicating the pre-eminence of the TGC allowing 

enhanced nose to the brain delivery of drug-loaded NPs. The bioavailability of RV by 

dual ligand NPs was higher than that of both single ligand NPs and control IN drug 

solution which may also contribute to higher concentration in the brain. It was 

concluded that dual ligand NPs showed better brain targeting ability compared to 

single ligand NPs, possibly via their strong mucoadhesive property, tight junction 

opening ability, sustained release properties and interaction with siglect family 

receptor cells in the brain which facilitated the NPs transport and continuous drug 

release inside the brain. All these leads to a higher drug and C-6 concentration for an 

extended time in the brain as compared to single ligand NPs. Successful incorporation 

and delivery of two molecules with opposing properties by the same NPs allowed us 
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to demonstrate the versatility of our NP formulation and its potential multiple 

functions. 

This study has ultimately revealed that an optimal formulation and route of 

administration are important for successful delivery of treatment of AD using RV. 

Both single ligand and dual ligand PLGA NPs can act as an effective carrier for 

targeting the drugs from the nose to the brain, ultimately enhancing the drug 

concentration in the brain tissue.      
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6.1 General Discussion 

Drug delivery to the brain is challenging due to the BBB, which restricts the entry of 

the more than 98% of hydrophilic drug molecules. There are a number of alternative 

modes of drug delivery potentially available to achieve enhanced drug concentrations 

in the brain for the treatment of neurodegenerative disorders (NDs) (Lu et al., 2014). 

A feasible and non-invasive approach is to deliver the drugs through the IN route 

which provides drug transport to the brain via the olfactory pathway, bypassing the 

BBB. RV is a parasympathomimetic drug that has been approved as a safe, first line 

drug for the treatment of mild to moderate AD. RV undergoes extensive first pass 

metabolism, primarily via acetylcholinesterase enzyme-mediated hydrolysis, to a 

decarbamylated phenolic metabolite (NAP 226-90) (Amini & Ahmadiani, 2010; 

Polinsky, 1998). This phenolic derivative has approximately 10% activity of the parent 

compound and 2.5 to 4 h plasma half-life. RV has limited ability across the BBB due 

to its hydrophilic nature and rapid metabolism, therefore it is difficult to attain a high 

drug concentration in the brain to treat AD. There is a need to increase the RV 

concentration in the brain and extend its retention in the brain to improve RV therapy.  

The overall objective of this Ph.D. thesis was to develop a novel nano-formulation to 

improve the delivery of therapeutic drug molecules, such as RV, into the brain through 

IN administration. RV loaded PLGA NPs with two targeting ligands were prepared 

using double emulsion solvent evaporation technique. The first targeting ligand, 

modified TGC or GC, increases the mucosal retention of the NPs and second targeting 

ligand, SA-ODA, targets the neuronal cells present in the cerebrum. This developed 

dual ligand NPs were loaded with C-6 as a diagnostic model molecule and a 

fluorescent marker. The developed NPs were then evaluated for their 

pharmacokinetics and brain targeting efficacy administered IN route to Sprague-

Dawley rats.  

TGC and mPEG-TAT (PEGylated TAT) polymer were synthesized and characterized 

as potential targeting ligands. (i). SA-ODA was synthesized and characterized by 

another member of our research group.   

TGC was successfully synthesized by conjugating the thioglycolic acid to the surface 

of the GC using selective carbodiimide reaction. Amide bond formation was confirmed 

qualitatively by FT-IR spectroscopy and quantitatively using Ellman’s reagent. The 
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presence of amide bands at 1627 cm-1 (Amide-I band) and 1519 cm-1 (Amide-II band) 

in FT-IR spectra and number of thiol group determined on the GC using Ellman’s 

reagent confirmed the successful attachment of thiol moiety on GC polymer. 

The mPEG-TAT-conjugated polymer was synthesized via two-step reaction: (i) 

selective oxidation of hydroxyl group of mPEG using potassium permanganate in the 

presence of potassium hydroxide; (ii) coupling of activated mPEG-COOH with TAT 

peptide using selective carbodiimide reaction. Several factors were optimized during 

the reaction to improve the conjugation efficiency between mPEG-COOH and TAT 

peptide. Purification of PEGylated products mixture from unreacted starting materials, 

reactants used in excess, products of their degradation and by-products of the reaction 

was achieved. The product of the reaction was rather heterogeneous as the PEGylation 

process resulted in PEGylated peptide conjugates of different composition alongside 

unreacted PEG molecule. We utilized two commonly used purification methods for 

the reaction mixtures: (i) dialysis technique and (ii) SEC. The conjugate undergoes the 

hydrolysis in water during dialysis purification due to the instability of the newly 

formed amide bond between mPEG-COOH and TAT peptide. This technique was also 

unable to separate the mono-PEGylated peptide conjugate from the di- and tri- 

PEGylated peptides, thereby limiting its utility. SEC was therefore adopted as an 

alternative method for the purification of the PEGylated TAT peptide from the reaction 

mixture components according to their difference in size. However, we could not 

achieve better separation with limited resources. A number of purification methods 

were attempted to extract the conjugated mPEG-TAT polymer from the unreacted 

components of the reaction mixture. An accurate and reproducible quantification of 

TAT peptide tagged mPEG polymer was a challenging exercise throughout the process 

development. The mPEG-TAT approach had to be abandoned due to unstable and 

extreme low yield. TGC was used instead.  

The second part of this project provides the insights about the analytical methods 

developed for the analysis of RV and C-6 in both clean in-vitro and in-vivo biological 

samples. The quantitative RP-HPLC method for RV analysis in clean in-vitro samples 

was developed using diode array detector. The developed method employed the use of 

acetonitrile and water mixture (20:80) with 0.1% trifluoroacetic acid in an isocratic 

mode. The developed method was highly selective, linear, sensitive, précised and 

stability indicating in nature. All the degradation products were completely isolated 
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from the peak of the RV representing the specific nature of the developed method. The 

developed method was highly sensitive in nature and able to identify the RV with a 

LOD of 28.0 ng/mL in the mobile phase. In addition, the gradient method was 

developed for analysis of RV in biological samples using fluorescent detector. The 

developed method was simple, cost effective and selective in nature. A novel 

extraction method was developed for the isolation of RV from the biological samples 

utilizing the combination of organic solvents and RIPA buffer. The recovery of the RV 

from both plasma and brain samples was more than 97.2 %. The developed gradient 

method was highly sensitive in nature and able to quantify the RV with a LOD of 55.0 

ng/mL both in plasma and brain matrices.  

A simple, selective, précised and accurate RP-HPLC method using fluorescence 

detector was also developed for C-6 analysis in clean in-vitro samples. The method 

was highly sensitive in nature and able to detect C-6 with a LOD of 0.05 ng/mL with 

a recovery of more than 98.7 ± 0.6 %. The C-6 analysis of biological samples was 

evaluated using RIPA buffer and a plate reader. The mean recovery from biological 

samples was more than 99.0% and found to be within an acceptable limit. These all 

developed method were employed for the determination of RV and C-6 in clean 

samples and rat plasma and brain samples from animal studies.  

The third part of this project involved the formulation, optimization and in-vitro 

evaluation of the biodegradable RV+C-6 loaded PLGA NPs modified with two 

different targeting ligands. A large number of published data investigated the effect of 

various in-process formulation factors on the physicochemical characteristics of 

PLGA NPs (Joshi et al., 2010; McCall & Sirianni, 2013; Mu & Feng, 2003a; Patil & 

Surana, 2013). Based on preliminary literature research, it was found that particle size 

and EE of PLGA NPs is significantly affected by various process variables such as 

polymer molecular weight and its concentration, emulsifier type and its concentration, 

a method of formulation, etc. These parameters were optimized to achieve the NPs 

with optimum size and drug loading. The literature suggested that increase in the 

external aqueous phase pH also influences the drug EE inside the NPs by inhibiting 

the ionization of the basic drug (Peltonen et al., 2004; Song et al., 1997). Our results 

are contrary due to dual lipophilic and hydrophilic nature of RV, which causes easy 

distribution between the oily and aqueous phase during the sonication process, 

resulting in a nullifying effect of pH on drug EE.  
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In the present study, we reported the use of the two types of the stabilizers (PVA and 

TPGS) for the formulation of PLGA NPs. Our results confirm that 0.3% TPGS is the 

best among these tested emulsifiers due to its unique chemical structure for stabilizing 

PLGA NPs. PLGA molecular weight was indicated having a direct correlation with a 

particle size of the NPs. An increase in the PLGA molecular weight from 3.5 kDa to 

150 kDa, lead to an increase in the size of the NPs from 123 nm to 195 nm, whereas 

the EE did not follow a similar pattern. Initially, its EE increased from 14.0% to 18.1% 

with an increase in molecular weight from 3500 Da to 110,000 Da; thereafter a 

significant drop to 12.4% was seen with an increase in molecular weight to 150,000 

Da. The fluctuating EE of RV in PLGA NPs is due to increase in the viscosity of the 

polymeric solution with an increase in the polymeric molecular weight which might 

hamper the solvent evaporation rate with reduced stirring, ultimately increased EE. 

Achieving high drug loading and encapsulation efficiency of hydrophilic drugs in 

polymeric NPs is challenging. Our formulations showed a low RV encapsulation 

efficiency in both single ligand and dual ligand nano-formulations.  Approaches such 

as pH adjustment and use of free base drug were tried but failed to increase the drug 

entrapment efficiency. Other strategies such as inclusion of ion-pairing agent in the 

polymer phase may worth further investigation to improve the drug encapsulation. The 

selection of proper surfactants for multiple emulsions may be another avenue for 

investigation.   

The developed PLGA-SA-ODA NPs were finally optimized for the GC coating 

concentration in order to obtain the optimum size of GC coated PLGA-SA-ODA NPs. 

The increase in the coating concentration leads to bigger NPs size owing to increased 

viscosity of the coating polymer solution which hampered the formation of the 

nanoformulation. It was observed that 0.2% GC coating concentration was the 

optimum to obtain NPs with an appropriate size and zeta potential. The developed 

single ligand and dual ligand-RV+C-6 loaded PLGA-SA-ODA NPs were in size of 

168.4 ± 10.4 nm and 236.0 ± 9.8 nm respectively with more than 3.5 % of RV drug 

loading. The positive surface charge on the NPs and presence of thiol group confirmed 

the deposition of the TGC as a polymer coat, on the surface of the PLGA-SA-ODA 

NPs. The in-vitro release study of both dual ligand and single ligand NPs showed an 

initial burst drug release (15%) due to the presence of loosely bound RV on the NPs 

surface. NPs showed up to 54% release in 24 h. The model fitting indicated that 
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Higuchi Model was the best fit model for the all three types of the nanoparticulate 

formulation with a correlation coefficient > 0.97.  

In the final part of this project, the developed PLGA NPs were evaluated for RV 

pharmacokinetic profile delivered by single and dual ligand NPs and their 

effectiveness in brain targeting via IN pathway. The pharmacokinetic profile and brain 

targeting efficiency of single ligand and dual ligand NPs were compared to the control 

drug solution administered by IN and IV route. The plasma stability study suggested 

that RV was stable in plasma both at 37°C for 24 h and -80°C for 28 days. In addition, 

C-6 was also stable in plasma for 28 days while stored in a black box at -80°C. Both 

RV and C-6 stability study results prove that our plasma and brain tissue samples were 

stable during the extraction of the drug, handling, and storage of samples.   

The plasma profile of RV from NPs showed a higher drug concentration in the 

systemic circulation for 8 h in a formulation dependent manner. Dual ligand RV+C6 

loaded PLGA-SA-ODA NPs coated with TGC exhibited a significantly higher plasma 

level along with a more sustained concentration pattern of the RV than that of single 

ligand RV+C6 loaded PLGA-SA-ODA NPs. Both single and dual ligand NPs showed 

a slower clearance of drug compared to drug solution given by either IN or IV route. 

These result indicated that both single and dual ligands NPs were able to attain higher 

drug concentration in the systemic circulation for an extended period of time. This 

extended plasma concentration can also help in achieving better brain drug targeting 

across the BBB. 

The brain distribution study performed at 2 h and 8 h indicated that the RV brain drug 

concentration was higher in all formulations at 2 h as compared to 8 h. Both dual ligand 

and single ligand NPs are retained in the brain longer than that of control RV drug 

solutions. The dual ligand and single ligand PLGA NPs provided 3.3 and 2.2 times 

higher RV concentration in the brain at 2 h than that of IN RV drug solution. This 

increase RV drug concentration in the brain region was owing to the mucoadhesive 

nature of the TGC and SA-ODA as targeting ligands. TGC may cause the opening of 

tight junctions, leading to enhanced transportation of dual ligand RV+C-6 NPs to 

neuronal brain cells via a nasal pathway. Also, the coated TGC polymer further helps 

to reduce the mucociliary clearance via forming disulfide bonds with mucus layer. The 

presence of the SA-ODA, which interacts with the sialic acid receptor cells present in 
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the brain further allowed the NPs to remain for longer duration in the brain region, 

resulting in the constant availability of drugs in the brain region. The comparative 

study suggested that both our single ligand and dual ligand PLGA NPs were able to 

achieve higher plasma and brain drug levels than that of the existing NPs.  

The brain uptake concentration of C-6 was in a similar pattern as seen with RV brain 

uptake concentration. The dual ligand PLGA NPs enabled higher uptake of the C-6 

fluorescent marker compared to single ligand PLGA NPs. Hence, our data provides 

proof of the superiority of dual ligand NPs over single ligand NPs and free drug 

solution for delivery of RV into the brain. 

In summary, IN route provides great promise for the effective delivery of the drugs via 

nose to the brain, however, the bioavailability of drugs administered through nasal 

route is restricted due to rapid enzymatic degradation and nasal mucociliary clearance. 

The incorporation of the drugs into nanoparticulate carriers is a promising strategy to 

protect drugs from nasal enzymatic degradation and facilitate the transport of the drug 

from nose to brain. 
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6.2 Conclusion 

RV+C-6 loaded PLGA-SA-ODA NPs were formulated by using double emulsion 

solvent evaporation techniques. The size of the developed PLGA NPs was under 250 

nm for both dual ligand and single ligand NPs. Preliminary studies were conducted to 

evaluate the impact of each factor on the quality of the developed NPs. After 

optimization, RV+ C-6 loaded NPs with dual-functionalized ligands were formulated 

with an appropriate size and improved EE using TPGS as an emulsifier. The in-vivo 

pharmacokinetics and biodistribution study indicated the sustained release of the RV 

from the developed formulation with the brain targeting efficiency. The increase in the 

drug targeting efficiency of the developed formulation is due to the presence of the 

targeting ligands. The functionalised TGC and SA-ODA were capable of targeting the 

nasal mucosal membrane and brain neuron cells respectively will enhance and prolong 

drug concentration in the brain. The route of administration, IN or IV can have an 

influence on the level of drug targeting into the brain by the same formulation. IN drug 

delivery is more effective in this regard.  

In summary, as shown by the present study that delivery of RV into the brain can be 

enhanced by the dual ligand NPs, this may be effective in the treatment of Alzheimer’s 

disease. These formulations still require further development and clinical studies to 

prove their efficacy in humans. The developed nanoparticulate formulations have the 

potential to be used as a nanoparticle platform technology to deliver drugs into the 

brain and its adaptation to deliver a range of clinically relevant drug molecules.  
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6.3 Future work 

Although a significant amount of the work has been done in this project to formulate 

single ligand and dual ligand functionalized PLGA NPs and evaluated the brain 

targeting efficacy of the developed formulations, there is scope for further research 

work to address the following issues.    

1. The PLGA NPs were successfully formulated with dual functionalised targeting 

ligands, however, the method of determination of the level of SA in the single and 

dual ligand PLGA NPs needs to be developed to fully understand the effect of SA 

on the performance of NPs in vitro and in vivo. 

2. The developed dual ligand decorated PLGA NPs indicated the stability for a 

limited time therefore, further techniques such as lyophilization with 

cryoprotectant should be employed for increasing storage stability and 

reconstituted later. However, various parameters such as size, zeta potential, 

encapsulation efficiency and experimental drug loading need to be evaluated prior 

to execute in-vivo studies.   

3. The cell uptake of both single ligand and dual ligand PLGA NPs by neuronal cells 

needs to be studied. In-vitro cell experiments may be considered to evaluate the 

effectiveness of SA-ODA ligand and its impact on the RV and NPs cellular 

uptake. The cytotoxicity effects of the two ligands towards neuronal cells should 

be studied too. 

4. The present in-vivo study conducted on Sprague-Dawley rats has revealed the 

optimum brain targeting efficacy of the developed nano-formulations along with 

the importance of the IN route. In the future, more in-vivo experiments on RV 

uptake by the brain should be investigated with time points between 2-8 hrs and 

10- 24hrs In addition, RV biodistribution study in other organs such as lungs, liver, 

heart and intestine should be carried out too to obtain about drug distribution in 

other organs. 

5. There is scope to further compare the brain uptake study of the developed NPs 

administered via different routes such as IV route. 
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Chapter-2 Appendix 

8.1 Determination of the Percent yield of TGC 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 (%) 𝑌𝑖𝑒𝑙𝑑 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑌𝑖𝑒𝑙𝑑

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑌𝑖𝑒𝑙𝑑 
∗ 100 

 

Actual Yield of TGC obtained = 410 mg or 0.00163 mmol 

 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑇𝐺𝐶 =  
𝐴𝑚𝑜𝑢𝑛𝑡𝑜𝑓 𝐺𝐶 𝑢𝑠𝑒𝑑

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐺𝐶
∗ 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝐺𝐶 

 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑌𝑖𝑒𝑙𝑑 =  
500 𝑚𝑔 𝑜𝑓 𝐺𝐶 𝑢𝑠𝑒𝑑 

250,000 𝐷𝑎
∗ 250092 =  500.184 𝑚𝑔 𝑜𝑟 0.002 𝑚𝑚𝑜𝑙 

 

% 𝑌𝑖𝑒𝑙𝑑 =  
410.0 𝑚𝑔

500.184 𝑚𝑔
∗ 100 = 82 %  

 

Results: The calculated yield for TGC synthesized conjugated polymer was 82.0 %.  
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8.2 Determination of thiol group in synthesized TGC 

polymer 

Standard Curve of thioglycolic acid 

Various concentration of thioglycolic acid was prepared in milli-Q water from the 

stock solution of thioglycolic acid (20 mM). To 1.0 mL of each concentration of 

thioglycolic acid solution was mixed with 1 mL of PBS (pH 8.0) and 2.0 mL of 

Ellman’s reagent. The mixture was incubated for 3 h at 37°C in dark to allow the 

reaction of free sulfhydryl groups with Ellman’s reagent and absorbance was measured 

at 412 nm. The blank used for the calibration curve is mixture of 1.0 mL of milli-Q 

water, 1.0 mL of PBS and 2.0 mL of Ellman’s reagent. The absorbance of the standard 

concentrations of thioglycolic acid was measured and plotted against concentration. 

The calibration curve is represented in Figure 8.1. 

 

Figure 8.1: Standard curve of thioglycolic acid 
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Procedure for determination of Thiol group in synthesized TGC polymer: Briefly, 

2 mg/mL of TGC polymer solution was prepared in milli-Q water. To 1.0 mL of the 

TGC solution (containing 2.0 mg of TGC polymer), 1.0 mL of phosphate buffer saline 

(pH 8.0) and 2.0 mL of Ellman’s reagent was added. The mixture was incubated for 3 

h at 37°C in dark to allow the reaction of free sulfhydryl groups with Ellman’s reagent 

and absorbance was measured at 412 nm. A control sample (GC) of the same 

concentration was also incubated using the same procedure with similar concentration 

(2 mg/mL GC solution in milli-Q water). The blank sample used was for this is mixture 

of milli-Q water, PBS and Ellman’s reagent in same volume. The number of thiol 

groups present in the synthesized TGC polymer was determined from a standard curve 

constructed from 0.20 to 2.0 mM of thioglycolic acid in water after subtracting 

absorbance of the control samples. 
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Table 8.1: Determination of concentration of thiol group in synthesized TGC sample 

 

1 2 3 4 5 6 7 8 9 

Sample 

name 

Actual 

Abs 

Abs after 

subtraction of 

control 

concentration 

(mM or 

mmol/L) 

Concentration 

(mmol/mL) 

Amount of -SH 

group in polymer 

(mmol/gm of 

polymer) 

Amount of -SH 

group in polymer 

(µmol/gm of 

polymer) 

 

Average SD 

TGC 0.591 0.532 1.792 1.792 X 10-3 0.896 896.04 881.14 21.33 

TGC 0.588 0.529 1.781 1.781 X 10-3 0.891 890.68 
  

TGC 0.569 0.510 1.713 1.713 X 10-3 0.857 856.70 
  

Blank 0 
       

 

Column-1 sample were all made to the equivalent molar concentration.  

Column-2 UV absorbance obtained from the samples at 412 nm.  

Column-3 Calculated absorbance after subtraction of GC control absorbance 

Column-4   Calculated concentration using the standard curve represented in Figure 8.1. 

Column-5 is the concentration in mmol/mL 

Column-6 is the amount of the -SH group present in the polymer 

 
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑆𝐻 𝑔𝑟𝑜𝑢𝑝(𝑚𝑚𝑜𝑙)

𝑔𝑚 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 =  Concentration of sample (mmol/mL)/Weight of the polymer (in g)  
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Figure 8.2: Calibration curve of TAT peptide (0-400 µg/mL) in presence of mPEG-

COOH using fluorescamine assay method   
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8.3 HPLC Chromatograms and Validated Parameters for RV 

and C-6 

 

 

 

   

Figure 8.3: Typical HPLC chromatogram of (A) blank mobile phase (B) 20 µg/mL 

of RV prepared in mixture of acetonitrile and water (20:80 v/v) (C) 20 µg/mL of RV 

prepared in PBS.  

The prepared samples were analysed using a developed and validated HPLC method for 

clean in-vitro samples. Each run was carried out for 10 min with RV retention time at 5.72 

min.  

(C) 

(B) 

(A) 
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Figure 8.4: Standard curve of RV in (A) acetonitrile/water mixture (B) PBS 
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Table 8.2: Precision of developed HPLC method for determination of RV in mixture 

of acetonitrile/water 

 

Area Obtained of various concentration 

Injection no. 1 µg/mL 4 µg/mL 8 µg/mL 

1 100.8 414.2 823 

2 100.2 422.4 833.4 

3 100.9 422.4 833.1 

4 100.6 419.3 829.2 

5 100.2 420.2 828.4 

6 101.4 419.4 819.6 

Average area 100.68 419.65 827.78 

SD 0.46 3.01 5.51 

RSD (%) 0.45 0.72 0.67 

 

 

Table 8.3: Precision of HPLC method for determination of RV in PBS  

 

Area Obtained of various concentration 

Injection no. 2 µg/mL 5 µg/mL 10 µg/mL 

1 164.3 384.2 812.3 

2 160.5 392.1 819.8 

3 164.5 387.5 821 

4 161.3 389.6 809.7 

5 165.9 382.3 805.9 

6 164.4 381.3 815.3 

Average area 163.48 386.17 814.00 

SD 2.10 4.27 5.85 

RSD 1.28 1.11 0.72 
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Table 8.4:Intraday and Interday variation of RV in acetonitrile/water (20:80, v/v) 

 

RV Concentration Prepared 

(µg/mL) 

Intra-day R.S.D.b 

(%) 

Inter-day R.S.D.c 

(%) 

1.0 0.42 1.32 

4.0 0.74 0.91 

Average 0.58 1.15 

a n=6 for each sample concentration, triplicate samples were prepared for two different 

concentrations.  
b each sample of RV were analysed at 0, 3 and 6 hours in the same day and RSD was 

calculated using all the data.  
c each sample of RV was analysed for two consecutive days and % RSD was calculated 

using all the data.  

 

Table 8.5: Intraday and Interday variation of RV in PBS 

 

RV Concentration Prepared a 

(µg/mL) 

Intra-day R.S.D. b 

(%) 

Inter-day R.S.D. c 

(%) 

2.0 0.53 1.81 

5.0 0.40 0.96 

Average 0.46 1.38 

a n=6 for each sample concentration, triplicate samples were prepared for two different set 

of concentrations. 
b each sample of RV were analysed at 0, 3 and 6 hours in the same day and RSD was 

calculated using all the data.  
c each sample of RV was analysed for two consecutive days and % RSD was calculated 

using all the data.  
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Table 8.6: Determination of height of noise level in mobile phase and PBS for 

calculation of LOD and LOQ 

 

Blank Injection # Noise level in  

mobile phase 

Noise level in  

PBS 

1 0.08 0.08 

2 0.09 0.10 

3 0.10 0.08 

4 0.10 0.09 

5 0.10 0.08 

6 0.07 0.09 

Average noise 0.10 0.09 

Slope 10.57 5.80 

LOD (ng/mL) 28.0 49.0 

LOQ (ng/mL) 85.14 149.0 
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Figure 8.5: Standard curve between height of peak obtained of the RV sample versus 

RV concentration prepared in (A) acetonitrile/water mixture (B) PBS   
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Figure 8.6: Linearity ranges of RV in (A) blank plasma (B) blank brain matrices 
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Table 8.7: Determination of Noise level, LOD and LOQ assessment in plasma and 

brain homogenates using developed RP-HPLC method for analysis of RV using 

fluorescence detector 

 

Blank Injection # Noise level in  

Blank Plasma  

Noise level in blank  

brain homogenate 

1 0.04 0.06 

2 0.05 0.05 

3 0.03 0.06 

4 0.03 0.08 

5 0.02 0.03 

6 0.02 0.08 

Average noise 0.03 0.05 

Slope 0.0017 0.003 

LOD (ng/mL) 55.0 55.0 

LOQ (ng/mL) 186 166.0 
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Figure 8.7: Calibration curve plotted between height of RV obtained from sample 

versus RV concentration spiked in (A) plasma sample (B) brain homogenate samples 
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Table 8.8: Recovery of C-6 from blank PLGA matrix with developed HPLC method 

 

Sample 

No 

Conc. spiked 

(ng/mL) 

Average 

conc. recovered 

(ng/mL) 

Mean recovery 

(%) 

RSD 

(%) 

1 50 49.1 ± 0.3 98.1 0.3 

2 100 98.9 ± 0.9 98.9 0.9 

3 500 496.5 ± 1.6 99.3 1.6 

% Mean Recovery 98.8 ± 0.7 0.9 

Data represented in % Mean Recovery ± S.D (n=3). RSD: relative standard deviation, S.D 

is standard deviation. 

 

 

 

Figure 8.8: Calibration curve plotted between area and C-6 concentration prepared 

in mixture of acetonitrile/water mixture (84: 16) 
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Table 8.9: Precision of HPLC method for determination of C-6 in acetonitrile/ water 

(84:16, v/v) 

 

Area of C-6 obtained 

Injection no. 20 ng/mL 100 ng/mL 400 ng/mL 

1 96.4 473.6 1761.8 

2 96.4 474.8 1756.6 

3 99.2 474.8 1766.1 

4 99.7 470.6 1758.7 

5 97.8 481.1 1770 

6 96.5 479.2 1773 

Average 97.67 475.6 1764.3 

SD 1.49 3.83 6.45 

RSD (%) 1.52 0.81 0.37 

 

 

Table 8.10: Intraday and interday variation of C-6 in acetonitrile/water mixture 

 

C-6 Concentration 

Prepared a (ng/mL) 

Intra-day R.S.D. b (%) Inter-day R.S.D. c (%) 

100 

 

0.19 0.66 

400 0.07 0.27 

a n=6 for each sample concentration, triplicate samples were prepared for two different 

concentrations.  
b each sample of C-6 were analyzed at 0, 3 and 6 h in the same day and RSD was calculated 

using all the data.  
c each sample of C-6 was analysed for two consecutive days and % RSD was calculated 

using all the data. 
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Table 8.11: Noise level, LOD an LOQ determination in mobile phase mixture for C-

6 using developed RP-HPLC-FLD method 

 

Blank Injection # Noise level in Blank 

1 0.0140 

2 0.0065 

3 0.0035 

4 0.0035 

5 0.0045 

6 0.0100 

Average noise 0.01 

Slope 0.45 

LOD (ng/mL) 0.05 

LOQ (ng/mL) 0.15 

 

 

 
 

Figure 8.9: Calibration curve between height of C-6 versus C-6 concentration 

prepared in mixture of acetonitrile/water mixture (84: 16) 
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8.4 Determination of thiol group on the surface of the PLGA 

NPs 

 

Figure 8.10: Standard curve of Thioglycolic acid used for determination of Thiol 

content 
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Table 8.12: Determination of thiol groups on TGC coated NPs surface 

 

Sample 

name 

Absorbance 

noted 

conc 

(µmol/L) 

conc 

(mmol/mL) 

Dilution 

factor 

conc 

(mmol/ 500 

uL 

or 0.5 mL) 

Thiol group 

(a) 

(mmol/gm 

of PLGA) 

Thiol 

group/PLGA 

NPs 

Average 

Thiol 

Group 

SD 

TGC 

coated 

PLGA NPs 

0.083 0.351 0.000000351 1.40299E-06 7.01493E-07 4.67662E-08 428 533.67 94.733 

TGC 

coated 

PLGA NPs 

0.105 0.460 0.000000460 1.8408E-06 9.20398E-07 6.1359E-08 562   

TGC 

coated 

PLGA NPs 

0.115 0.510 0.000000510 2.0398E-06 1.0199E-06 6.79934E-08 611   

 

Measurements was performed with 500 µL of NPs dispersions which contains 15 mg of TGC coated PLGA NPs  



 

249 

 

             

𝑛 = 𝑎𝑁[𝑑 (
4

3
) 𝜋𝑟3 ] 

n is number of thiol group present per NP; a is mole of thiol determined per gram of TGC 

coated PLGA (which was determined using Ellman’s reagent); N is Avogadro number 

(6.023 X 1023); d is density of the NPs determined (1.5 gm/mL); r is mean radius of the NP 

which was determined using Zeta sizer. 

For calculating n  

 

 

𝑛 = 𝑎 ∗ 91659985187.54 

𝑛 = 4.676𝐸 − 08 ∗ 91659985187.54 

  

𝑛 = 𝑎 ∗ 6.023 ∗ 1𝐸 + 23 [ 1.65 (
4

3
∗

22

7
∗

130

10000000
∗

130

10000000
∗

130

10000000
)]  
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8.5 Method for calculation of EE of NPs using HPLC data  

EE (%)     =  
Total drug used − free drug in supernatant

total drug used
 × 100 

 

Drug Loading (%) =  
Total drug used − free drug in supernatant

total NP weight
× 100
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Sample preparation:           

 2 batches of NP prepared on 16-07-2016 with High molecular weight of PLGA (110 KDa) and   0.3% Vitamin E  

 1) Supernatant was collected after centrifugation         

 2) it was further diluted 100 times with mobile Phase before injecting on HPLC     

            

Mobile phase: 80: 20;  Water : ACN with 0.1% TFA         

 

volume 
injected 40 uL         

 External STD 2 ugm/mL         

 External Area 125          

            

Conc'n of RV in supernatant          

Batch # 
RV added (in 

mg) 

Area of 
supernatant 

@40uL 

RV conc 
in Sup 

(ugm/mL) 
DF (100 

*) 
RV conc 
(mg/mL) 

Total 
RV 

conc'n 
in 20 
mL of 
Sup 
(mg) 

Amt 
went 

into NP 
(mg) 

PLGA 
added 
(mg) 

% RV 
loading 
in NP 

Theoretical 
Drug 

loading %EE 

1 5 129.3 2.0688 206.88 0.20688 4.1376 0.8624 30 2.794339 14.30 17.248 

2 5 125.1 2.0016 200.16 0.20016 4.0032 0.9968 30 3.215816 14.30 19.936 

            

vitamin 
E used  TDL(%) 

Drug 
added in 

NP (In 
mg) 

PLGA 
added 
(in mg) 

%RV 
exp. 

Loading 
in NP % EE      

0.30% n=2 14.3 5 30 3.005077 18.592      
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Figure 8.11: Determination of linearity ranges of C-6 in (A) blank plasma (B) 

blank brain matrices 
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Table 8.13: Determined percent RV drug concentration recovered during 

stability study of RV in plasma samples at 37°C for 48 h 

 

Time (h) Percent mean RV concentration  

determined in plasma samples 

 
 

200 ng/mL 400 ng/mL 

3 101.3 ± 2.3 99.1 ± 0.7 

6 99.5 ± 0.5 98.3 ± 2.6 

24 100.6 ± 2.1 100.0 ± 0.6 

48 91.6 ± 2.0 92.0 ± 2.7   

 Data represented in % mean of RV concentration remaining in rats’ plasma ± SD 

(n=2) 

8.6 Extraction and calculation of RV from plasma samples 

1. Take 100 µL of plasma sample, add 15 µL of IS (1000 ng/mL) and vortex for 2 min.  

2. Added 100 µl of Acetonitrile +20µL of RIPA Buffer + and 880 µL of Tert-butyl 

methyl ether (TBME).  

3. Vortex for 10 min and then stir for 20 min on shaker. 

4. Centrifuge mixture at 16,200 g for 15 min at 4°C. 

5. Take out 900 µL of Supernatant and transfer it into another centrifuge tube. 

6. Added another 900 µL of TBME into the remaining pellet and vortex it for 10 min 

and stir for 20 min. Centrifuge the mixture again at 16,200 g for 15 min at 4°C. Take 

out 900 µL of Supernatant and combine it with previous organic layer in the above 

centrifuge tube. Total supernatant collected was 1.8 mL.  

7. Evaporate the both organic layer to dryness and reconstitute further with 200 µL of 

mobile phase and inject 70 µL.  

 

Total aqueous phase volume=135µL; organic phase =880+100+900=1880 

real plasma conc=C Cplasm*(0.2/1.8)*(1.88/0.1)     

after taking into consideration of EDTA dilution  
 

final C=C* Vol(total blood collected)/(Vol(total blood collected)-20µLEDTA) 
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Table 8.14: Plasma concentration time data of RV obtained after administration of RV standard drug solutions administered by IV and 

IN route, single ligand and dual ligand NPs administered by IN route  

 

Time (in h) IV RV  

control solution 

IN RV  

control solution 

RV+C6 loaded  

PLGA-SA-ODA NPs 

(single ligand NPs) 

RV+ C6 loaded  

PLGA-SA-ODA NPs  

coated with TGC (dual 

ligand NPs) 

0.25 2294.1 ± 438.9 842.0 ± 35.0 299.5 ± 21.5 609.5 ± 118.4 

0.50 1968.1 ± 286.2 926.5 ± 74.9 440.6 ± 21.1 869.8 ± 159.6 

1.00 1458.4 ± 293.6 1214.9 ± 103.8 637.5 ± 98.7 1199.7 ± 156.4 

1.50 1024.2 ± 92.3 1073.4 ± 94.6 749.1 ± 112.9 1206.0 ± 62.1 

2.00 702.1 ± 44.7 733.9 ± 59.1 902.5 ± 144.8 1165.2 ± 111.9 

3.00 489.0 ± 53.2 306.2 ± 79.4 952.9 ± 61.5 976.0 ± 50.0 

4.00 301.7 ± 45.5 153.0 ± 31.7 702.6 ± 54.3 871.0 ± 25.3 

6.00 188.3 ± 19.6 101.0 ± 11.2 430.6 ± 56.3 611.2 ± 28.5 

8.00 98.5 ± 19.3 75.2 ± 10.3 170.6 ± 14.5 432.7 ± 51.3 

Data represented in mean RV concentration (ng/mL of plasma) ± SEM (n=4) for 8 h 
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8.7 Extraction and calculation of RV from Brain samples 

1. Take 500 µL of brain homogenate sample, add 50 µL of IS (1500 ng/mL previously 

determined concentration using HPLC) and vortex for 2 min.  

2. Added 100 µl of Acetonitrile +50µL of RIPA Buffer + and 800 µL of Tertbutyl 

methyl ether (TBME).  

3. Vortex for 10 min and then stir for 20 min on shaker. 

4. Centrifuge mixture at 16,200 g for 15 min at 4°C. 

5. Take out 900 µL of Supernatant and transfer it into another centrifuge tube. 

6. Added another 900 µL of TBME into the remaining pellet and vortex it for 10 min 

and stir for 20 min. Centrifuge the mixture again at 16,200 g for 15 min at 4°C. Take 

out 900 µL of Supernatant and combine it with previous organic layer in the above 

centrifuge tube. 

7. Evaporate the both organic layer to dryness and reconstitute further with 200 µL of 

mobile phase and inject 70 uL.  

 

Total aqueous phase volume=135µL;  

Total organic phase =900+100+900=1900 µL 

Total withdrawn organic layer = 1800 µL 

Total Brain homogenate volume = 4.2 mL 

real brain conc=C Cplasm*(0.2/1.8)*(1.9)*(4.2/0.5)     
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Table 8.15: Determined RV concentration in brain after administration of RV drug solution by IN and IV route and single ligand 

RV+C-6 loaded PLGA-SA-ODA NPs and dual ligand RV+C-6 loaded PLGA-SA-ODA NPs coated with TGC via IN route. 

  

Formulation Time (h) 

 2 8 

RV solution (IV) 216.6 ± 9.0 154.0 ± 15.8 

RV solution (IN) 377.0 ± 24.0 146.6 ± 18.1 

Single ligand NPs (IN) 1190.5 ± 104.5 386.0 ± 46.3 

Dual ligand PLGA NPs (IN) 1615.3 ± 237.0 393.0 ± 16.0 

The data expressed in mean RV concentration ± SEM (ng/gm of brain tissue) (n=5),  

 

Table 8.16: Freeze-thaw stability studies of RV in plasma 

 

Matrix 

used 

Condition employed for 

stability testing 

RV concentration spiked 

(µg/mL) 

RV concentration 

determined (µg/mL) 

% RV remaining ± 

SD 

Plasma Freeze-Thaw Cycle 

(3 cycles, -80°C) 

2.0 2.0 ± 0.1 101.0 ± 2.8 

Plasma 4.0 3.9 ± 0.1 99.1 ± 3.5 

       Data represented in mean concentration ± SD (n=3)
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Table 8.17: Plasma concentration time data of C-6 obtained after administration of 

single ligand RV+C-6 loaded PLGA-SA-ODA NPs and dual ligand RV+C-6 loaded 

PLGA-SA-ODA NPs coated with TGC 

 

Time 

(h)  

Single ligand RV+C-6 loaded 

PLGA-SA-ODA NPs 

Dual ligand RV+C-6 loaded PLGA-

SA-ODA NPs coated with TGC 

0.25 160.9 ± 5.8 139.7 ± 6.6 

0.50 224.3 ± 5.9 171.3 ± 5.8 

1.00 312.8 ± 11.1 211.8 ± 7.8 

1.50 363.6 ± 13.1 258.1 ± 10.5 

2.00 389.6 ± 9.5 309.8 ± 10.8 

3.00 357.3 ± 15.6 338.9 ± 9.1 

4.00 323.0 ± 17.8 298.4 ± 13.4 

6.00 263.4 ± 13.5 245.3 ± 5.0 

8.00 204.9 ± 5.9 191.9 ± 4.8 

Data represented in mean C-6 concentration (in ng/mL) ± SEM (n=5) for 8 h 

 

 

 

Table 8.18: C-6 brain concentration determined after administration of single ligand 

RV+C-6 loaded PLGA-SA-ODA NPs and dual ligand RV+C-6 loaded PLGA-SA-

ODA NPs coated with TGC via IN route. 

 

NPs formulation Time (in h) 

 2 8 

 

 

Single ligand RV + C6 loaded PLGA-SA-ODA NPs 46.8 ± 2.5 18.8 ± 0.9 

Dual ligand RV + C6 loaded PLGA-SA-ODA NPs 

coated with TGC 

58.3 ± 3.1 34.1 ± 1.3 

 Data represented in mean C-6 concentration (in ng/gm of brain tissue) ± SEM (n=5) for 

8 h 
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8.8 Animal Ethical Approval Letter 
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