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ABSTRACT 

 

ANTI-PARKINSONIAN DRUG DELIVERY ACROSS THE BLOOD-BRAIN 

BARRIER 

 

 

Zeynep Barçin 

M.Sc., Department of Biotechnology 

Supervisor: Assoc. Prof. Dr. Dilek Keskin 

Co-Supervisor: Assist. Prof. Dr. Seval Korkmaz 

February 2014, 121 pages 

 

Localized and controlled delivery of drugs at their site of action is necessary to 

increase its efficiency.  Current study was designed on the development of a brain 

targeted liposomal Levodopa delivery system for the treatment of the Parkinson’s 

disease. Size and surface charge of the liposomes were modified and optimized to 

increase the bioavailability and effectiveness of the liposomes. The liposomes were 

produced in sizes to be administrated intravenously (D: 100-150 nm). In initial 

optimization studies, the conventional Large Unilamellar Vesicles (LUVs) were 

prepared with three different molar lipid compositions (DPPC:Cho; 8:2, 7:3, and 6:4) 

at four different temperatures (38, 40, 42 and 44
o
C). Among the conventional LUVs, 

DPPC:Cho (7:3) liposomes prepared at 40
o
C with the highest Levodopa 

encapsulation efficiency and slowest cumulative Levodopa release was PEGylated 

with two different ratios (2 and 4 mole percentage of DPPC). PEGylated liposomes 

(i.e. 2% PEG/LUV and 4% PEG/LUV) had slower in vitro cumulative percent 

Levodopa release than conventional liposomal formulations. The targeted liposomes 

were prepared with two different mole percentage of maltodextrin (i.e. 0.35 and 0.7 

mole percentage of DPPC) conjugation to 4% PEG/LUV (i.e. 0.35% MD-4% 

PEG/LUV and 0.7% MD-4% PEG/LUV). Maltodextrin conjugated liposomes are 

promising for brain drug delivery via receptor-mediated endocytosis. This study is 

novel for developing maltodextrin conjugated liposomes as a brain targeted delivery 

system for the first time. Later, the targeted liposomal formulation 0.7% MD-4% 
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PEG/LUV was loaded with both Levodopa and GSH (LD-20μM GSH-0.7% MD-4% 

PEG/LUV and LD-40μM GSH-0.7% MD-4% PEG/LUV). The antioxidant GSH was 

incorporated to improve liposome stability and drug bioavailability. This study is 

also new for bringing Levodopa and GSH in the same liposomal formulation.  

Among all experimental groups, LD-40μM GSH-0.7% MD-4% PEG/LUV had the 

slowest in vitro cumulative percent Levodopa release (19.12 ± 0.97% and 31.07 ± 

1.98% at 24 and 48 hours, respectively). In vitro cytotoxicity experiments revealed 

that percent viabilities of the 3T3 and SH-SY5Y cells were higher than 80% after 48 

hours incubation with liposomal formulations. Among experimental groups, LD-

40μM GSH-0.7% MD-4% PEG/LUV had the highest Levodopa passage in Parallel 

Artificial Membrane Permeability Assay for Blood-Brain Barrier (PAMPA-BBB) 

and had superior binding to MDCK cells via receptor mediated association. LD-

40μM GSH-0.7% MD-4% PEG/LUV was found quite stable at 4
o
C after 5 months 

with good particle size distribution and drug encapsulation efficiency. These data 

suggest that designed dual loaded maltodextrin conjugated liposomal formulation is 

promising in brain targeted drug delivery with controlled and sustained drug release 

property, low cellular cytotoxicity, good BBB delivery, and good stability. This brain 

targeted liposomal delivery system will bring a novel approach for the delivery of 

Levodopa to increase brain transition with decreased drug side effects. 

 

Keywords: Parkinson’s disease, Blood-Brain Barrier (BBB), liposome, brain 

targeted liposome, Levodopa (L-Dopa), Glutathione (GSH), maltodextrin. 
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ÖZ 

 

KAN-BEYİN BARİYERİNDEN BEYİNE ANTİ-PARKİNSON İLAÇ 

TAŞINMASI 

 

 

Zeynep Barçin 

Master, Biyoteknoloji 

Tez Yönetici: Doç. Dr. Dilek Keskin 

Ortak Tez Yöneticisi: Y. Doç. Dr. Seval Korkmaz 

Şubat 2014, 121 sayfa 

 

Hasta organa hedefli ve kontrollü ilaç salamı yapan ilaç taşıma sistemleri yüksek 

tedavi etkinliğine sahip olmalarından dolayı gereklidirler. Bu çalışmanın amacı 

Parkinson hastalığının tedavisine yönelik geliştirilmiş beyine hedeflendirilmiş bir 

lipozomal Levodopa taşıma sistemi geliştirilmesidir. Lipozomların boyut ve yüzey 

yükleri etkinlik ve biyoyararlılıklarını artıracak şekilde değiştirilmiş ve en uygun 

hale getirilmiştir. Lipozomlar damar içine uygulanabilecek boyutlarda üretilmişlerdir 

(D: 100-150 nm). Ön optimizasyon çalışmaları dört farklı sıcaklıkta (38, 40, 42 ve 

44
o
C) üç farklı lipit kompozisyonu (DPPC:Kol; 8:2, 7:3 ve 6:4)  ile hazırlanan 

konvensiyonel Büyük Tek Tabakalı Lipozomlar (LUV) ile yapılmıştır. 

Konvensiyonel LUV’ler arasından en yüksek ilaç hapsetme verimliliğine ve en yavaş 

kümülatif Levodopa salımına sahip olan 40
o
C’de hazırlanan DPPC:Kol 7:3 iki farklı 

oranda PEGile edilmiştir (DPPC’nin molar olarak % 2 ve 4’ü oranında). PEGile 

lipozomlar (% 2 PEG/LUV ve % 4 PEG/LUV) konvensiyonel lipozomlardan daha 

yavaş in vitro kümülatif yüzde ilaç salımına sahip olmuşlardır. Hedefli lipozomlar, 

PEGile lipozomal formülasyon %4 PEG/LUV’ye iki farklı oranda maltodekstrin 

(DPPC’nin molar olarak yüzde 0.35 ve 0.7’si oranında) bağlanması ile 

oluşturulmuştur (% 0.35 MD-% 4 PEG/LUV ve (% 0.7 MD-% 4 PEG/LUV). 

Maltodekstrin bağlanmış olan lipozomlar beyine reseptör aracılığı ile endositoz 

yoluyla ilaç taşıyabileceği için umut vericidir.Bu çalışma lipozomların maltodekstin 

bağlanması ile beyine hedeflendirilmesi açısından yenilikçi bir çalışmadır. 
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Sonrasında hedefli lipozom formülasyonuna % 0.7 MD-% 4 PEG/LUV hem 

Levodopa hem de GSH hapsedilmiştir (LD-20μM GSH- % 0.7 MD-% 4 PEG/LUV 

and LD-40μM GSH- % 0.7 MD-% 4 PEG/LUV). Antioksidan GSH hem lipozom 

stabilitesini hem de ilaç biyoyararlımını artırmak için eklenmiştir. Bu çalışma 

Levodopa ve GSH’ın aynı lipozomal formuülasyon içinde hapsedilmesi açısından 

yenilikçidir. Bütün deney grupları arasında, LD-40μM GSH- % 0.7 MD-% 4 

PEG/LUV en yavaş in vitro kümülatif yüzde Levodopa salımına sahip olmuştur (24 

ve 48 saatin sonunda sırasıyla % 19.12 ± 0.97 ve % 31.07 ± 1.98 ilaç salımı). In vitro 

sitotoksisite deneylerinde lipozomalarla inkübe edilen 3T3 ve SH-SY5Y hücreleri 48 

saatin sonunda %80’in üzerinde canlılığa sahip olmuşlardır. Deney grupları arasında, 

LD-40μM GSH- % 0.7 MD-% 4 PEG/LUV Kan-beyin Bariyeri Paralel Yapay 

Membran Geçirgenlik Deneyinde (PAMPA-BBB) en yüksek Levodopa geçişini ve 

reseptör aracılığıyla MDCK hücrelerine bağlanma özelliğini göstermiştir. 4
o
C’de 

saklanan LD-40μM GSH- %  0.7 MD-% 4 PEG/LUV’nin 5 aya kadar boyut 

dağılımını ve ilaç hapsetme verimliliğini koruyarak oldukça sağlam kalmıştır. Bu 

sonuçlar, geliştirilen ikili yüklenmiş maltodekstrin bağlanmış lipozomal 

formülasyonun, kontrollü ve sürekli ilaç salımı yapan, düşük sitotoksisiteye sahip 

olan, KBB’yi geçebilen, hücresel bağlanma özelliği fazla olan ve iyi stabiliteye sahip 

olan umut verici bir lipozomal ilaç sistemi olduğunu göstermektedir. Geliştirilen 

beyine hedefli lipozomal bu ilaç taşıma sistemi Levodopa’nın beyindeki 

konsantrasyonunu artırabilecek ve yan etkilerini de azaltabilecek bir sistemdir. 

 

Anahtar kelimeler: Parkinson hasalığı, Kan-beyin Bariyeri (KBB), lipozom, beyin 

hedefli lipozom, Levodopa (L-Dopa), Glutatyon (GSH), maltodekstrin. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1.Parkinson’s disease 

1.1.1. Origin and Symptoms of the Disease 

 

Parkinson’s disease is a progressive neurodegenerative disorder. The disease 

primarily results from the death of dopamine-generating cells in the substantia nigra, 

the middle part of the brain. The reason of cell death has not been completely 

identified yet [1, 2]. The possible reasons for neuronal death were clarified as 

oxidative stress, neuroinflammation, abnormal protein accumulation, change in 

protein degradation via various pathways, mitochondrial dysfunction, and 

dysregulated kinase signaling [1, 2]. 

 

Parkinson’s disease is geriatric disease that is most commonly observed after the age 

of 55 [1]. There is no certain test to identify this disease. It is diagnosed from some 

motor and non-motor symptoms associated with the disease [3]. The most common 

motor symptoms are tremor, brandykinesia, rigidity, postural instability, postural 

deformity, and freezing. The non-motor symptoms include autonomic dysfunction 

(i.e. sweating, sphincter, and erectile dysfunction, and orthostatic hypotension), 

cognitive, neurobehavioral, and sensory abnormalities, and sleep disorders [3].  

 

The symptoms vary from patient to patient according to the degree of the disease. 

The patient having complaints about some motor or non-motor symptoms must be 

well checked before having being diagnosed for the Parkinson’s disease. An 

authorized neurologist who is experienced in the field of movement disorders should 

carry out the medical examination. The accurate diagnosis of the disease is very 

important before starting treatment considering that other diseases may show the 

same symptoms [4].  
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1.1.2. Treatment of the Disease 

 

Parkinson’s disease is a permanent disease that cannot be completely cured. The 

treatment of the disease can be accomplished by either medical or surgical treatment. 

The medical treatment is only used to control the symptoms while minimizing the 

side effects [5]. The medication treatment program varies from patient to patient. 

Each patient follows an individual drug therapy program according to degree of 

disability and ability to tolerate the medication [5].  

 

The patients with mild motor disability and no cognitive impairment take 

monoamino oxidase inhibitors (MAOIs), dopamine agonists (DAs), Catechol-O-

methyl Transferase Inhibitors (COMTIs) or anti-cholinergics [6, 7]. MAOs are the 

enzymes inactivating certain monoamines including dopamine. MAOIs increase the 

availability of the dopamine by inhibiting the activity of the MAOs. Dopamine 

agonists simulate the action of dopamine by activating the dopamine receptors. They 

simulate the activity of the dopamine in the brain by imitating the dopamine 

characteristics at the cells using dopamine [6, 7]. The Catechol-O-methyl 

Transferases are the enzymes degrading the catecholamines including dopamine. 

COMTIs improve the effect of the dopamine by preventing its breakdown by the 

COMTs. Anti-cholinergics act to reduce the action of the acetylcholines that prevent 

the dopamine activity in the brain [6, 7]. The patients having cognitive impairment or 

age more than 70 with moderate or severe disability take dopamine replacement 

therapy. Levodopa (L-Dopa) is the most commonly used drug in the dopamine 

replacement therapy. In the brain Levodopa is converted to dopamine and stored in 

nerve cells to replace deficient dopamine [8].  

 

In Table 1.1 the medications used in the Parkinson’s disease therapy are listed. All of 

these medications are taken orally at high doses and cause side effects such as low 

blood pressure, nausea, dyskinesia, and dizziness [9]. They later become ineffective 

and more powerful treatment techniques are required. 
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Table 1.1.The medications used in Parkinson’s disease therapy (modified from 

www.neurotransmitter.net and www.parkinsons.about.com) 

 

Generic Name Trade 

Name 

Company Name Mechanism of Action 

Amantadine hydrochloride Symmetrel Endo Anti-cholinergic 

Apomorphine hydrochloride Apokyn Mylan Bertek Dopamine agonist 

Benztropine mesylate Cogentin Merck Anti-cholinergic 

Biperiden hydrochloride Akineton Abbott, Par Anti-cholinergic 

Bromocriptine mesylate Parlodel Novartis Dopamine agonist 

Carbidopa Lodosyn Bristol-Myers Squibb Aromatic L-amino 

acid decarboxylase 

Carbidopa, entacapone, and 

Levodopa 

Stalevo Orion Dopamine 

replacement 

Carbidopa/ Levodopa Sinemet Bristol-Myers Squibb Dopamine 

replacement 

Carbidopa/Levodopa orally 

disintegrating tablet 

Parcopa SRZ Properties, Inc. Dopamine 

replacement 

Entacapone Comtan Orion 

(marketed by Novartis) 

Catechol-O-methyl 

Transferase Inhibitor 

Pergolide mesylate Permax Eli Lilly Dopamine agonist 

Pramipexole 

dihydrochloride 

Mirapex Boehringer Ingelheim 

(marketed by Pfizer) 

Dopamine agonist 

Procyclidine hydrochloride Kemadrin Monarch Anti-cholinergic 

Rasagiline Azilect Teva Neuroscience, Inc. Monoamino oxidase 

inhibitor 

Ropinirole hydrochloride Requip GlaxoSmithKline Dopamine agonist 

Rotigotine 

(transermal system) 

Neupro Aderis Pharmaceuticals. 

(marketed by Schwarz 

Pharma) 

Dopamine agonist 

Selegiline hydrochloride Eldepryl Somerset Monoamino oxidase 

inhibitor 

Tolcapone Tasmar Valeant Catechol-O-methyl 

Transferase Inhibitor 

Trihexyphenidyl Artane Lederle Pharmaceuticals Anti-cholinergic 

Trihexyphenidyl 

hydrochloride 

Broflex Alliance Anti-cholinergic 

http://www.neurotransmitter.net/
http://www.parkinsons.about.com/
http://drugsaz.about.com/od/drugs/azilect.htm
http://en.wikipedia.org/wiki/Aderis_Pharmaceuticals
http://en.wikipedia.org/wiki/Schwarz_Pharma
http://en.wikipedia.org/wiki/Schwarz_Pharma
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In case of very severe symptoms or when the medications are no longer sufficient, 

surgical operations are used in the treatment of Parkinson’s disease [10]. In the 

surgical operations some electrodes are implanted into the brain and they are 

controlled by an electric pulse generator. This generator is also implanted into the 

body. The high frequency deep brain stimulation improves even very severe 

symptoms of the Parkinson’s disease. However, the brain surgery operations have 

risk of infections, stroke, and brain hemorrhage [10]. 

 

1.1.2.1.Levodopa  

 

Levodopa is the most effective medication in treatment of Parkinson’s disease 

symptoms, especially brandykinesia and rigidity [8]. It was first synthesized by 

Casimir Funk in 1911 and it was approved by the US Food and Drug Administration 

in 1970 [11]. Since then, it has been widely used for the treatment of Parkinson’s 

disease. The chemical formula of Levodopa is L-3,4-dihydroxyphenylalanine and its 

chemical structure is as shown in Figure 1.1.   

 

 

Figure 2.1.Chemical Structure of the Levodopa [8] 

 

The Levodopa has great importance in the body cycle. It is involved in the 

catecholamine biosynthesis pathway [12]. Figure 1.2 shows synthesis of dopamine, 

norepinephrin (noradrenalin), and epinephrine (adrenalin) from Levodopa. Dopamine 

is the first catecholamine produced from Levodopa. Later norepinephrine and 

epinephrine are generated in further modifications of the dopamine [12].  In 

Parkinson’s disease treatment, Levodopa is used as precursor of dopamine. When it 

gets into the brain, it is rapidly converted to dopamine by the enzyme DOPA 

decarboxylase [8].  
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All patients eventually need Levodopa (L-Dopa) in their medical treatment in 

Parkinson’s disease, as it is a progressive disease. The Levodopa drug formulations 

involve other chemicals such as carbidopa and bensarizide in order to prevent its 

conversion to dopamine outside the brain [13]. These formulations cause side effects 

including dyskinesias (i.e. involuntary movements), nausea, vomiting, and 

hypotension [13]. Moreover, high-dose administration of Levodopa causes 

cytotoxicity inducing oxidative stress. The cytotoxicity results from autooxidation of 

the Levodopa by the free radicals [13]. At this point, it is important to develop new 

drug strategies with low cytotoxicity and other side effects.  

 

The efficiency of the Levodopa reduces in time due to metabolism, low 

bioavailability, and the fluctuations in its plasma level [14]. This can be overcome by 

liposome formulations. The aim of designed Levodopa delivery systems is to 

increase drug bioavailability and to maintain the required plasma level for a longer 

time. Continuous drug concentration is required to produce continuous dopaminergic 

stimulation in the brain. An effective targeted delivery system can overcome all these 

problems by delivering the Levodopa to the brain inside a proper carrier with 

prolonged drug circulation [14]. 
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Figure 1.2.Biosynthesis pathway of catecholamines [modified from life-

enhancement.com] 
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1.2.Brain Drug Delivery 

 

Brain is one of the most vital organs in the body. It must be protected against 

pathogen microorganisms and toxic chemicals. Moreover, its shape and volume has 

to be kept constant, as it is hold in a rigid bony skull. Molecule flow to the brain is 

strictly controlled. Most of the therapeutics designed for the brain diseases cannot 

access the brain due to presence of the physiological barriers [15]. The same problem 

is encountered in delivery of diagnostic agents to the Central Nervous System (CNS) 

for medical imaging of the brain [15].  

 

In brain, there are mainly three physiological barriers, which are namely Blood-Brain 

Barrier (BBB), Blood-Cerebrospinal Fluid Barrier (BCSFB), and arachnoid barrier 

(Figure 1.3) [16]. These barriers selectively allow transport of the molecules to the 

brain. The conventional drug delivery systems release the drug into blood circulation 

system and aim its delivery to the brain. These conventional drug delivery systems 

fail in delivery of the drugs to the brain due to high protection of the brain [17]. At 

this point, design of brain targeted drug delivery systems is necessary for the 

effective delivery of the drugs to the brain.  

 

1.2.1. Barriers of the Brain 

 

The barriers of the brain are the most challenging obstacles in brain drug delivery. 

The barriers separate the circulating blood stream from the brain extracellular fluid in 

the central nervous system (CNS) [16]. The ultimate goal of the barriers is to 

maintain a constant environment (i.e. homoestasis) for the brain [17]. It allows 

establishment of an optimum extracellular fluid environment in the CNS [18]. 
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Figure 1.3.Barriers of the brain [18] 

 

 

The Blood-Brain Barrier (BBB) structure includes endothelial cells and some 

perivascular elements such as astrocytic foot processes, perivascular neurons, 

pericytes, and microglial cells (Figure 1.4) [19]. Brain endothelial cells have very 

different morphology, chemistry, and function from any other endothelial cells in the 

body. They are strictly interconnected with tight junctions created by the interaction 

of several transmembrane proteins. The brain endothelial cells have extremely low 

permeability and fluid-state endocytosis. They allow transport of only nutrients into 

the CNS and toxic metabolites out of the CNS with some specific transport systems 

[19, 20].  
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The astrocytic foot processes (also known as astrocytic feet or glia limitants) 

surround the brain endothelial cells and provide biochemical structural support to 

those cells. These processes sustain maintenance of function and tightness of the 

BBB [19, 20]. The pericytes and microglia cells protect the CNS from changes in 

physiological and pathological conditions. The neurons regulate the BBB functioning 

by expressing enzymes [19, 20]. 

 

The Cerebrospinal Fluid (CFS) (Figure 1.3) provides the mechanical and 

immunological protection of the brain regulating the cerebral blood flow [21]. The 

ion and nutrient transport into the CSF and toxic metabolites out of the CFS are 

strictly controlled by various transport systems [21]. The regulation of the transport 

molecules through the Blood-Cerebrospinal Fluid Barrier (BCSFB) sustains the 

chemical stability of the brain. The changes in the homeostatic regulation of the 

neuroendocrine factors can damage the nervous system and cause severe problems 

[18, 22]. BCSFB is located at the tight junctions surrounding and connecting the 

cuboidal epithelial cells on the choroid plexus surface. The tight junctions between 

the choroid plexus epithelial cells inhibit the diffusion of paracellular water-soluble 

molecules across the BCSFB [18, 22].  

 

The Arachnoid barrier (Figure 1.3) has a multi-layered avascular arachnoid 

epithelium with tight junctions [18]. It completely surrounds the CNS by the 

arachnoid epithelium and forms a barrier layer.  The arachnoid epithelium does not 

represent a significant exchange surface because it has relatively small area between 

the blood and CNS [18, 23]. 

 

The barriers tightly control the flow of the molecules into the brain by protecting the 

brain from the changes in ion, amino acid, and peptide level in the blood [24]. The 

barriers allow the uptake of the essential nutrients, vitamins, and hormones to 

maintain cerebral growth and metabolism [24]. Moreover, the barriers are 

responsible for the protection of the brain from circulating neuroactive chemicals 

such as glycine, glutamate, epinephrine, norepinephrine, and peptide hormones 

whose concentration in the blood can change with stress, diet, injury, or disease [25]. 
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The barriers have a very vital role for healthy brain functioning. If the barriers 

become leaky due to trauma or infection, fatal problems can develop. The penetrated 

water and salts cause swelling (i.e. cerebral oedema) and pressure increase in the 

brain [26]. 

 

 

 

 

Figure 1.4.Structure of the Blood-Brain Barrier (BBB) [19] 

 

 

1.2.2. Brain Drug Delivery Strategies 

 

Most of the neurotherapeutics designed for brain diseases cannot get into brain due to 

Blood-Brain Barrier [27]. Approximately 100% of large-molecule drugs and more 

than 98% of small-molecule drugs cannot cross BBB [27]. The molecules can get 

into the brain either by free diffusion (i.e. small lipid soluble molecules with 

MW<400 Da) or by catalyzed transport in specific transport systems [27]. In order to 

deliver the pharmaceuticals into the brain, intelligent drug therapies should be 

designed for the efficient delivery of the drugs into the brain. The drugs should be 

reformulated in order to access the endogenous BBB transport system and enter the 

brain. 



 

11 
 

The endogenous BBB transporter systems can be classified as Carrier-mediated 

transporters (CMT), Active efflux transporters (AET), and Receptor-mediated 

transporters (RMT) [28] (Figure 1.5). These transporters are located on the luminal 

and abluminal membranes of brain capillary endothelium and have specific 

membrane transporters and carrier molecules with selective permeability and polarity 

in order to deliver certain molecules [28]. Carrier-mediated transporters (CMT) have 

glucose transporter (GLUT1), large neutral amino-acid transporter (LAT1), cationic 

amino-acid transporter (CAT1), monocarboxylic acid or lactate transporter (MCT1), 

and the adenosine transporter (CNT2) [28]. Receptor-mediated transporters (RMT) 

have insulin receptor (IR), transferring receptor (TfR), insulin-like growth factor 

receptor (IGF-R), leptin receptor (OB-R), neonatal Fc receptor (FcRn), and BI 

scavenger receptor (SR-BI) [28]. Adsorptive-mediated transytosis has plasma protein 

transporters for cationic protein transport through the barrier via electrostatic 

interactions [29]. 

 

 

 

 

Figure 1.5.Endogenous Blood-Brain Barrier (BBB) transport systems [28] 
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The pharmacological formulations should be optimized in order to be transported via 

one of the BBB transporter systems and retain the drug’s biological activity in the 

brain. Drugs may be packaged in nanocarriers such as liposomes or other 

nanoparticles having a diameter around 100 nm [27]. The surface of the nanocarriers 

should be modified by conjugation of BBB selective biomolecules (i.e. insulin, 

glucose, and transferrin) [30]. 

 

1.3.Liposomes 

 

Liposomes were first described by the British physician Alec D. Bangham in the 

early 60's [31]. He stated that in aqueous environment phospholipids spontaneously 

form a bilayered spherical structure due to presence of both water soluble and water 

insoluble ends [31].  Water insoluble ends are hidden from aqueous environment and 

form a lipid phase in circumference of the spherical shape as shown in Figure 1.6. It 

is possible to encapsulate both water soluble and insoluble compounds in liposomes. 

The water soluble therapeutics are encapsulated in the aqueous core whereas the 

water insoluble ones are encapsulated in the lipid phase [32]. Liposomes were firstly 

studied by the physiologists and biophysicists to investigate ionic flow through cell 

membranes and phase behavior of the phospholipids [33]. They have been as 

delivery systems of drugs, genes, cosmetics, and nutrients by many researchers since 

early 90’s [33].  

 

 

 

 

Figure 1.6.Formation of a liposome from phospholipids in the aqueous environment 

(modified from http://www.springerimages.com)   

http://www.springerimages.com/
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1.3.1. Types of Liposomes 

 

Liposomes are composed of natural phospholipids, which make them biocompatible 

and biodegradable [34]. They are biologically inert and have low intrinsic toxicity 

[34]. The liposomes are classified according to lipid composition and surface 

modifications. There are mainly three types of liposomes: conventional liposomes, 

long circulating liposomes, and targeted liposomes (Figure 1.7) [35]. 

 

 

 

Figure 1.7.Types of liposomes 

(a) conventional liposome  

(b) long-circulating liposomes coated with a polymer such as (i) polyethylene 

glycol (PEG)  

(c) antibody-targeted long-circulating liposome with (ii) monoclonal antibodies 

(mAbs) attached to the long-chain PEG 

(d) stimulus-sensitive immuno-targeted liposome with mAbs attached to the 

long-chain PEG via (iii) hidden cell penetrating peptides (CPPs) (iv) 

conjugated to the short-chain PEG [35] 

 

1.3.1.1.Conventional Liposomes 

 

The conventional liposomes are composed of phospholipids and cholesterol; to 

encapsulate biomolecules for protecting them from degradation (Figure 1.7) [35]. 

They are composed of saturated or unsaturated phospholipids. The liposomes 

composed of saturated phospholipids are more stable as the saturated lipids are 

packed closely together [36]. Addition of cholesterol increases the packing of the 
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phospholipids in the lipid bilayer by decreasing the phospholipid transfer to the 

plasma proteins [37]. Addition of cholesterol also affects the release behavior of the 

liposomes since the encapsulated molecules are released upon binding to plasma 

proteins (i.e. high density and low density proteins) [37].  

 

1.3.1.2.Long Circulating Liposomes 

 

The long circulating liposomes are formed by surface modification of the 

conventional liposomes with hydrophilic polymers (Figure 1.7) [35]. They are 

generated to resolve some drawbacks of the conventional liposomes. The long 

circulating liposomes are more effective in preventing aggregation of the liposomes 

and the removal by the mononuclear phagocyte system (MPS) [38]. In polymer 

coating, polyethylene glycol (PEG) of various chain lengths has been commonly 

used owing to low toxicity, low immunogenicity, low antigenicity, and high water 

solubility [39]. PEG is a polymer of ethylene oxide that has a chemically inert 

backbone and hydroxyl groups available for derivatization [40]. Various PEG 

derivatives are commercially available that are covalently bound to proteins, 

phospholipids, functional groups, and even fluorescent probes [40]. The PEGylated 

liposomes (also known as stealth liposomes) increase the stability and circulation 

times of the liposomes by reducing the reticuloendothelial uptake and macrophage 

encapture, called as steric stabilization [35]. 

 

1.3.1.3.Targeted Liposomes 

 

The targeted liposomes are prepared via attachment of certain biomolecules onto the 

liposome surface in order to target the disease site and enable cellular uptake of the 

liposome [35]. The targeting moieties are either adsorbed onto the liposome surface 

or covalently bound to lipids or PEG chains on the surface (Figure 1.7) [35]. 

Covalently bound targeting moieties have higher binding efficiency on the liposomes 

and higher binding affinity to the target site. The targeted moieties adsorbed on the 

liposomes have lower binding affinity due to steric hindrance caused by high density 

PEG molecules [41]. 
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Actively targeted liposomes contain certain targeting moieties such as peptides, 

proteins, oligosaccharides, and monoclonal antibodies [42]. Monoclonal antibodies 

(mAb) are the most widely used targeting moieties [42]. In order to increase the 

conjugation efficiency, the monoclonal antibodies are divided into smaller fragments 

via reducing agents or enzymatic degradation by preserving the antigen binding 

function of the antibody [42]. In general, the targeting moieties are conjugated to the 

lipids or PEG chains via amine modification, disulfide modification, carbohydrate 

modification, or noncovalent modification [43]. 

 

1.3.2. Preparation of Liposomes 

 

The liposomes can be prepared with different size (small, intermediate, or large) and 

lamellarity (uni-lamellar, or multi-lamellar) by the different liposome preparation 

methods [44]. Uni-lamellar vesicles have one lipid bilayer and a large aqueous core 

to entrap the water-soluble drugs [44]. 

 Uni-lamellar vesicles vary in size. Small unilamellar vesicles (SUVs) have diameter 

less than 100 nm whereas large unilamellar vesicles (LUVs) have diameter higher 

than 100 nm (Figure 1.8) [44]. Multilamellar vesicles (MLVs) have 5-25 lipid bilayer 

and plenty of lipid phases to entrap the lipid-soluble drugs. MLVs are 500-10,000 nm 

in diameter (Figure 1.8) [45]. The liposomes having diameter higher than 10,000 nm 

are called as Giant liposomes [45]. 

 

 

Figure 1.8.Main classification of liposomes based on size and structure [51] 
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Liposomes can be prepared by various methods (Figure 1.9) to achieve desired 

properties for the intended application. The simplest and the most widely used 

method is the thin film hydration method [46]. The characteristics of the liposomes 

such as size, polydispersity, lamellarity, and surface charge are optimized by 

controlling the experimental parameters during liposome preparation [46]. 

 

 

 

 

Figure 1.9.Liposome preparation methods [modified from 

http://www.biotec.boku.ac.at] 

 

 

1.3.3. Liposomes as Delivery Systems 

 

Liposomal delivery systems have various application areas including drug and 

vaccine delivery, cosmetics, and food industry [47]. They can be easily and 

conventionally prepared with good biocompatibility and biodegradability [47]. The 

liposomal delivery systems have many advantages over conventional drug 

formulations with site-specific targeting. In liposomal formulations, the 

bioavailability of the encapsulated bioactive molecule is increased with sustained 

release and increased circulation time in the body. The sustained controlled release of 

http://www.biotec.boku.ac.at/
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the bioactive molecules has higher treatment efficiency with lessen side effects. 

Targeted delivery systems have advantage of improved intracellular therapeutics 

delivery with lower systemic toxicity [48, 49].  

 

Liposomal delivery systems are most commonly used in delivery of therapeutics for 

better therapeutic efficacy and safety over conventional therapeutic formulations 

[47]. Delivery of various bioactive agents such as therapeutic drugs (i.e. doxorubicin, 

daunorubicin, amphotericin B, verteporphin, and vincristine), hormones (i.e. growth 

hormone, parathyroid hormone, and testosterol), and enzymes (i.e. elastase and beta 

glucosidase) have been performed by liposomal delivery systems [50-52]. Liposomal 

drug products marketed and in-clinical trials are listed in Table 1.2 and Table 1.3 

respectively. Most of the liposomal drug formulations are approved for intravenous 

application since oral application has potential of liposome breakdown upon 

exposure to bile salts [52]. 

 

In cosmetics, the liposomes have been used since 1987 by Dior’s Capture and 

L’oreals Niosome and Nactosomes (skin regenerating creams) [53]. There are several 

liposomal cosmetic products on market including skin creams, sunscreens, 

dentrifrices, shampoos, skin-lightening lotions, and perfumes having good 

penetrating the various skin layers [53, 54].  There are various liposomal vaccine 

delivery systems (i.e. Hepatitis-A, Hepatitis-B, diphtheria, tetanus, and influenza 

vaccines) in advanced phases of clinical development [55]. The liposomal delivery 

systems are also utilized in food industry for delivery of pesticides, enzymes, and 

nutritional supplement (i.e. liposomal vitamins, minerals, antioxidants, and herbal 

extracts for oral administration) [56-58].  

 

 

 

 

 

 

 



 

18 
 

Table 1.2.Liposomal products on the market [52] 

 

Product 

name 

Route of 

injection 

Drug Particle 

type/size 

Drug form 

/Storage 

time 

Approved 

indication 

Ambisome Intravenous Amphotericin 

B 

Liposome Powder/ 

36 months 

Sever fungal 

infections 

Dauno 

Xome 

Intravenous Daunorubicin Liposome Emulsion/ 

12 months 

Blood tumors 

Depocyt Spinal Cytarabine Liposome Suspension

/18 months 

Neoplastic 

meningitis and 

lymphomatous 

meningitis 

DepoDur Epidural Morphine 

sulfate 

Liposome Suspension

/24 months 

Pain 

management 

Doxil Intravenous Doxorubicin PEGylated 

liposome 

Suspension

/20 months 

Kaposi’s 

sarcoma, 

Ovarian/breast 

cancer 

Epaxal Intramuscular Inactivated 

hepatitis A 

virus (strain 

RG-SB) 

Liposome Suspension

/36 months 

Hepatitis A 

Inflexal V Intramuscular Inactivated 

hemaglutinin

e of Influenza 

virus strains 

A and B 

Liposome Suspension

/12 months 

Influenza 

Lipo-dox Intravenous Doxorubicin PEGylated 

liposome 

Suspension

/36 months 

Kaposi’s 

sarcoma, 

ovarian/breast 

cancer 

Myocet Intravenous Doxorubicin Liposome Powder/ 

18 months 

Combination 

therapy with 

cyclophospham

ide in 

metastatic 

breast cancer 

Visudyne Intravenous Verteporfin Liposome Powder/ 

48 months 

Age-related 

molecular 

degeneration, 

pathologic 

myopia, ocular 

histoplasmosis 
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Table 1.3.Liposomal products in advanced clinical studies [52] 

 

Product name 
Route of 

injection 
Drug Approved indication 

Trial 

phase 

Arikace Portable aerosol 

delivery 

Amikacin Lung infection Phase III 

Aroplatin Intrapleural Cisplatin analog 

(L-NDDP) 

Metastatic colorectal carcinoma Phase II 

Atragen Intravenous Tretinoin Acute promyelocytic leukemia, hormone-

refractory prostate cancer 

Phase II 

EndoTAG-1 

(powder/24 

months) 

Intravenous Paclitaxel Anti-angiogenic properties, breast and 

pancreatic caner 

Phase II 

INX-0125 Intravenous Vinorelbine Advanced solid tumors Phase I 

INX-0076 Intravenous Topotecan Advanced solid tumors Phase I 

LEM-ETU Intravenous Mitoxantrone Leukemia, breast, stomach, liver, ovarian 

cancers 

Phase I 

LEP-ETU 

(powder/12 

months) 

Intravenous Paclitaxel Ovarian, breast, and lung cancers Phase I/II 

LE-SN38 Intravenous SN-38, active 

metabolite of 

irinotecan 

Metastatic colorectal cancer Phase I/II 

Lipoplatin 

(suspension/36 

months) 

Intravenous Cisplatin Pancreatic, head and neck cancer, 

mesothelioma, breast, gastric, and non-

squamous non-small-cell lung cancer 

Phase III 

Liposomal Grb-

2 

Intravenous Grb2 antisense 

oligodeoxynucleot

ide 

Acute myeloid, chronic, myelogenous, and  

acute lymphoblastic leukemia 

Phase I 

Liposome-

annamycin 

(powder) 

Intravenous Annamycin Acute lymphocytic leukemia Phase I/II 

Liprostin Intravenous Prostaglandin E1 Peripheral vascular disease Phase II/III 

Marqibo Intravenous Vincristine Metastatic malignant uveal melanoma Phase III 

Nyotran Intravenous Nystatin Systemic fungal infections Phase I/II 

OSI-211 Intravenous Lurtotecan Ovarian, head, and neck cancer Phase II 

S-CKD602 Intravenous Camptothecin 

analog 

Recurrent or progressive carcinoma of the 

uterine cervix 

Phase I/II 

SPI-077 Intravenous Cisplatin Head and neck and lung cancer Phase I/II 

Stimuvax Subcutaneous BLP25 

lipopeptide 

(MUC1-targeted 

peptide) 

Cancer vaccine for multiple myeloma 

developed encephalitis 

Phase III 

ThermoDox Intravenous Doxorubicin Non-resectable hepatocellular carcinoma Phase III 

T4N5 liposome 

lotion 

Topical Bacteriophage T4 

endonuclease 5 

Xeroderma pigmentosum Phase III 
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1.3.4. In vivo Properties of Liposomes 

1.3.4.1.Route of Administration, Stability, and Biodistribution 

 

The liposomes are administered to body through various routes including oral, nasal, 

intravenous, and dermal according to the intended application [59]. The liposomes 

designed as nutritional supplement (i.e. liposomal vitamins, minerals, antioxidants, 

and herbal extracts) are taken orally [56-58]. The liposomes designed for other 

applications should be taken by other routes, different from oral route since the 

intestinal system breakdowns the liposomes with bile salts and intestinal lipases [52]. 

The liposomal cosmetic formulations (i.e. skin products) are designed to be 

administrated by dermal route for good penetrating ability of the liposomes through 

various skin layers [53, 54]. The liposomal delivery systems designed for respiratory 

system infections are given to the patients through nasal route [60-62]. The liposomal 

size must be well adjusted before nasal application since the deposition of the 

liposomes in the respiratory tract is size-dependent [63]. In nasal delivery of the 

liposomes, very big liposomes are avoided as they can be retained in the throat and 

swallowed [63].  

 

Most of the liposomal drug formulations are approved for intravenous application to 

bypass the gastrointestinal system, called as first-pass effect [64]. When 

intravenously administered, the conventional liposomes can be easily captured by the 

MPS and removed from the bloodstream [64]. This situation is advantageous in 

delivery of antiparasitic and antimicrobial drugs for the treatment of the infections in 

MPS [64]. If the target site is beyond the MPS, the conventional liposomal are not 

sufficient and more efficient liposomal systems are required. The surfaces of the 

liposomes are modified with polymers such as polyethylene glycol (PEG), 

polyacrylamide, polyvinylalcohol, and polyvinylpyrolidine to yield more 

bioavailability in the bloodstream when administrated intravenously [65]. In polymer 

coating, PEG is most commonly used in preparation of long circulating (stealth) 

liposomes [66]. PEGylated liposomes have higher biodistribution and half-life as 

PEGylation decreases the interaction between the liposomes and plasma proteins 

with its entangled structure [66]. The PEGylation ratio is optimized in order to yield 
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efficient steric stabilization while keeping cellular binding of the liposomes. A study 

revealed that low degree of PEGylation had higher binding affinity than higher 

degrees of PEGylation up to 5% of phospholipids [67].  

 

The conventional liposomes can passively target the tissues and organs having 

discontinuous endothelium such as spleen, liver, and bone marrow [68]. The 

PEGylated liposomes are effective in tumor targeting via the enhanced permeability 

and retention effect (EPR), meaning passive targeting to the tumor site [69]. The 

tumors have increased microvascular permeability through highly permeable 

microvessels with discontinuous epithelium [69]. The liposomes pass through 

microvessels of tumors and stay locked in the interstitial fluid compartment due to 

lack of lymphatic drainage as shown in Figure 1.10 [69]. 

 

 

 

 

 

Figure 1.10.Accumulation of the long-circulating liposomes in tumors via enhanced 

permeability and retention (EPR) effect [69] 

 

The biodistribution of the liposomes are affected by the physicochemical properties 

of the liposomes such as lipid composition, bilayer rigidity and fluidity, packing of 

the lipid bilayer, size, surface charge, pH sensitivity, hydrophobicity, and presence of 

targeting moiety [70]. In vivo half-life and biodistribution characteristics of the 
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liposomes are relevant to the structural stability and bioavailability of the liposome in 

the bloodstream [70]. 

 

Lipid composition is one of the most important parameters in structural stability and 

biodistribution and release characteristics of the liposomes. In liposome preparation, 

synthetic/natural saturated and unsaturated phospholipids are used according to the 

intended application [71]. Saturated phospholipids are chemically more stable than 

the unsaturated phospholipids since they are more resistant to oxidation and 

hydrolysis [72]. Saturated phospholipids are preferable in liposome preparation 

having closely packed structure [36]. In order to increase the chemical stability of the 

liposomes, presence of heavy metals and oxygen should be avoided to prevent 

oxidation [73].  

 

Use of antioxidants is recommended to prevent phospholipid oxidation and to 

increase bioavailability [73]. The amount of liposome at systemic circulation and 

target organ gets increased after addition of antioxidants with protective 

antioxidizing effect in aqueous media [73]. Antioxidants prevent oxidative effects of 

free radicals by removing the free radical intermediates being oxidizing themselves 

[83]. In literature addition of antioxidant is recommended not only for improving 

stability of liposomes but also for delivery of the antioxidant to the cells [84]. 

Glutathione (GSH) is the major endogenous antioxidant synthesized in the body, 

directly involved in the neutralization of free radicals and reactive oxygen 

compounds [85]. Studies revealed that incorporation of GSH have improved 

chemical and physical stability of liposomes [86-88]. Liposomal GSH is also 

revealed promising for the treatment of degenerative diseases (such as Alzheimer’s 

Disease, Parkinson’s Disease, Multiple Sclerosis, Cancer, Diabetes, and Heart 

Disease) by preventing oxidative stress and maintaining cell functioning [88]. 

 

In phospholipid selection, phase transition temperature of the phospholipid should be 

considered since the liposomes are prepared above this temperature to yield bilayer 

spherical structure [74]. Each phospholipid has a characteristic phase transition 

temperature where the closely ordered hydrocarbon chains having gel phase turn into 
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randomly oriented hydrocarbon chains having disordered liquid crystalline phase 

[75]. The phospholipids with longer hydrocarbon chain length have higher phase 

transition temperatures due to intermolecular forces between the hydrocarbons [75]. 

The type of the encapsulated biomolecule is also important in selection of the 

phospholipids in order to preserve the chemical structure and biological activity of 

the biomolecule during preparation of the liposomes. If the proteins or growth factors 

are encapsulated into the liposomes, the phospholipids having phase transition 

temperature near the body temperature should be selected considering the 

decomposition of the proteins or growth factors above body temperature [76].  

Liposomes are incorporated with cholesterol in order to yield membrane fluidity, 

elasticity, and permeability [77]. Addition of cholesterol creates stabilizing effect by 

filling the gaps between the phospholipids [77]. Bioavailability of the liposomes 

increases with the decrease in the phospholipid transfer to the plasma proteins. Egg 

or wool grease cholesterol can be used in liposome preparation [78]. Wool grease 

cholesterol is not preferred in the liposomes designed for humans due to animal 

derived contamination issues [78].  

 

Size and the surface charge of the liposomes affect the liposome uptake by the 

mononuclear phagocyte system (MPS), spleen, and liver [79]. A study revealed that 

very big (d>300 nm) and very small (d<70 nm) liposomes are captured and removed 

from the bloodstream [79]. The medium-sized liposomes have increased 

bioavailability in the body [79]. Charged liposomes are used for specific 

applications. Negatively and positively charged phospholipids are used in the 

preparation of anionic (negatively charged) and cationic (positively charged) 

liposome preparations, respectively [80]. In order to encapsulate DNA (negatively 

charged), cationic liposomes are preferred to increase loading efficiency [80]. 

Negatively charged liposomes are revealed to have shorter half-life in bloodstream 

than the neutral liposomes whereas positively charged liposomes have the shortest 

half-life and are quickly removed from blood stream [80].  Size and surface charge of 

the liposomes are modified and optimized to increase the bioavailability and 

effectiveness of the liposomes. 
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1.3.4.2.Liposome-cell Interaction 

 

Liposomes interact with the cells in different ways as shown in Figure 1.11. The 

liposomes can be adsorbed onto the cell surface specifically or non-specifically 

(Figure 1.11, a and c) and release their contents to the cell cytoplasm [78]. The 

liposomes can fuse with the cell membrane (Figure 1.11, b) and release their content 

into the cell cytoplasm [78]. The liposome can be taken into the cell by endocytosis 

(Figure 1.11, d) and later into the lysosome (Figure 1.11, e) and release their content 

into the cyctoplasm [78]. In bloodstream, the macrophages bind to the liposomes by 

endocytosis [81]. The macrophages cannot recognize the liposomes themselves but 

can recognize opsonins (i.e. serum proteins) bound to the liposomes [81]. The 

liposomes recognized by the macrophages are then removed from the bloodstream 

[81]. 

 

 

 

Figure 1.11.Liposome-cell interactions (a) Specific adsorption (b) Fusion (c) Non-

specific adsorption (d) Specific or non-specific endocytosis by the cell membrane (e) 

Endocytosis of the liposome by the lysosome (f) drug release into the cell cytoplasm 

[78] 
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1.3.5. Liposomal Targeting of the Brain 

 

Localized and controlled delivery of drugs at their desired site of action is preferred 

because it reduces toxicity and increases treatment efficiency [41]. Conventional 

drug delivery systems to brain are ineffective to cross BBB. Brain targeted drug 

delivery systems should be developed in order to increase the therapeutic efficiency 

of the drugs at the disease site with lowered side effects of the drug [48, 49].  

 

Liposomes are suitable carrier systems for brain drug delivery owing to their 

lipophilic nature [82]. The brain has transcytosis capacity of specific molecules as 

explained in Section 1.1.2. The liposomal formulations are optimized for them to be 

transported via one of the BBB transporter systems while retaining the biological 

activity of the bioactive agent. The surfaces of the liposomes are modified with BBB 

selective molecules to enable BBB transport.  

 

In literature the liposomes are reported to be transported to enter the brain endothelial 

cells via receptor mediated endocytosis or adsorptive-mediated endocytosis [159]. 

Cationic liposomes are reported to be transported through the BBB via adsorptive-

mediated trancytosis. Cationic liposomes bind to the negatively charged endothelial 

cell membranes by non-specific electrostatic interactions [160]. Liposome brain 

targeting using adsorptive-mediated endocytosis is generally accomplished by using 

cationized human serum albumin (cHSA) [161]. However, adsorptive-mediated 

endocytosis is not desirable for brain delivery since this process is also present to a 

large extent in liver and kidneys resulting in decrease in brain specificity [162]. 

Furthermore, the cationic liposomes are not preferable due to aggregate formation 

due to cationic charge in the circulation [161] and quick removal from blood stream 

[80]. The liposomes more specifically enter the brain via receptor-mediated 

endocytosis. Brain specific ligand conjugated liposomes bind to the receptors which 

are specifically expressed on the brain endothelial cells. Later the liposomes are 

endocytosed and transported through the endothelial cell towards the other side of 

the cell. The liposomes are ultimately exocytosed at the other side of the cell 

membrane [163]. In literature the liposomes are targeted to the brain using receptor-
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mediated endocytosis approach with conjugation of specific molecules such as 

transferrin [164], monoclonal antibody OX26 [165], and glucose [166]. In literature 

various studies revealed that dextrins are also promising for brain targeting using 

receptor-mediated endocytosis [167-169]. Among dextrins, maltodextrin is 

conventionally present in a novel class of Alzheimer Disease medication called 

Memantine to increase brain transport [170].  

 

1.4.Aim of the Study 

 

Parkinson’s disease is a progressive and permanent brain disorder. Medications are 

used to control the disease symptoms such as tremor, brandykinesia, and rigidity. 

Levodopa is the most commonly used drug in Parkinson’s disease treatment. The 

Levodopa is given to the patients with high doses since most of the drug is 

metabolized in the body before reaching to the brain. High Levodopa doses result in 

drug side effects in the body (dyskinesias, nausea, vomiting, and hypotension) and 

the medication becomes ineffective after a while. It is not available yet to find any 

brain targeted drug formulation in the pharmaceutical market and in the clinical trials 

to cure Parkinson’s Disease. It is already clear that development of a brain targeted 

drug delivery systems for treatment of neurodegenerative diseases has high 

importance. Current study was designed on development of a brain-targeted 

liposomal formulation for the most important Parkinsonian drug: Levodopa.  

 

Liposomes are biocompatible, biodegradable, non-immunogenic, and non-toxic drug 

carrying systems. They are widely and effectively used for drug targeting to the 

disease site. In previous studies the liposomes were targeted to the brain with certain 

targeting molecules such as glucose, amino acids, and transferrin. In this study, 

maltodextrin was selected as targeting molecule because of brain’s high nutrient 

requirement for sugars. In literature various studies revealed that dextrins are 

promising for brain targeting using receptor-mediated endocytosis [167-169]. 

Maltodextrin was conjugated to the long chain PEG molecule instead of liposome 

surface in order to yield more conjugation efficiency. This study is novel for 
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maltodextrin conjugated liposomes as a brain targeted Levodopa delivery system for 

the first time. 

 

The liposomes were prepared at different temperatures with different lipid 

compositions. The liposomes were PEGylated in order to increase the bioavailability 

of the liposomes by reducing the reticuloendothelial uptake and macrophage 

encapture. The liposomes were loaded with Levodopa or Levodopa and GSH. 

Antioxidant was incorporated to improve liposome stability and drug bioavailability 

as the antioxidant was encapsulated in the aqueous phase of the liposomes. 

Liposomal GSH is revealed promising for the treatment of the Parkinson’s Disease, 

by preventing oxidative stress and maintaining cell functioning [89]. This study is 

novel to bring Levodopa and GSH in the same liposomal formulation. Drug and 

antioxidant loadings and release profiles of the liposomes were investigated. Size and 

surface charge of the liposomes were modified and optimized to increase the 

bioavailability and effectiveness of the liposomes. The liposomes were produced in 

sizes to be administrated intravenously (D: 100-150 nm). Intravenously administered 

liposomal Levodopa could be more effective for increased bioavailability and less 

drug side effects. This brain targeted liposomal delivery system would bring a novel 

approach for Parkinson’s Disease therapy. 

 

In in vitro cell culture studies, the liposomes were tested for toxicity on 3T3 and SH-

SY5Y cells to minimize cellular toxicity and to adjust liposome concentration in 

doses. 3T3 cell line was used as standand fibroblact cell line for cytotoxicity [171] 

and SH-SY5Y cell line was specifically used in brain cytotoxicity experiments as a 

neuronal cell model with the similar biochemical characteristics to human 

dopaminergic neurons [172]. The liposomes were tested for their transport efficiency 

through Blood-Brain Barrier (BBB) Parallel Artificial Membrane Permeability Assay 

(PAMPA-BBB). In order to determine targeting ability of the designed targeted 

liposomal formulation, they were also tested for binding to Madin-Darby Canine 

Kidney (MDCK) cells that are mimicking the BBB functional structure with sugar 

receptors [90, 91]. This brain targeted liposomal delivery system will bring a novel 

approach for the delivery of Levodopa to brain with decreased drug side effects.  
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CHAPTER 2 

 

 

MATERIALS AND METHODS 

 

2.1.Materials 

 

PC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine, 16:00) (DPPC), 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium 

salt) (DSPE-PEG(2000) Amine), L-α-Phosphatidylethanolamine-N-(lissamine 

Rhodamine B sulfonyl) (Ammonium Salt) (Egg-Transphosphatidylated, Chicken), 

Mini-extruder set, filter supports, Nucleopore Track-Etch Membranes (800, 400, 100 

nm) were purchased from Avanti Polar Lipids, Inc. (USA). 1,2-Distearoyl-sn-

glycero-3-Phosphoethanolamine-N-[Methoxy (Polyethylene Glycol)2000 (18:00 

mPEG(2000)-DSPE) was provided by Lipoid (Germany). Levodopa and 

maltodextrin (Roquette, France) were gifts from Abdi Ibrahim Pharmaceutical, Inc. 

(Istanbul, Turkey). Cholesterol, L-Glutathione reduced, dialysis sacks, benzoylated 

dialysis tubing, uranyl acetate dehydrate, chloroform (HPLC grade), N,N-

dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), isopropyl alcohol, 

sodium hydroxide, monochloroacetic acid were purchased from Sigma Aldrich 

Chem. Co. (USA). Sephadex G-75, PD-10 Disposable Columns were purchased 

from GE Healthcare (UK). Glutathione Assay Kit was obtained from Cayman 

Chemical Company (USA). Iron(III) chloride hexahydrate, ethanol (HPLC grade), 

ammonium thiocyanate were purchased from Merck (Germany). Formvar-Carbon 

Film on 300 square mesh Copper Grids were obtained from Electron Microscopy 

Sciences (USA). 

 

3T3 fibroblast cell line (Anl Swiss albino mouse fibroblast) for in vitro cytotoxycity 

studies was obtained from Foot-and-Mouth Disease Institute of Ministry of 

Agriculture and Rural Affairs of Turkey. SH-SY5Y cell line (Neuronal tumor cell 

line with human neuroblastoma cell) for in vitro cytotoxicity studies and MDCK 

(Madin-Darby Canine Kidney) cell line for cellular association studies were gift from 
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Abdi Ibrahim Pharmaceuticals Inc. (Istanbul, Turkey).Dulbecco’s modified Eagle’s 

medium (DMEM) with high glucose (4.5 g/l) and L-glutamine, fetal bovine serum 

(FBS), Penicillin/Streptavidin and Trypsin EDTA were purchased from Biochrom 

AG (Germany). L-Glutamine and HAM’s nutrient mixture F-12 with L-Glutamine 

was obtained from Sigma Aldrich Chem. Co. (USA). Dimethyl sulphoxide 

(molecular biology grade) (DMSO) was the product of AppliChem Co. (Germany). 

MTT reagent (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) was 

purchased from Invitrogen (USA). Cell culture plastic-wares were obtained from 

Orange Scientific (Germany). Polyethersulfone syringe membrane (0.2 µm pore size) 

was purchased from Minisart (Germany). Blood-brain Barrier (BBB) Parallel 

Artificial Membrane Permeability Assay (PAMPA-BBB) (Pion Inc., USA) was 

obtained from Abdi Ibrahim Pharmaceuticals Inc. (Istanbul, Turkey). 

 

 

2.2.Methods 

 

2.2.1. Preparation of Liposomes 

 

The multilamellar vesicles (MLVs) were prepared by lipid film hydration method. 

The lipids (Figure 2.1) were dissolved in chloroform (2 ml) in polypropylene (PP) 

tubes at different molar ratios (Table 2.1). In cellular association experiments, the 

liposomes were prepared with Lissamine-Rhodamine labeled lipid at 0.5 mole % of 

total lipid mixture. The chloroform was then removed under nitrogen gas stream to 

form a lipid film. Remaining chloroform was removed in vacuum oven overnight 

(Nüve EV 018, Turkey). The lipid film was stored at 4
o
C after flushing with nitrogen 

gas. The lipid film was hydrated with 1 ml phosphate buffer solution (PB, 0.1 M, pH 

7.4) containing Levodopa (5 mg) or Levodopa(5 mg) and Glutathione (0.012 or 

0.006 mg) by heating at 38-44
o
C and vortex mixing (CAT VM3, France) in 2 minute 

cycles for 60 minutes. 
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Table 2.1.Composition of Lipid Films 

 

Liposome 

Type 

Liposome DPPC 

(µmol) 

Cho 

(µmol) 

DSPE-

mPEG 

(2000) 

(µmol) 

DSPE-

PEG 

(2000) 

amine 

(µmol) 

DSPE-

PEG-

malto-

dextrin 

(µmol) 

 

Conventional 

Liposome 

DPPC:Cho (8:2) 32 8 - - - 

DPPC:Cho (7:3) 28 12 - - - 

DPPC:Cho (6:4) 24 16 - - - 

Stealth 

Liposome 

2% PEG/LUV 28 12 0.55 - - 

4% PEG/LUV 28 12 1.10 - - 

 

Targeted 

Liposome 

0.35% MD-4% 

PEG/LUV 

28 12 - 0.55 0.55 

0.7% MD-4% 

PEG/LUV 

28 12 - - 1.10 

 

 

Large unilamellar vesicles (LUVs) were prepared from the multilamellar vesicles 

(MLVs) by extrusion method. The MLVs were extruded with mini-extruder set at 

38-44
o
C starting from 800 nm polycarbonate membrane (Avanti Polar Lipids, USA). 

Liposome suspension was passed through 800, 400, and 100 nm  membranes 5 times, 

5 times and 11 times, respectively. The final liposomes were passed through 

Sephadex G-75 size exclusion chromatography by using PD-10 disposable column 

(GE Healthcare, USA) to separate the unincorporated lipids and unentrapped drug. 

The elution buffer was PB solution (0.1 M, pH 7.4). The liposomal fractions were 

collected into polypropylene (PP) tubes and absorbance at 410 nm was measuredby 

microplate spectrophotometer (GMI Biotech 3550, USA) to detect LUV fractions. 

The loaded LUVs were pooled in a new vessel for further studies. 
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DPPC 

 

 

Cholesterol 

 

 

DSPE-mPEG(2000) (Na
+
 salt) 

 

 

DSPE-PEG(2000)Amine (Ammonium salt) 

 

 

DSPE-PEG-target moiety 

 

Figure2.1.Chemical structures of DPPC, Cholesterol, DSPE-mPEG(2000), DSPE-

PEG(2000)Amine, and DSPE-PEG(2000)-target moiety 
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Figure 2.2.Schematic illustration of maltodextrin conjugated PEGylated liposomes 

designed for the delivery of Levodopa and Glutathione to brain in this study 

[Modified from www.azonano.com] 

 

 

2.2.2. Conjugation of Maltodextrin to DSPE-PEG(2000)Amine 

 

Maltodextrin and DSPE-PEG(2000)Amine molecules were conjugated via 

carbodiimide chemistry. Before conjugation, some of the hydroxyl groups (-OH) of 

the maltodextrin were converted to carboxymethyl groups (-CH2COOH) in order to 

yield carboxylic acid groups (-COOH) for carbodiimide conjugation. Carboxylic acid 

group containing maltodextrin was later reacted with DSPE-PEG(2000)Amine via 

carbodiimide chemistry.  

 

2.2.2.1.Carboxymethylation of Maltodextrin 

 

Maltodextrin (0.2 g) and sodium hydroxide (0.046 g) were mixed in 

isopropanol:water (4:1 v/v) mixture in a two-neck round-bottom flask using a 

condenser and magnetic stirrer. The mixture was allowed to react at 50
o
C for 1 h. 

Then, monochloroacetic acid (0.7 g) in isopropanol (0.93 ml) was added and the 

http://www.azonano.com/
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mixture was allowed to react for additional 4 h at 50
o
C. The reaction was stopped by 

adding ethanol solution (70%, 10 ml). The solid precipitate was obtained by 

evaporating the solvents in laminar flow cabinet followed by freeze-drying. 

 

 

 

Figure 2.3.Carboxymethylation of maltodextrin 

 

 

2.2.2.2.Determination of Maltodextrin Carboxymethylation 

Efficiency  

 

The change in chemical structure of maltodextrin was analyzed by Attenuated Total 

Reflectance Fourier Transform Infrared Spectroscopy. ATR-FTIR spectra of 

unreacted maltodextrin and carboxymethylated-maltodextrin were obtained using 

Fourier Transform Infrared and Raman Spectrometer (ATR-FTIR, Bruker IFS 66/S, 

Middle East Technical University Central Laboratory) at mid infrared (MIR) 

spectrum range (4000-400 cm
-1

). Each sample was scanned 32 times during analysis. 

 

Carboxymethylation efficiency (CM.Ef.) was calculated from the decrease in the 

hydroxyl bond of maltodextrin by using the wavenumber (cm
-1

) versus transmittance 

(%) spectrum. The area under the hydroxyl bond peak for unreacted maltodextrin and 

carboxymethylated maltodextrin were calculated using OMNIC Spectra software 

(Thermo Fisher Scientific, USA) and the carboxymethylation efficiency was 

calculated according to the following formula: 
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CM. Ef.= 
     (                      )       (                              )

     (                      )
 x100% [92] 

 

  

 

2.2.2.3.Conjugation of Carboxymethylated-Maltodextrin to DSPE-

PEG(2000)Amine 

 

Carboxymethylated-maltodextrin (0.74 g) was dissolved in acetone (100 ml) and 

then, N,N-dicyclohexylcarbodiimide (DCC)(0.28 g) and N-hydroxysuccinimide 

(NHS) (0.17 g) were added. The mixture was allowed to react for 22h at room 

temperature. The acetone was removed under nitrogen gas stream in laminar flow 

cabinet. The activated maltodextrin was mixed with DSPE-PEG(2000)Amine (0.052 

g) and dissolved in DMSO solution (20 ml, 96%). The mixture was allowed to react 

for 24h at room temperature. The reaction medium was put into dialysis tubing (2000 

MWCO) and dialyzed against distilled water for 24h. The water was refreshed every 

six hours. The remaining solution in the dialysis tubing was centrifuged at 14,000 

rpm at 4
o
C for 10 minutes (Sigma 3-30K, Germany). The conjugated lipid pellet was 

dried under nitrogen gas stream in laminar flow cabinet and dried in vacuum oven 

overnight (Nüve EV 018, Turkey). The conjugated lipid was dissolved in acetone 

and stored at 4
o
C under nitrogen gas. 
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Figure 2.4.Conjugation of DSPE-PEG(2000)Amine and carboxymethylated 

maltodextrin 

 

 

2.2.2.4.Determination of Maltodextrin Conjugation Efficiency 

 

The maltodextrin conjugation efficiency to DSPE-PEG(2000)Amine was analyzed 

by Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy. ATR-

FTIR spectra of physical mixture of DSPE-PEG(2000)Amine and 

carboxymethylated-maltodextrinand reaction product DSPE-PEG-maltodextrin were 

performed using Fourier Transform Infrared and Raman Spectrometer and (ATR-

FTIR, Bruker IFS 66/S, Middle East Technical University Central Laboratory) at mid 

infrared (MIR) spectrum range (4000-400 cm
-1

). Each sample was scanned 32 times 

during analysis. 
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Conjugation efficiency (Conj. Eff.) was calculated from the decrease in the amine 

bond by using the wavenumber (cm
-1

) versus transmittance (%) spectrum. The area 

under the amine bond peak was calculated using OMNIC Spectra software (Thermo 

Fisher Scientific, USA) and the conjugation efficiency was calculated according to 

following formula:  

 

Conj. Eff. =  
     (                )       (                )

     (                )
 x 100%                         [93]    

 

                      

2.2.3. Quantification of Levodopa 

 

The amount of Levodopa was determined with the Fluorescence Spectrometry 

(Turner Biosystems Modulus Fluorometer, UV Kit, USA) by using disposable 

methacrylate cuvettes. Levodopa concentrations in the pooled LUVs and release 

samples were calculated from Levodopa calibration curve constructed (range: 0-100 

µg/ml) in PB (0.1 M, pH 7.4) where PB was used as blank and subtracted from the 

sample. 

 

2.2.4. Quantification of Glutathione 

 

The amount of Glutathione (GSH) was determined by ELISA(Enzyme-linked 

Immunosorbent Assay) kit (Glutathione Assay Kit, Cayman, USA) using the 

enzymatic recycling method, using glutathione reductase (Figure 2.5). GSH is easily 

oxidized to the Glutathione disulfide (GSSG).Since glutathione reductase is used in 

this assay, both GSH and GSSG are measured and the assay gives total amount of 

glutathione (Figure 2.5, a).The sulfhydryl group of GSH reacts with DTNB (5,5’-

dithio-bis-2-(nitrobenzoic acid) and produces 5-thio-2-nitrobenzoic acid (TNB).The 

mixed disulfide, GSTNB (between GSH and TNB) that is similtaneously produced, 

is reduced by glutathione reductase to recycle the GSH and produce more TNB 

(Figure 2.5, b).The rate of TNB production is directly proportional to the 

concentration of GSH in the sample.  
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The total amount of GSH in the sample is obtained by measuring the absorbance of 

TNB at 405-414 nm. Glutathione amount in the poolled LUVs and release samples 

were calculated from the standard curve (range: 0-16 µM) which was run at each 

time simultaneously with the samples.  

 

 

 

 

Figure 2.5.Enzymatic recycling of GSH 

 

 

2.2.5. Quantification of Phospholipids (DPPC) 

 

The amount of DPPC was determined by UV-Visible Spectrophotometer (Hitachi U-

2800A, Japan) using the previously defined colorimetric method, which was based 

on a complex formation between the phospholipids and ferrothiocyanate [91]. The 

liposomes were dried in vacuum oven overnight (Nüve EV 018, Turkey). The dry 

phospholipid residue was dissolved in 2 ml chloroform and 1 ml thiocyanate reagent. 

Then they were vortex mixed (CAT VM3, France) for 1 minute and centrifuged 

(Hettich EBA 20, UK) at 2000 rpm for 5 minutes. After centrifugation, the lower 

(chloroform) phase was removed and its absorbance was read at 488 nm. The amount 

of DPPC was quantified according to DPPC calibration curve constructed (range: 10-

100 µg/ml). Chloroform was used as blank. 

 

 

 

a 

 

 

b 
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2.2.6. Characterization of Liposomes 

 

2.2.6.1.Particle Size Measurement 

 

The particle size distribution of the LUVs was determined by Dynamic Light 

Scattering Method. The average hydrodynamic diameter of the freshly prepared 

LUVs was measured after 1:10 dilution with PB solution (0.1 M, pH 7.4) using 

particle sizer (Malvern Mastersizer 2000) at Middle East Technical University 

Central Laboratory. 

 

2.2.6.2.Surface Charge Measurement 

 

The surface charge of the LUVs was determined by Zeta Potential Method. The 

surface charge of the freshly prepared LUVs was measured after 1:2 dilution with PB 

solution (0.1 M, pH 7.4) with Malvern Nano ZS90 at Middle East Technical 

University Central Laboratory. 

 

2.2.6.3.Morphological Characterization 

 

The morphological characterization of the liposomes was performed by High 

Contrast Transmission Electron Microscopy (TEM) (FEI Technai G2 Spirit BioTwin 

CTEM, Middle East Technical University Central Laboratory) at 80 kV in bright 

field imaging mode. Uranyl acetate solution was used as coloring agent. The LUVs 

(100 µl) were placed onto Copper Grids (Formvar-Carbon Film on 300 square mesh 

Copper Grids) after 1:50 dilution with PB solution (0.1 M, pH 7.4) and they were 

dyed with 2% (g/ml) uranyl acetate solution. The morphological characterization of 

the stained LUVs was performed under High Contrast Transmission Electron 

Microscopy (TEM). 
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2.2.6.4.Drug Encapsulation Efficiency and Percent Drug Loading 

 

The amount of Levodopa was calculated as described in Section 2.2.3 and percent 

drug encapsulation efficiency (% EE) was calculated according to following 

equation: 

 

% EE = 
                  

                           
 x 100 % 

 

The amount of DPPC was calculated as described in Section 2.2.5 and percent drug 

loading was calculated according to following equation: 

 

% drug loading = 
                   

               
 x 100 % 

 

 

2.2.6.5.Levodopa and Glutathione Release Studies 

 

In vitro release experiments were performed in a previously constituted experimental 

setup, which mimics the in vivo conditions with the set parameters such as medium 

composition, temperature and pH. The LUVs (1 ml) were put into dialysis sacks 

(Molecular weight cut off: 12000 Da) and placed in 15 ml  polypropylene (PP) tubes 

containing 10 ml release medium (0.1 M PB, pH 7.4). The release media was 

continuously and mildly shaken in the water bath (NÜVE ST 402, Turkey) at 37
o
C. 

The release samples were taken after 6, 24 and 48 hours in order to quantitate the 

released amount of Levodopa and Glutathione as described in Section 2.2.3 and 

2.2.4, respectively. 
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2.2.7. Stability of Liposomes 

 

The stability of the liposomes was investigated by Dynamic Light Scattering Method 

(Malvern Nano ZS90, Middle East Technical University Central Laboratory) and 

Zeta Potential Method (Malvern Nano ZS90, Middle East Technical University 

Central Laboratory). The liposomes were stored at 4
o
C and 25

o
C for six months. 

Particle size and zeta potential measurements were performed monthly. After 6 

months of incubation, the liposomes were tested for drug encapsulation. The 

liposomes were centrifuged at 25,000 rpm for 20 minutes at 4
o
C (Sigma 3-30K, 

Germany) to separate released drug from drug loaded liposomes. The released 

amount of Levodopa was calculated from supernatant liquid as described in Section 

2.2.3. 

 

2.2.8. Cell Culture 

 

2.2.8.1.Cell Culture Conditions 

 

3T3 and MDCK cells were routinely cultured in Dulbecco’s modified Eagle’s 

medium (DMEM high glucose-glutamine) supplemented with fetal bovine serum 

(FBS, 10 %, v/v) and penicillin-streptomycin (1 %, v/v) at 37
o
C under humidified 

atmosphere of 5 % CO2 – 95 % air in incubator (5215, SHEL LAB, USA). The 

medium was refreshed every two days. When the cells reached at least 80-90 % 

confluency, they were passaged using trypsin-EDTA (0.25 % in PBS). 

SH-SY5Y cells were routinely cultured in 1:1 mixture of Dulbecco’s modified 

Eagle’s medium (DMEM high glucose-glutamine) and HAM’s nutrient mixture F-12 

with L-Glutamine supplemented with fetal bovine serum (FBS, 10 %, v/v) and 

penicillin-streptomycin (1 %, v/v) at 37
o
C under humidified atmosphere of 5 % CO2 

– 95 % air in incubator (5215, SHEL LAB, USA). The medium was refreshed every 

two days. When the cells reached at least 80-90% confluency, they were passaged 

using trypsin-EDTA (0.25 % in PBS). 
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2.2.8.2.Cell Viability and Toxicity Assay 

 

The cytotoxicity effect of pure Levodopa and liposomes were tested on 3T3 and SH-

SY5Y cells by MTT assay. 3T3 cells and SH-SY5Y cells were seeded at an initial 

density of 6x10
4
 cells/well and 2x10

5
 cells/well in 24-well plates, respectively and 

allowed to attach for 24 hours. After 24 hours, the medium was removed and fresh 

cell culture media (containing either drug solution (0, 20, 40, 60, 80, 100 µM 

Levodopa with and without 0.06 µM GSH) or liposome solution (empty liposome or 

100 µM Levodopa with and without 0.06 µM GSH containing liposome) were 

added.After 24 and 48 hours, the media were removed and the wells were washed 

with PBS (0.01 M, pH 7.4). 500 µL MTT test solution was then added and the cells 

were incubated in dark for 4 hours. After 4 hours, test solutions were removed and 

the cells were lysed with DMSO (500 µL/well) with shaking at 200 rpm for 15 

minutes in dark. The optical densities were measured at 570 nm using microplate 

spectrophotometer (GMI Biotech 3550, USA). Each experimental group was studied 

in quaternary replicates in a plate with three technical replicates (n=3). In vitro 

liposome groups used in cytotoxicity experiments are listed in Table 2.2.  

 

The cells were imaged by Phase Contrast Inverted Microscope (Nikon Eclipse 

TS100, USA) at the beginning of the MTT assay. Percent cellular viability values 

were calculated according to following equation where Absorbance (c=0) is the 

absorbance of the control group containing no drug or liposome and Absorbance (c) 

is the absorbance of an experimental group containing a known concentration of drug 

or liposome solution. 

 

 

Percent Cellular Viability = 
           ( )

           (   )
 x 100% 
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Table 2.2.Liposome groups studied in in vitro cytotoxicity experiments 

 

Group no Liposome 

1 No liposome added (Control) 

2 Empty PEGylated liposome 

(4% PEG/LUV) 

3 Empty targeted liposome 

(0.7% MD-4% PEG/LUV) 

4 Levodopa loaded PEGylated liposome 

(LD-4% PEG/LUV) 

5 Levodopa and GSH loaded PEGylated liposome 

(LD-GSH-4% PEG/LUV) 

6 Levodopa loaded targeted liposome 

(LD-0.7% MD-4%  PEG/LUV) 

7 Levodopa and GSH loaded targeted liposome 

(LD-GSH-0.7% MD-4% PEG/LUV) 

 

 

2.2.8.3.In vitro Blood-Brain Barrier (BBB) Transport Assay  

 

In vitro Blood-brain Barrier (BBB) transport experiments were performed using 

BBB Parallel Artificial Membrane Permeability Assay (PAMPA-BBB), which 

mimics the properties of the brain lipid membranes. The artificial membranes 

between donor and acceptor compartments were formed by adding lipid solution (10 

μL/well in 96-well plates) to each compartment. The wells of the acceptor plate were 

filled with phosphate buffer solution (PB, 0.1 M, pH 7.4) (200 μL/well in 96-well 

plates). The donor plate was placed on the acceptor plate and the wells of the donor 

plate were filled with either drug solution (0.75 mg/ml Levodopa) or liposome 

solution (0.75 mg/ml Levodopa containing liposome) (200 μL/well in 96-well plates) 

as shown in Figure 2.6. The system was incubated at 37
o
C in dark for 48 hours. The 

aliquots of the acceptor phase were analyzed after 6, 9, 24, and 48 hours in order to 

obtain the transported amount of Levodopa as described in Section 2.2.3. In vitro 
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experimental groups used in BBB transport assay are listed in Table 2.3. Each 

experimental group was studied with triple replicates (n=3). Percent drug passage 

(%drug passage) and Percent lipid passage (%lipid passage) values were calculated 

according to following equations: 

 

 

 %drug passage =     
                                   

                                                 
  x100% 

 

 

%lipid passage = 100 - 
                                                          

                                             
 x 100% 

 

 

 

 

 

 

 

Figure 2.6.Schematic illustration of in vitro Blood-Brain Barrier (BBB) transport 

assay using BBB Parallel Artificial Membrane Permeability Assay (PAMPA-BBB) 

model 
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Table 2.3.Experimental groups studied in Blood-Brain Barrier (BBB) Transport 

Assay 

 

Group no Groups 

1 Levodopa solution 

2 Levodopa loaded PEGylated liposome 

(LD-4% PEG/LUV) 

3 Levodopa and GSH loaded PEGylated liposome 

(LD-GSH-4% PEG/LUV) 

4 Levodopa loaded targeted liposome 

(LD-0.35% MD-4%  PEG/LUV) 

5 Levodopa and GSH loaded targeted liposome 

(LD-GSH-0.35% MD-4% PEG/LUV) 

6 Levodopa loaded targeted liposome 

(LD-0.7% MD-4%  PEG/LUV) 

7 Levodopa and GSH loaded targeted liposome 

(LD-GSH-0.7% MD-4% PEG/LUV) 

 

 

2.2.8.4.Cellular Association of Liposomes 

 

Drug and antioxidant loaded stealth and targeted liposomal formulations (i.e. 4% 

PEG/LUV and 0.7% MD-4% PEG/LUV, respectively) were evaluated for cellular 

surface binding to MDCK cells by Laser Scanning Confocal Microscopy (LSCM). 

MDCK cells were seeded at an initial density of 3x10
5
 cells/well on glass coverslips 

in 6-well plates and allowed to attach for 2 days. After 48 hours, the medium was 

removed and fresh cell culture media containing Lissamine-Rhodamine labeled 

liposomes having 500 µM total lipid concentration were added and incubated in 

dark. After 3 and 6 hours incubation, the media containing labeled liposomes were 

removed and the cells were washed with PBS (0.01 M, pH 7.4). The glass coverslips 

were gently removed from the plates and mounted to glass slide. The lam-lamella 

system was immobilized at the edges by sticking. The cellular binding of the labeled 
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liposomes was imaged in Laser Scanning Confocal Microscopy (LSCM) using Plan-

Neofluar 40x/1.3 Oil DIC objective (Zeiss LSM 510, Middle East Technical 

University Central Laboratory, Molecular Biology and Biotechnology Research 

Center). Excitation and emission wavelengths were set to 560 and 583 nm, 

respectively. 

 

In cellular association experiment, untreated MDCK cells were used as negative 

control group. The fluorescence intensity around the cells was measured using an 

image processing programcalled Image J and corrected fluorescence (CF) values 

were calculated according to following formula where mean fluorescence is 

integrated fluorescence intensity per unit area. 

 

CF = Mean fluorescence of selected region – Mean fluorescence of background [94] 

 

The Corrected Fluorescence (CF) values were calculated from the mean fluorescence 

intensity of the regions around the cells by subtracting the background mean 

fluorescence intensity. Each experimental group was studied with triple replicates 

(n=3), i.e., three different liposome-cell associated region were studied in the same 

LSCM image. 

 

 

2.2.9. Statistical Analysis 

 

In comparing the groups for a single parameter, One-way Analysis of Variance 

(ANOVA) test was done with Tukey’s Multiple Comparison Test for the post-hoc 

pairwise comparisons (SPSS-22 Software Programme, SPPS Inc., USA). Differences 

were considered significant for p < 0.05. 
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CHAPTER 3 

 

RESULTS AND DISCUSSION 

 

 

Liposomes as drug carriers are preferred due to high drug loading capacity and low 

cytotoxicity [95]. In this study Levodopa was loaded into liposomes by lipid film 

hydration method. Liposomes were composed of phospholipid and cholesterol which 

are readily present in cell membrane composition [96]. The liposomes were prepared 

within 38-44
o
C temperature range during hydration and extrusion steps in order to 

protect bioactivity of the Levodopa. Levodopa is an amino acid (i.e. L-tyrosine) 

derived biomolecule and loses its activity above 45
o
C [97]. PC (1,2-dipalmitoyl-sn-

glycero-3-phosphocholine, 16:00) (DPPC) and cholesterol were preferred due to 

their moderate phase transition temperatures of 41
o
C and 40

o
C, respectively. LUVs 

were prepared with different molar ratios as listed in Table 2.1. 

 

In size exclusion chromatography (SEC), drug encapsulated LUVs were separated 

from unencapsulated drug and unincorporated lipids according to turbidity of the 

collected fractions. Figure 3.1 shows the turbidity and fluorescence readings of 

liposomal fractions and fluorescence reading of a free drug solution through size 

exclusion column. According to this figure, free drug is observed after 8
th

 fraction, 

thus, drug loaded liposomes were collected through the fractions 3 to 7 to avoid 

unencapsulated drug.  
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Figure 3.1.A representative chromatogram showing turbidity readings of Levodopa 

loaded LUVs by UV spectrophotometry and fluorescence readings by fluorescence 

spectrometry 

 

3.1.Characterization of Conventional Liposomes 

 

3.1.1. Effects of Hydration Temperature and Lipid Composition 

 

In initial optimization studies, the LUVs were prepared with three different molar 

lipid compositions (DPPC:Cho 8:2, 7:3, and 6:4) at four different temperatures (38, 

40, 42 and 44
o
C) The liposomes were evaluated in terms of size distribution, 

morphology, drug encapsulation efficiency, percent lipid recovery, percent drug 

loading, and in vitro drug release profiles. 

 

3.1.1.1.Particle Size Distribution and Morphology 

 

Liposomes were aimed to be produced in sizes suitable for intravenous 

administration in order to increase their circulation time in bloodstream. In literature, 

it is stated that liposomes in 100-150 nm range can be given intravenously and they 

can have high bioavailability since they can bypass gastrointestinal system [98]. 

Liposomes were prepared by extrusion through 100 nm pore sized polycarbonate 
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membrane. The number of passes through the extruder system was optimized to have 

the liposomes between 100 and 150 nm size.  

 

Particle size distribution of the liposomes was obtained by Dynamic Light Scattering 

(DLS) method with laser diffraction principle. Hydrodynamic diameter of the 

liposomes in aqueous form was determined by Mie Theory. The diameter obtained 

by this technique refers to a sphere having the same translational diffusion 

coefficient as the liposome being measured [99]. 

 

Table 3.1 shows the size distribution results of Levodopa loaded conventional LUVs 

prepared at 44
o
C. It is seen that all liposomal formulations had similar particle size 

distribution with low PdI values. The mean hydrodynamic diameters of the 

liposomes were in the desired particle size range (D: 100-150 nm) having 

monodisperse size distribution (PdI ≤ 0.1). This shows that changing lipid 

composition does not reveal a significant effect on particle size distribution of 

conventional liposomes.  

 

Table 3.1.Size distribution results of L-Dopa loaded LUVs prepared at 44
o
C 

Liposome 

Compositions 

(molar ratios) 

z-average 

diameter  

(nm) 

Peak diameter  

(nm) 

Width  

(nm) 

PdI 

DPPC:Cho 8:2 117.7 110.0 27.14 0.018 

DPPC:Cho 7:3 123.9 116.7 28.06 0.018 

DPPC:Cho 6:4 138.1 129.3 41.39 0.109 

 

Figure 3.2 shows the representative DLS results of size distribution for Levodopa 

loaded LUVs (DPPC:Cho 8:2, DPPC:Cho 7:3, and DPPC:Cho 6:4) prepared at 44
o
C 

by exclusion through 100 nm polycarbonate membrane. All of the liposomes had 

unimodal size distribution with quite narrow range. Figure 3.3 shows TEM image of 

Levodopa loaded DPPC:Cho (7:3 m:m) liposomes prepared at 44
o
C. Liposomes had 

unilamellar morphology with mean diameter between 100 and 150 nm in accordance 

with size distribution results. No aggregation was observed in the TEM images. 
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a)  

 

b)  

c)  

 

 

Figure 3.2.Representative DLS results of size distribution for Levodopa loaded 

LUVs (a. DPPC:Cho 8:2 b. DPPC:Cho 7:3 c. DPPC:Cho 6:4) prepared at 44
o
C by 

exclusion through 100 nm polycarbonate membrane  
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Figure 3.3.TEM image of Levodopa loaded DPPC:Cho (7:3) liposomes prepared at 

44
o
C 

 

3.1.1.2.Drug Encapsulation Efficiency, Percent Lipid Recovery, and Percent 

Drug Loading 

 

The conventional LUVs were tested for drug encapsulation efficiency (% drug EE), 

lipid recovery, and drug loading.  Levodopa encapsulation efficiency values ranged 

between 50% and 80%. Lipid recovery values were between 40% and 57%. Percent 

loading values ranged between 22% and 45%. Lower percent lipid recovery and 

loading values resulted from liposome preparation at low temperatures. 

Temperatures were retained between 38
o
C and 44

o
C in order to maintain bioactivity 

of the Levodopa. Among the conventional liposome groups, DPPC:Cho (7:3 m:m) 

prepared at 40
o
C had the highest drug encapsulation efficiency (79.83 ± 0.95 %) and 

percent drug loading (45.16 ± 0.70 %). So, this condition was chosen for further 

studies. In literature a study revealed 1.36% Levodopa loading in egg yolk 

phosphotidylcholine:cholesterol (EPC:Cho) (7:3) liposomes prepared by sonication 

method [100]. First reason for this wide difference is the difference in initial loading 

used. Their initial loading was four times lower than this study. Preparation of 

liposomes by sonication method is another reason for decrease in drug loading; 

sonication method resulted in smaller liposomes with diameter in 60-100 nm (SUVs) 

and SUVs had smaller inner aqueous volume for drug encapsulation. 
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Table 3.2.Comparison of drug encapsulation efficiencies (% drug EE), percent lipid 

recoveries, and percent drug loadings of L-Dopa loaded conventional LUVs prepared 

at difeerent temperatures (n=3) 

 

Liposome 

Preparation 

Temperature 

Liposome 

Compositions 

(molar ratios) 

% drug 

EE 

% Lipid 

Recovery 

% Drug 

Loading 

38
o
C DPPC:Cho 8:2 60.38 ± 1.88 40.76 ± 0.15 31.95 ± 2.10 

DPPC:Cho 7:3 63.72 ± 4.18 42.27 ± 0.16 37.68 ± 2.35 

DPPC:Cho 6:4 61.95 ± 1.32 48.62 ± 0.69 35.79 ± 0.25 

40
o
C DPPC:Cho 8:2 62.09 ± 1.17 41.99 ± 0.63 31.60 ± 1.08 

DPPC:Cho 7:3 79.83 ± 0.95 43.54 ± 0.15 45.16 ± 0.70 

DPPC:Cho 6:4 75.37 ± 4.49 51.18 ± 0.18 41.84 ± 2.36 

42
o
C DPPC:Cho 8:2 50.68 ± 0.62 48.32 ± 0.19 22.03 ± 0.18 

DPPC:Cho 7:3 53.01 ± 3.67 50.10 ± 0.30 25.68 ± 1.32 

DPPC:Cho 6:4 50.04 ± 3.12 57.60 ± 0.22 24.82 ± 0.98 

44
o
C DPPC:Cho 8:2 69.24 ± 3.67 42.67 ± 0.14 34.97 ± 1.73 

DPPC:Cho 7:3 60.44 ± 0.02 40.51 ± 0.14 37.30 ± 0.14 

DPPC:Cho 6:4 66.30 ± 3.64 49.46 ± 0.19 37.65 ± 1.93 

 

 

3.1.1.3.In vitro Release Profiles 

 

The conventional LUVs were evaluated based on in vitro release profiles. Figure 3.4 

shows comparison of cumulative percent Levodopa release from DPPC:Cho (8:2, 

7:3, and 6:4 m:m) liposomes prepared at 38
o
C, 40

o
C, 42

o
C, and 44

o
C. Controlled 

drug release from liposomes is desired to improve bioavailability of the drug in 

bloodstream. Figure 3.3 reveals that liposomes did show a small burst release at 4h. 

At each temperature, the DPPC:Cho 8:2 ratio group had the fastest and DPPC:Cho 

7:3 group had the slowest cumulative drug release. Cholesterol inclusion of 30 mole 

% of the total lipid content decreased the cumulative amount of Levodopa released 

within 48 hours. Inclusion of cholesterol increases the rigidity of the bilayer and 
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decreases the permeability of liposomes; thereby decreasing the release rate [6]. 

However, increasing the cholesterol concentration above 55% was reported to disrupt 

the regular structure of the liposomal membrane resulting in the change in release 

profile [102, 103].  

 

Among liposomal groups, the liposomes prepared at 38
o
C and 40

o
C had slower drug 

release profiles (Figure 3.4). Among the LUVs, the liposome DPPC:Cho 7:3 

prepared at 40
o
C had the slowest cumulative drug release (29.99 ± 0.81 % and 44.98 

± 1.63 % at 24h and 48h, respectively) despite having highest drug encapsulation 

efficiency (79.83 ± 0.95 %). In literature the studies revealed that the liposomes 

reached to the brain following 12 hours [104] and 8 hours [105] after given by oral 

and intravenous routes, respectively. This means that the liposomes developed in this 

study can be either given orally or intravenously as most of the drug still retained 

within the liposomes after 8 or 12 hours. However, intravenous administration was 

favorable over oral administration due to increased plasma liposome concentration 

which leads to increased bioavailability. 

 

 

a)  

 

Figure 3.4.Effect of liposome preparation temperature on the release of Levodopa 

from DPPC:Cho (8:2, 7:3, and 6:4 m:m) liposomes prepared at a) T = 38
o
C b) T = 

40
o
C c) T = 42

o
C d) T = 44

o
C (n=3) 
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b)  

 

c)  

 

d)  

 

Figure 3.4.(continued) 
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3.2. Characterization of Stealth Liposomes 

 

Stealth liposomes were prepared with PEG coating of the conventional DPPC:Cho 

liposomes. In literature PEGylated liposomes are reported to be more stable with 

prolonged blood circulation [106]. PEGylated liposomes are revealed to have low 

potential to be captured by the Reticuloendothelial system (RES) cells [107]. High 

degree of PEGylation may destabilize the integrity of the lipid bilayer which causes 

difficulty in cellular binding and intracellular drug delivery [108]. Low degree of 

PEGylation may result in rapid removal of the liposomes from the blood stream by 

the RES cells. Therefore, degree of PEGylation is very important for liposomal drug 

carriers. A study revealed that the liposomes with PEGylation degree lower than 5% 

of phospholipids had higher binding affinity than the higher degree of PEGylation 

[67]. 

 

In this study PEGylation was achieved by addition of 18:00 DSPE-mPEG(2000) into 

lipid film with two different ratios (2 and 4 mole percentage of DPPC) as listed in 

Table 2.1.The stealth liposomes were prepared with PEGylation of DPPC:Cho (7:3) 

liposomes prepared at 40
o
C. They were evaluated in terms of size distribution, 

surface charge, morphology, drug encapsulation efficiency, percent lipid recovery, 

percent drug loading, and in vitro drug release profiles. 

 

3.2.1. Particle Size Distribution, Surface Charge, and Morphology 

 

Size distribution of the PEGylated liposomes was obtained by DLS analysis. 

PEGylated liposomes had slightly higher hydrodynamic diameter than the 

conventional liposome (DPPC:Cho; 7:3) (i.e. 123.9 nm) due to hydrophilic nature of 

the PEG molecule. However, they had size distribution in the desired range (D: 100-

150 nm) with monodisperse distribution (PdI ≤ 0.1). The zeta potential values of the 

PEGylated liposomes were similar and slightly lower than neutrality indicating the 

stability of the PEGylated liposomes. In literature it was shown PEGylation up to a 

certain level of render liposome surfaces more hydrophilic and neutralize it for 

increased cellular binding [108]. 
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Figure 3.5 shows the representative size distribution of the levodopa loaded 

PEGylated liposomes obtained by DLS analysis. It is seen that PEGylated liposomes 

had unimodal size distribution with narrow range. TEM micrographs of the 

PEGylated liposomes (Figure 3.6) showed that the liposomes had spherical 

morphology and unilamellar structures. The size of the stealth liposomes was 

compatible with the size distribution results (D: 100-150 nm). 

 

 

a)  

 

b)  

 

 

Figure 3.5.Representative DLS results of size distribution for levodopa loaded LUVs 

a) 2% PEG/LUV b) 4% PEG/LUV prepared at 40
o
C by exctrusion through 100 nm 

polycarbonate membrane 
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Table 3.3.Size distribution and zeta potential results of the Levodopa loaded 

PEGylated LUVs 

 

Liposome z-average 

diameter 

(nm) 

Peak 

diameter 

(nm) 

Width 

(nm) 

PdI Zeta Potential 

(mV) 

2% PEG/LUV  137.0 131.0 31.50 0.035 -7.76 

4% PEG/LUV 129.2 120.9 31.68 0.030 - 5.94 

 

 

a)  b)  

 

Figure 3.6.TEM images of levodopa loaded a) 2% PEG/LUV b) 4% PEG/LUV 

 

3.2.2. Lipid Recovery, Drug Encapsulation Efficiency, and Loading 

 

Drug encapsulation efficiency, percent lipid recovery, and percent drug loading 

values of the PEGylated liposomes are listed in Table 3.4. Different PEGylation 

degrees did not result in any significant difference in terms of drug encapsulation 

efficiency, lipid recovery, and drug loading. However, as the degree of PEGylation 

increased, there was a slight decrease in drug encapsulation efficiency (from 79.83 ± 

0.95 %) and slight increase in lipid recovery (from 43.54 ± 0.15 %) when compared 

with conventional liposome DPPC:Cho 7:3 (m:m). The decrease in drug 

encapsulation efficiency was resulted from PEGylation; PEGylated liposomes had 

smaller internal volume for drug encapsulation due to PEG coating of the liposomes. 
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The increase in lipid recovery was resulted from enhanced stability of the PEGylated 

liposomes; in literature PEGylated liposomes were revealed more stable than 

conventional liposomes [109]. 

 

Table 3.4.Comparison of drug encapsulation efficiency (% drug EE), percent lipid 

recovery, and percent drug loading of Levodopa loaded PEGylated liposomes 

prepared at 40
o
C (n=3) 

 

Liposome 

 

% drug EE % Lipid 

Recovery 

% Drug 

Loading 

2% PEG/LUV  71.60 ±  0.65 47.77 ± 0.37 36.92 ±  0.33 

4% PEG/LUV 74.57 ±  1.04 49.05 ± 0.18 38.01 ±  0.63 

 

 

3.2.3. In vitro Release Profiles 

 

The cumulative percent drug release of the conventional liposome (DPPC:Cho 7:3) 

and PEGylated liposomes (2% and 4% PEGylated DPPC:Cho 7:3) are shown in 

Figure 3.7. The liposomes had similar cumulative drug release profiles. They showed 

similar burst drug release with conventional liposomes; only 18-20 % of total 

levodopa was released in the first 4 hours. However, drug release slowed down when 

liposomes were PEGylated and also when PEGylation degree was increased from 2% 

to 4%. For higher bioavailability in bloodstream, 4% PEGylated liposome 

(DPPC:Cho 7:3) was found optimal with slowest drug release for 24h and 48h 

periods (25% and 36% cumulative drug release, respectively).  

 

The results revealed that PEGylated liposomes were more stable with slower drug 

release. The decrease in drug release rate might have resulted from difficulty in drug 

release through entanglement of the drug molecules in PEG chains covering the 

liposome surfaces. In literature, PEGylated liposomes were shown to have prolonged 

drug release avoiding adverse effects and fluctuations in plasma drug concentration 
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[110]. In many studies, PEGylated liposomes were indicated to have slower drug 

release profile than conventional liposomes [111-114].  

 

 

 

 

 

Figure 3.7.Comparison of in vitro drug release of Levodopa loaded LUVs and 

PEGylated liposomes prepared at 40
o
C (n=3) 

 

 

3.3. Characterization of Targeted Liposomes 

 

Targeted liposomes were prepared via covalent conjugation of maltodextrin to the 

end of PEG chains attached to DSPE lipid in lipid bilayer membrane of the 

liposomes. In order to conjugate maltodextrin molecules to the PEG molecules, 

firstly maltodextrin was carboxylmethylated to yield carboxyl groups. Thereafter 

carboxyl groups of the maltodextrin (-COOH) and amine groups of the PEG lipid (-

NH2) reacted via carbodiimide chemistry. Targeted liposomes were prepared with 

maltodextrin conjugated PEG lipids by inserting the conjugated lipid during lipid 

film preparation step. 

 

 

0

10

20

30

40

50

0 20 40 60

C
u

m
u

la
ti

v
e 

R
el

ea
se

 (
%

) 

Time (h) 

Conventional

liposome

2 % PEGylated

liposome

4 % PEGylated

liposome



 

60 
 

3.3.1. Evaluation of Conjugation of Maltodextrin to DSPE-PEG(2000)  

3.3.1.1. Carboxymethylation of Maltodextrin 

 

Prior to conjugation of maltodextrin to PEG lipid, maltodextrin was firstly 

carboxylmethylated as described in Section 2.2.2.1. In carboxymethylation reaction, 

some of the hydroxyl groups (-OH) of the maltodextrin were converted to 

carboxylmethyl groups (-CH2-COOH) as shown in Figure 2.3. Figure 3.8 represents 

the FTIR spectra of the unreacted maltodextrin and carboxylmethylated 

maltodextrin. The reduced intensity at hydroxyl bond (3200-3550 cm
-1

) band and 

intensity formation at carboxyl bond (1649-1780 cm
-1

) band proved the 

carboxymethylation of maltodextrin. In IR spectrum of the carboxylmethylated 

maltodextrin, the increase in intensity at 1400 and 1600 cm
-1 

were attributed to 

symmetrical and asymmetrical vibrations, respectively due to incorporation of 

carboxylmethyl groups into the maltodextrin molecule [115].  

 

Carboxymethylation efficiency was calculated as 62.68% from FTIR spectrum of the 

maltodextrin (Figure 3.8) by using the intensity decrease in between 3200 and 3550 

cm
-1

, representing OH stretching in hydroxyl bond. In literature carboxymethylation 

efficiency values ranged between 50 and 80 percent according to reaction parameters 

such as alcohol type in the reaction medium, volume and concentration of sodium 

hydroxide and alcohol solution, amount of chloroacetic acid, reaction temperature, 

and reaction time [115-118]. A study revealed that carboxymethylation efficiency is 

the highest in isopropyl alcohol solution among methyl, ethyl, propyl, isopropyl, 

butyl, sec-butyl, and tert-butyl alcohol solutions keeping the other reaction 

conditions same [116]. Thus, isopropyl alcohol was used in reaction medium. In 

carboxymethylation reaction, sodium hydroxide is used as a strong base to increase 

nucleophilicity of the free hydroxide groups (-OH) by deprotonating them; thereafter 

activated hydroxyl groups are converted to carboxylmethyl groups reacting with 

chloroacetic acid; thus volume and concentration of the sodium hydroxide and 

chloroacetic acid are very important [115]. In this study, amount of sodium 

hydroxide, chloroacetic acid and isopropyl alcohol were adapted from a previously 

conducted study with high carboxymethylation efficiency [93] as explained in 
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Section 2.2.2.1. The reaction was carried out at 50
o
C for 4 hours as mostly done in 

literature for higher carboxymethylation efficiency [115-118]. 

 

 

 

Figure 3.8.ATR-FTIR spectra of maltodextrin and carboxylmethylated maltodextrin 

(3200-3550 cm
-1

: hydroxyl bond (-OH), 1649-1780 cm
-1

: carboxyl bond (-COOH)) 
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3.3.1.2. Conjugation of Carboxylmethylated Maltodextrin and DSPE-

PEG(2000) 

 

Maltodextrin and DSPE-PEG(2000)amine were conjugated using carbodiimide 

chemistry after carboxymethylation of the maltodextrin; carboxyl groups of the 

maltodextrin (-COOH) and amine groups of the PEG lipid (-NH2) were reacted as 

shown in Figure 2.4. In this conjugation, the carboxyl groups of the maltodextrin 

were initially activated by N,N-dicyclohexylcarbodiimide (DCC) and N-

hydroxysuccinimide (NHS). Thereafter the activated maltodextrin reacted with 

nitrogen nucleophiles of the PEG lipid to form stable amide bonds. In order to 

confirm the conjugation, FTIR analysis was performed. Figure 3.9 shows the FTIR 

spectra of physical mixture and reaction product of the maltodextrin and DSPE-

PEG(2000)Amine. The decreased intensity at amine bond (3180-3500 cm
-1

) and 

carboxyl bond (1649-1780 cm
-1

) bands and the intensity increase at amide bond 

(1600-1640 cm
-1

) band confirmed the conjugation of the maltodextrin and PEGylated 

lipids.  

 

Conjugation efficiency was calculated from the decrease in amine bond peak 

between 3180 and 3500 cm
-1

, representing N-H strecting, considering the peak for 

the same amount of lipids used in the analysis. The conjugation efficiency was found 

as 44.76% revealing that almost half of the PEG lipids were conjugated to targeting 

moiety. In literature conjugation efficiency of the studies conducted with 

carbodiimide chemistry ranged between 32% and 79% depending on the reaction 

conditions [119-122].  
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Figure 3.9.ATR-FTIR spectra of physical mixture of DSPE-PEG(2000)Amine & 

carboxylmethylated maltodextrin and reaction product DSPE-PEG-maltodextrin 

(3180-3500 cm
-1

: amine bond (-NH2), 1649-1780 cm
-1

: carboxyl bond (-COOH), and 

1600-1640 cm
-1

: amide bond (N- C=O)) 
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Activation of the carboxyl groups by DCC and NHS is the most important parameter 

for conjugation efficiency of carbodiimide chemistry. DCC and NHS are the 

carbodiimides commonly used for the activation of the carboxylic acids for the 

subsequent coupling with the amine nucleophiles. In carbodiimide chemistry, the 

carboxyl groups are firstly activated by DCC and then NHS is coupled to the acid to 

produce immediate reaction [123]. Carboxyl group (-COOH) to carbodiimide 

(DCC/NHS) ratio is quite important for efficient activation; however, excess 

carbodiimide addition is avoided due to difficulty in removal at the end of the 

reaction. In literature, carboxyl group to carbodiimide ratio was studied between 

1:0.5 and 1:1.5 [119-122], thus in this study carboxylic acid to DCC/NHS ratio was 

adjusted to 1:0.5. The conjugation efficiency is also dependent on solvent type used 

in reaction medium; in studies organic solvents with low dielectric constants such as 

dimethylformamide, dichloromethane, chloroform or DMSO were preferred to 

minimize side reactions [119-122]; thus, in this study DMSO was used during 

conjugation. 

 

3.3.2. Drug Loaded Targeted Liposomes 

 

Targeted liposomes were prepared with different mole percentage of maltodextrin 

conjugated PEGylated liposomal formulation. Two different targeted liposomal 

formulations with different maltodextrin ratio (0.7 and 0.35 mole percentage of 

DPPC) were prepared as described in Section 2.2.1 (i.e. LD-0.35% MD-4% 

PEG/LUV and LD-0.7% MD-4% PEG/LUV). The targeted liposomal groups were 

prepared in a way that each targeted liposome had 4% PEGylation. LD-0.7% MD-

4% PEG/LUV was prepared directly using the conjugated lipid DSPE-PEG-

maltodextrin whereas LD-0.35% MD-4% PEG/LUV was prepared by diluting the 

conjugated lipid with DSPE-mPEG(2000) maintaining 4% PEG ratio. 

 

The drug loaded targeted liposomes were evaluated based on size distribution, 

surface charge, morphology, drug encapsulation efficiency, percent lipid recovery, 

percent drug loading, and in vitro drug release profiles. 
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3.3.2.1. Particle Size Distribution, Surface Charge, and Morphology 

 

Size distributions of the drug loaded targeted liposomes were obtained by DLS 

analysis. The targeted liposomes had similar hydrodynamic diameter with the 

nontargeted 4% PEGylated liposome (i.e. 129.2 nm) revealing that addition of 

maltodextrin did not affect the liposome size. They also had mean size in the desired 

range (D: 100-150 nm) with monodisperse distribution (PdI ≤ 0.1) as shown in Table 

3.5.  

 

The zeta potential values of the targeted liposomes were higher than nontargeted 4% 

PEGylated liposome (i.e. - 5.94 mV) and the zeta potential values were increasing 

with increasing maltodextrin ratio. The zeta potential values of the LD-0.35% MD-

4% PEG/LUV and LD-0.7% MD-4% PEG/LUV were respectively -3.92 and 0.971 

mV suggesting that addition of maltodextrin resulted in more neutral surface charge. 

In literature neutral liposomal were revealed to have higher half-life in bloodstream 

than negatively charged liposomes as explained in Section 1.3.4.1 [80]. Therefore, in 

this study targeted liposomes are more promising to have higher bioavailability with 

more neutral surface charge and LD-0.7% MD-4% PEG/LUV is thought to be the 

most effective one with neutral charge. 

 

Table 3.5.Size distribution and zeta potential results of Levodopa loaded targeted 

liposomes 

 

Liposome z-average 

diameter 

(nm) 

Peak 

diameter 

(nm) 

Width 

(nm) 

PDI Zeta Potential 

(mV) 

LD-0.35% MD-

4% PEG/LUV 

130.8 121.1 35.12 0.054 -3.92 

LD-0.7% MD-4% 

PEG/LUV 

124.8 120.4 26.48 0.049 0.971 
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Figure 3.10 shows the representative size distribution of the Levodopa loaded 

targeted liposomes obtained by DLS analysis. It is seen that targeted liposomes had 

unimodal size distribution with narrow range. TEM micrographs (Figure 3.11) of the 

drug loaded targeted liposomes revealed that the liposomes had spherical 

morphology and unilamellar structures with mean diameter between 100 and 150 nm 

in accordance with the size distribution results. 

 

 

 

a)  

 

b)  

 

 

Figure 3.10.Representative DLS results of size distribution for Levodopa loaded 

targeted liposomes a) LD-0.35% MD-4% PEG/LUV b) LD-0.7% MD-4% PEG/LUV 

prepared at 40
o
C by exclusion through 100 nm polycarbonate membrane 
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a)     b)   

 

Figure 3.11.TEM images of Levodopa loaded targeted liposomes a) LD-0.35% MD-

4% PEG/LUV b) LD-0.7% MD-4% PEG/LUV 

 

 

3.3.2.2. Lipid Recovery, Drug Encapsulation Efficiency, and Loading 

 

Drug encapsulation efficiency and loading values of the LD-0.7% MD-4% 

PEG/LUV were quite higher (92.47 ± 2.70 % and 44.25 ± 0.33 %, respectively) than 

the nontargeted 4% PEGylated liposome (74.57 ± 1.04% and 38.01 ± 0.63%, 

respectively) and LD-0.35% MD-4% PEG/LUV (71.38 ± 0.21% and 33.68 ± 0.49%, 

respectively). On the other hand, different maltodextrin conjugation ratios did not 

result in any significant difference in terms of lipid recovery; about 52% lipid 

recovery was attained in both drug loaded targeted liposomal formulations. However, 

the lipid recovery values were slightly higher than nontargeted 4% PEGylated drug 

loaded liposome (49.05 ± 0.18% versus 52%) revealing that conjugation of 

maltodextrin to PEGylated lipid slightly increased the lipid recovery. 
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Table 3.6.Comparison of encapsulation efficiency (% drug EE), percent lipid 

recovery, and percent drug loading of Levodopa loaded targeted liposomes prepared 

at 40
o
C (n=3) 

 

Liposome %EE %Lipid Recovery %Drug Loading 

LD-0.35% MD-4% 

PEG/LUV 

71.38 ± 0.21 52.46 ± 0.19 33.68 ± 0.49 

LD-0.7% MD-4% 

PEG/LUV 

92.47 ± 2.70 52.24 ± 0.19 44.25 ± 0.33 

 

 

3.3.2.3. In vitro Release Profiles 

 

The cumulative drug release from the targeted liposomes were similar to each other 

and to the nontargeted 4% PEGylated liposome (Figure 3.12) revealing that addition 

of the targeting molecule had no significant effect on in vitro drug release. At the end 

of 24h and 48h, LD-0.7% MD-4% PEG/LUV had 24% and 36% cumulative drug 

release, respectively. In Parkinson’s disease therapy, controlled release of the 

Levodopa is desired for increased bioavailability and decreased drug side effects. 

Since most of the liposomes will be either eliminated from the circulation or targeted 

within first 24h, it is aimed to have small amounts of drug release during this period. 

Accordingly, the results showed about 75% of the Levodopa remained in liposomes 

and suggested a sustained Levodopa release at the target site. Brain targeted drug 

carriers are intended for the delivery of the therapeutics to increase brain transition 

with decreased drug side effects [14]. So, with the successive targeting of the 

liposomes most of the Levodopa will be carried to the brain and small amounts 

released during this period will have less negative effects at the other sites. 
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Figure 3.12.Comparison of in vitro release of Levodopa from nontargeted 

4%PEGylated and targeted liposomes prepared at 40
o
C (n=3) 

 

 

3.3.3. Drug and Antioxidant Loaded Targeted Liposomes 

 

Drug and antioxidant (Glutathione, GSH) loaded targeted liposomes were prepared 

with the optimal targeted drug loaded liposomal formulation (i.e. LD-0.7% MD-4% 

PEG/LUV) by two different amounts of initial GSH loading (20 and 40 µM). The 

liposomes were evaluated in terms of size, drug encapsulation efficiency, lipid 

recovery, drug loading, and in vitro drug release. 

 

3.3.3.1. Particle Size Distribution and Morphology 

 

Drug and antioxidant dual loaded targeted liposomes had similar size distribution 

with the nontargeted liposomes (D: 100-150 nm) and it showed a monodisperse 

distribution (PdI ≤ 0.1) as shown in Table 3.7. These results are quite reasonable as 

the dual loaded targeted liposomal formulations were prepared with the same lipid-

polymer and maltodextrin composition.  
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Table 3.7.Size distribution results of Levodopa and GSH loaded targeted liposomes 

 

Liposome 

 

Initial GSH 

Loading (µM) 

z-average 

diameter 

(nm) 

Peak 

diameter 

(nm) 

Width 

(nm) 

PDI 

LD-GHS-0.7% 

MD-4% PEG/LUV 

20 129.4 119.7 33.92 0.045 

40 128.9 119.1 35.49 0.070 

 

 

 

a)  

 

 

b)  

 

Figure 3.13.Representative DLS result of size distribution for Levodopa and GSH 

loaded targeted liposomes a) 20 µM GSH b) 40 µM GSH loaded  
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3.3.3.2. Lipid Recovery, Drug Encapsulation Efficiency, and Drug 

Loading 

 

Drug encapsulation efficiency, percent lipid recovery, and percent drug loading 

values of the drug and antioxidant loaded targeted liposomes are listed in Table 3.8. 

GSH encapsulation efficacy values were quite high; 82.95% and 86.98% for 20 and 

40 µM initial GSH amounts, respectively. Levodopa encapsulation efficiency and 

loading values of the drug and antioxidant loaded liposomes were found lower 

(Table 3.8) than LD-0.7% MD-4% PEG/LUV (92.47 ± 2.70% and 44.25 ± 0.33%, 

respectively). The decrease in the drug encapsulation efficiency and loading may be 

due to dual encapsulation of Levodopa and GSH in the aqueous phase of the 

liposomes. Lipid recovery values were similar to each other and to the LD-0.7% 

MD-4% PEG/LUV (52.22%) revealing that addition of the antioxidant did not affect 

the lipid recovery of the targeted liposomes. 

 

Table 3.8.Comparison of GSH and drug encapsulation efficiency (% drug EE), 

percent lipid recovery, and percent Levodopa loading of targeted liposomes (n=3) 

 

Liposome Initial 

GSH 

Loading 

(µM) 

%GSH 

EE 

%Levodopa 

EE 

%Lipid 

Recovery 

%Levodopa 

Loading 

LD-GHS-0.7% 

MD-4% 

PEG/LUV 

20 

 

82.95   

± 1.99 

72.88             

± 0.60 

50.13        

± 0.17 

36.34            

± 0.17 

40 86.98  

± 3.28 

83.76            

± 2.57 

51.16        

± 0.17 

40.93            

± 1.39 
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3.3.3.3. In vitro Release Profiles 

 

In vitro release profiles of Levodopa and GSH from dual loaded targeted liposomes 

are shown in Figures 3.14 and 3.15, respectively. Release profiles of Levodopa and 

GSH were similar with a small burst release at 4h. Figure 3.14 reveals controlled 

release of Levodopa; 20% and 33% cumulative drug release was obtained at 24h and 

48h, respectively. Figure 3.16 shows cumulative GSH release from dual loaded LD-

GHS-0.7% MD-4% PEG/LUV. Initially 40 μM GSH loaded targeted liposome had 

slower GSH release when compared with initially 20 μM GSH loaded liposomal 

formulation; after 24h and 48h, 26% and 50% of the GSH was released from the 

initially 40 μM GSH loaded liposomal formulation, respectively. Controlled and 

slow GSH release was desired to maintain both Levodopa and liposome stability and 

also to deliver this antioxidant to the brain. Controlled release of Levodopa is a 

promising approach in Parkinson’s disease therapy to increase Levodopa 

concentration in brain by increasing its stability. Besides that, in literature, 

neurodegenerative diseases were associated with the oxidative damage on neurons 

due to the deficiency of antioxidants [124]. Thus, brain delivery of GSH is also 

thought to have additional benefit on neuronal cells and hence, on treatment efficacy. 

 

 

 

 

Figure 3.14.Comparison of in vitro Levodopa release of Levodopa and GSH loaded 

targeted liposomes (LD-GHS-0.7% MD-4% PEG/LUV) (n=3) 
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Figure 3.15.Comparison of in vitro GSH release of Levodopa and GSH loaded 

targeted liposomes (LD-GHS-0.7% MD-4% PEG/LUV) (n=3) 

 

 

Figures 3.16, 3.17, and 3.18 show comparison of in vitro drug release profiles of the 

conventional liposome (DPPC:Cho 7:3), stealth liposome (4%PEG/LUV), drug 

loaded targeted liposome (LD-0.7% MD-4% PEG/LUV) and drug and antioxidant 

loaded targeted liposome (LD-GHS-0.7% MD-4% PEG/LUV). It is seen that 

conventional liposomal formulation had the fastest in vitro drug release profile 

among all experimental groups in terms of cumulative percent and cumulative 

amount of Levodopa release. PEGylated and targeted liposomal formulations had 

similar cumulative percent and cumulative amount of Levodopa release. These 

results suggested that PEGylation, addition of targeting molecule and addition of 

GSH did not affect the Levodopa release profiles of the liposomes. 
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Figure 3.16.Comparison of in vitro cumulative Levodopa release (%) of 

conventional liposomes (DPPC:Cho 7:3), stealth liposomes (4% PEG/LUV), 

Levodopa loaded targeted liposomes (LD-0.7% MD-4% PEG/LUV) and Levodopa 

and GSH (initially 40 μM) loaded targeted liposomes (LD-GHS-0.7% MD-4% 

PEG/LUV) (n=3) 

 

 

In Parkinson’s disease treatment, each patient follows a specific medical treatment 

program according to degree of the disease. The drug doses are adjusted according to 

disability of the patient considering the ability to tolerate the medication [5]. In 

literature a study investigated the clinical effects of intravenously administered 

Levodopa at different doses on 125 patients. It is revealed that 600 ng/ml steady-state 

Levodopa concentration was well tolerated minimizing side effects [125]. At higher 

dose protocols (i.e. resulting in 2169 and 1200 ng/ml plasma concentration) the 

volunteers had unacceptably frequent side effects. The liposomal Levodopa 

formulations developed in this study have high Levodopa loading and in vitro 

Levodopa release profiles (Figures 3.17 and 3.18). However, these findings were 

obtained from in vitro conditions. The Levodopa concentration would be lower when 
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administered to body on a large scale in the same way the GSH concentration would 

also lower. In literature, a study investigated the plasma concentration of GSH on 

148 patients in relation to sex and aging. The adult population between 18 and 73 

years old had similar plasma GSH concentration; males had 3.47 ± 1.09 μM and 

females had 3.29 ± 0.98μM plasma GSH concentration [126]. 

 

 

 

 

Figure 3.17.Comparison of in vitro cumulative Levodopa release (μg/ml) of 

conventional liposome (DPPC:Cho 7:3), stealth liposome (4% PEG/LUV), Levodopa 

loaded targeted liposome (LD-0.7% MD-4% PEG/LUV) and Levodopa and GSH 

(initially 40 μM) loaded targeted liposome (LD-GHS-0.7% MD-4% PEG/LUV) 

(n=3) 

 

In literature, there is only one brain targeted Levodopa loaded liposomal study; i.e., 

chlorotoxin conjugated liposomes were studied for brain targeting [127]. In literature 

there is no maltodextrin conjugated liposomal formulation to compare the similarities 

or contrasts with this study. However, various carbohydrate ligands such as 

polysaccharides, lipo-polysaccharides, glycoproteins, and glycolipids were studied in 
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liposome targeting and immunization studies [128]. In brain drug targeting studies, 

various polysaccharides such as mannose [129-131], pullulan [132, 133], dextran 

[133], amylopectin [133] were conjugated to liposome surface for brain transport via 

receptor mediated endocytosis. Polysaccharide coated liposomes were revealed 

advantageous in targeting specific organs and cells with good physical and 

biochemical stability [128].  In this study maltodextrin conjugated Levodopa loaded 

liposomes had sustained drug release with increased bioavailability owing to neutral 

surface charge. The Levodopa and GSH loaded targeted liposomes also had 

sustained drug release profile with a small increase in cumulative amount of 

Levodopa release. 

 

 

 

 

Figure 3.18.Comparison of in vitro cumulative Levodopa release (μM) of 

conventional liposome (DPPC:Cho 7:3), stealth liposome (4% PEG/LUV), Levodopa 

loaded targeted liposome (LD-0.7% MD-4% PEG/LUV) and Levodopa and GSH 

(initially 40 μM) loaded targeted liposome (LD-GHS-0.7% MD-4% PEG/LUV) 

(n=3) 
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3.4. Cell Culture Studies 

 

Cell culture studies were done with both 3T3 and SH-SY5Y cells to evaluate the 

cytotoxicity of the liposomal formulations and the used drug concentrations on 

fibroblast and neuronal type cells. In literature 3T3 cell line is commonly used for in 

vitro cyctotoxicity experiments as a standard fibroblast cell line [171]. SH-SY5Y cell 

line is specifically used for in vitro brain cytotoxicity experiments as a model 

neuronal cell line with the similar biochemical characteristics to human 

dopaminergic neurons [172]. In cellular association studies MDCK cells were used 

to investigate cellular binding of the liposomal formulations. In literature MDCK cell 

line is commonly used for in vitro assays predicting in vivo characteristics of the 

BBB [173]. Figure 3.19 shows the micrograph of the 3T3 and SH-SY5Y cells at the 

beginning of the MTT assay and the micrograph of the MDCK cells at the beginning 

of the cellular association experiment. It is seen that the 3T3 cells has fibroblast-like, 

SH-SY5Y cells has neuron-like, and MDCK cells has epithelial-like morphology. 

The cells were viable and confluent to be able to perform the assay. 

 

a)   b)  

c)  

Figure 3.19.Phase contrast micrographs of a) 3T3 and b) SH-SY5Y c) MDCK cells 

(x20) 
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3.4.1. Cellular Toxicity of Pure Levodopa 

 

At first, the cytotoxic effect of free Levodopa at concentrations (0, 20, 40, 60, 80, 

and 100 μM Levodopa) was tested on 3T3 and SH-SY5Y cell lines by MTT assay. In 

the second part of the experiment, the cells were incubated with different 

concentrations of Levodopa (0, 20, 40, 60, 80 and 100 µM Levodopa) together with 

0.06 µM reduced glutathione (GSH) in order to observe the protective effect of this 

antioxidant. The cells were incubated with the drug solutions for 24 and 48 hours 

separately in order to evaluate the cytotoxicity for adjustment of the drug dosages in 

liposomal formulations.  

 

Figure 3.20 and Figure 3.21 show relative viabilities of the 3T3 cells (with respect to 

control) after 24h and 48h treatment with Levodopa or Levodopa and GSH, 

respectively. The cells were less viable after 48h incubation compared to 24h 

incubation at all drug concentrations. Percent viability of 3T3 cells decreased as drug 

concentration increased. These findings suggest that increasing drug concentration 

and incubation time give rise to cellular toxicity. However, the cells were quite 

viable even after addition of the highest concentrated drug solution; after 24 and 48 

hours incubation with 100 µM Levodopa, cellular viabilities of the 3T3 cells were 

86.66 ± 3.70 % and 82.60 ± 5.35 %, respectively.  

 

Cellular viability values were higher with addition of GSH than only Levodopa 

treated ones. After 24 and 48 hours incubation with 100 µM Levodopa and 0.06 µM 

GSH, cellular viabilities of the 3T3 cells were 94.70 ± 5.09 % and 93.14 ± 2.81 %, 

respectively. Addition of antioxidant had a protective effect on cells by reducing the 

cytotoxic effect of the drug solution and thus, increased cellular viabilities 

considerably.  
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Figure 3.20.Cellular Viability of 3T3 cells after 24h treatment with Levodopa (at 

different concentrations) or Levodopa and GSH (0.06 µM) (n=3) 

α: statistically significant difference between different dosage groups (p<0.05) 

 

 

 

Figure 3.21.Cellular viability of 3T3 cells after 48h treatment with Levodopa (at 

different concentrations) or Levodopa and GSH (0.06 µM) (n=3) 

α: statistically significant difference between 100 µM Levodopa and other groups  

β: statistically significant difference between 100 µM Levodopa and 100 µM 

Levodopa and GSH (p<0.05) 
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Figures 3.22 and 3.23 show relative viabilities of SH-SY5Y cells (with respect to 

control) after 24h and 48h treatment with Levodopa or Levodopa and GSH, 

respectively. Viabilities of the cells decreased with increasing time of incubation. 

Viabilities of the SH-SY5Y cells after 24 and 48h incubation with the highest drug 

concentration (100 µM Levodopa) were 92.71 ± 2.69% and 85.84 ± 3.93%, 

respectively. However, viability values increased with addition of GSH; after 24 and 

48 hours incubation with 100 µM Levodopa and 0.06 µM GSH, they were 99.82 ± 

2.58% and 92.85 ± 1.27%, respectively. Addition of GSH increased viabilities of 

SH-SY5Y cells for both incubation periods. 

 

 

  

 

Figure 3.22.Cellular viability of the SH-SY5Y cells after 24h treatment with 

Levodopa (at different concentrations) or Levodopa and GSH (0.06 µM) (n=3) 
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Figure 3.23.Cellular viability of SH-SY5Y cells after 48h treatment with Levodopa 

(at different concentrations) or Levodopa and GSH (0.06 µM) (n=3) 

 

In vitro drug cytotoxicity experiments revealed that cellular viabilities of the 3T3 and 

SH-SY5Y cells decreased with increasing treatment time and Levodopa 

concentration in agreement with literature [134, 135]. The decrease in cellular 

viability at high Levodopa concentrations was due to auto-oxidation of the cells by 

quinone formation [136]. However, the cellular toxicity of Levodopa is considered to 

be moderate up to 100 µM [135]. The results of this study were parallel with the 

literature; both cell lines were quite viable at all drug concentrations for both 24h and 

48h incubations.  

 

The effect of antioxidant addition to the drug solution on both cell lines was also 

investigated in the current study. Antioxidant addition resulted with higher cellular 

viability. In literature it is reported that oxidative stress is one of the most important 

reasons of cell death leading to apoptosis and necrosis [137]. The antioxidants were 

shown to protect cells from Levodopa toxicity in vitro [138]. The antioxidants 

prevent oxidative reactions either by preventing the formation of oxidative reactive 

species or by removing them before they can damage the vital components of the 

cells [139]. GSH is the major endogenous antioxidant readily produced by the cells, 

having role in neutralization of free radicals and reactive oxygen compounds and 

maintaining exogenous antioxidants such as vitamin C and E in their active forms 
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[139]. GSH protects cells from oxidation as reducing agent with the thiol group in its 

cysteine moiety leading to increase in cell viability [140]. In this study the cellular 

viabilities of the both cell lines considerably increased after addition of the GSH to 

Levodopa.  

 

3.4.2. Cellular Toxicity of Levodopa Loaded Liposomes 

 

3T3 and SH-SY5Y cells were incubated with empty and Levodopa loaded liposomes 

for 24 and 48h separately in order to observe the cytotoxic effects of the liposomal 

formulations. Liposomes were diluted to yield 100 µM Levodopa or 100 µM 

Levodopa and 0.06 µM GSH concentrations in each experimental group owing to 

good cellular viabilities at these concentrations (Section 3.5.1). The empty liposomes 

were diluted in order to obtain an equivalent lipid concentration of loaded liposomes.  

 

Figure 3.24 and 3.25 show the cellular viability of 3T3 and SH-SY5Y cells incubated 

with liposomes, respectively after 24h and 48h incubations. A numerical decrease in 

the viability of both cell lines was observed upon 48 hours of incubations for all 

liposomal formulations. 3T3 cells had slightly higher viability when incubated with 

empty liposomes than loaded liposomes at the same incubation periods. This 

suggests that release of the drug had some negative effect on the viability of these 

cells as empty and loaded liposomes had equivalent lipid concentration. Yet, all the 

viability values were above 90% suggesting very low level of toxicity. On the other 

hand, SH-SY5Y cells had similar cellular viability for empty and loaded liposomes at 

the same incubation periods.  
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Figure 3.24.Cellular viability of 3T3 cells after 24h and 48h treatment with 

liposomes (n=3) 
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Figure 3.25.Cellular viability of the SH-SY5Y cells after 24h and 48h treatment with 

liposomes (n=3) 
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In vitro cytotoxicity experiments revealed that the cellular viabilities of the 3T3 and 

SH-SY5Y cells decreased with time and concentration. Cellular viability values of 

the SH-SY5Y cells were slightly lower than 3T3 cells for the same liposome groups 

at the same incubation period. The less viability of human neuroblastoma (SH-

SY5Y) cells was also observed in other studies due to sensitivity of this cell line to 

oxidative stress leading to simultaneous apoptotic and necrotic cell death [141-143]. 

However, percent viabilities of both cell lines were quite high for all liposomal 

groups; after 48h incubation, viability of 3T3 and SH-SY5Y cells were higher than 

87% and 81%, respectively. After 48h treatment, empty and loaded liposomes 

showed similar toxicity on the same cell lines. This reveals that cytotoxic effect of 

the drug was lowered when encapsulated inside liposomes. 

 

Drug loaded and drug and antioxidant loaded liposomes had similar cytotoxicity on 

the same cell lines at the same incubation periods. Protective effect of the antioxidant 

on cells was not clearly observed in this experiment due to controlled release of GSH 

from liposomes as compared to high concentration in free form (Section 3.5.1). 

Therefore, the amount of released GSH was not very high (26% and 51% cumulative 

GSH release respectively after 24 and 48 hours incubations). However, the cells were 

quite viable even after 48h incubation with liposomes; after 48h, cellular viabilities 

of both 3T3 and SH-SY5Y cells were higher than 85%. In literature 85 % in vitro 

viability was reported safe for in vivo studies [144]. 

 

3.5. In vitro Blood-Brain Barrier Transport Studies of Liposomal 

Formulations 

 

Localized and controlled drug delivery to the diseased site is desired to increase 

treatment efficiency via increased drug bioavailability and decreased drug side 

effects in the other tissues [41]. In brain drug delivery, Blood-brain barrier (BBB) is 

the most important challenge that should be overcome. Most of the neurotherapeutics 

used to treat neurodegenerative diseases cannot get into brain due to the BBB [27]. 

The pharmacological formulations are reformulated to be transported into the brain 

via one of the endogenous BBB transport systems as explained in Section 1.2.2. 
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Drugs are packaged into nanocarriers and their surfaces are modified by conjugation 

of the BBB selective biomolecules [30]. Liposomes are suitable carrier systems for 

brain drug delivery with their lipophilic nature, adjustable size and suitability to 

surface modifications [82]. 

 

In this study, maltodextrin conjugation approach was used for targeting liposomes to 

brain for the treatment of Parkinson’s disease. Maltodextrin conjugated liposomes 

were designed to be delivered to brain via receptor mediated endocytosis due to 

brain’s high energy demand. The liposomes were loaded either with drug (i.e. 

Levodopa) alone or with drug and antioxidant (i.e. GSH) together. Their size was 

optimized to increase their bioavailability and brain delivery. They were produced in 

sizes ranging between 100-150 nm as in the case of untargeted liposomes. In 

literature, brain targeted liposomes were recommended to be prepared by extrusion 

through polycarbonate membranes with a final pore size of 100 nm [145] as 

performed in this study. Here, the number of passes through the extruder system was 

optimized to have the liposomes between 100 and 150 nm size. 

 

Liposomal formulations were tested for blood-brain barrier (BBB) transport 

efficiency using Parallel Artificial Membrane Permeability Assay (PAMPA-BBB). 

PAMPA is an in vitro passive transport model used to measure transcellular 

permeability. In PAMPA-BBB model, the artificial membranes composed of mixture 

of phospholipids with a net negative charge mimicking the properties of the brain 

lipid membranes were placed between donor and acceptor compartments.  

 

Levodopa solutions and liposomal formulations were tested for BBB permeability 

for 48 hours in PAMPA-BBB studies. The liposomes and drug solutions were diluted 

in order to obtain an equivalent drug concentration. Figure 3.26 shows representative 

picture of the PAMPA-BBB system after 6 hours incubation with drug and liposome 

solutions. Here, it was recognized that the drug degraded quickly in aqueous 

solutions (dark colored wells in Figure 3.26) due to oxidation and temperature 

whereas it was stable in all liposome formulations (light colored wells). This reflects 

that encapsulation of the drug into liposomes increase their bioavailability with 
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increased stability. In literature, Levodopa was stated unstable in aqueous 

environment with low half-life [146]. 

 

 

 

Figure 3.26.Representative picture of the PAMPA-BBB model after 6 hours of 

incubation with drug and drug loaded liposome formulations 

 

 

Figure 3.27 shows the percent drug permeability results of PAMPA-BBB model. No 

significant difference was observed after 6 and 9 hours incubations (p<0.05). After 

24 hours incubation, the most significant differences were observed between drug 

solution and LD-GSH-4%PEG/LUV and between drug solution and LD-0.35% MD-

4% PEG/LUV (p=0.001). After 24 hours, drug solution, LD-GSH-4% PEG/LUV, 

and LD-0.35% MD-4% PEG/LUV had 5.25 ± 1.05%, 8.67 ± 0.28%, and 8.74 ± 

2.22% drug delivery, respectively. After 48 hours, the most significant difference 

was observed between LD-4% PEG/LUV and LD-GSH-0.7% MD-4% PEG/LUV 

(p=0.001). After 48 hours, LD-4% PEG/LUV and LD-GSH-0.7% MD-4% 

PEG/LUV had 12.10 ± 0.18% and 17.89 ± 0.28% drug delivery, respectively.  
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The cumulative amount of drug passed through the model barrier increased with time 

for all experimental groups; after 6 hours incubation, the total amount of drug 

passage ranged between 2% and 4%, whereas after 48 hours incubation it ranged 

between 12% and 18%. After 24 and 48 hours incubations, the targeted liposomal 

formulations (i.e. 0.35% MD-4% PEG/LUV and 0.7% MD-4% PEG/LUV) had 

higher amounts of drug passage than drug solution.This reveals that incorporation of 

drug into liposomes not only increases the bioavailability of the drug but also 

enhances the passage of the drug through the BBB. 

 

At each incubation time point, drug and antioxidant loaded liposomes had higher 

amounts of drug delivery than only drug loaded liposomes revealing that addition of 

antioxidant (i.e. GSH) increased the stability of the drug (i.e. Levodopa). After 48 

hours incubation, drug and antioxidant loaded liposomal formulations, LD-GSH-

0.7% MD-4% PEG/LUV, LD-GSH-0.35% MD-4% PEG/LUV and LD-GSH-0.7% 

MD-4% PEG/LUV had 12.85 ± 0.28%, 14.44 ± 0.15%, and 17.89 ± 0.28% drug 

passage, respectively. These data suggest that addition of the maltodextrin (targeting 

molecule) and increased maltodextrin ratio slightly enhanced the BBB penetration of 

the liposomes. This result is partially supporting the aim of the study, i.e., 

maltodextrin conjugated liposomes were designed for enhancing the brain drug 

delivery. 



 

89 
 

 

 

 

Figure 3.27.Comparison of in vitro passive transport of Levodopa solution and 

Levodopa loaded liposomal formulations through the PAMPA-BBB model (n=3) 

 

α, β, γ, η, ι: statistically significant differences between different experimental groups 

after 24 hours incubation (p<0.05) 

λ, ν: statistically significant differences between different experimental groups after 

48 hours incubation (p<0.05) 
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At the end of the experiment, the liposomes at the donor wells were analyzed for 

phospholipid content in order to determine the liposome transport through the 

PAMPA-BBB system. The cumulative phospholipid delivery of the liposomal 

formulations after 48 hours incubation is shown in Figure 3.28. After 48 hours 

incubation, the most significant difference was observed between LD-4%PEG/LUV 

and LD-GSH-0.7% MD-4% PEG/LUV (p=0.001). This result might suggest that 

both use of GSH and maltodextrin increased liposome transport probably owing to 

their effect on increasing stability of the liposome formulation. 

 

All of the liposomal formulations passed through the membrane; however the 

percentage of the cumulative phospholipid passage was lowest in LD-4% PEG/LUV 

formulation. At the beginning of the experiment and after 48 hours incubation, the 

donor wells were tested for percent drug loading as described in Section 2.2.6.4. 

Comparison of percentage of drug passage and lipid passage are listed in Table 3.9. 

After 48 hours incubation, the liposomal formulation LD-GSH-0.7% MD-4% 

PEG/LUV had cumulative drug and phospholipid delivery 17.89 ± 0.28% and 7.08 ± 

0.35%, respectively. The transport of the drug in liposomes is desirable to preserve 

bioactivity and to increase bioavailability of the drug since it has very low plasma 

half-life (i.e. 0.75-1.50 hours) [148].  

 

 

Table 3.9.Comparison of percent drug and lipid passage and lipid passage after 48h 

 

Liposome %drug passed %lipid passed 

LD-4% PEG/LUV 12.10 ± 0.18  5.11± 0.70 

LD-GSH-4% PEG/LUV 12.85 ± 0.28 6.41 ± 0.36 

LD-0.35% MD-4% PEG/LUV 15.17 ± 2.22 5.73 ± 0.38 

LD-GSH-0.35% MD-4% PEG/LUV 16.44 ± 1.48 6.61 ± 0.36 

LD-0.7% MD-4% PEG/LUV 14.28 ± 1.44 6.53 ± 0.35 

LD-GSH-0.7% MD-4% PEG/LUV 17.89 ± 0.28 7.08 ± 0.36 
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In accordance with the Levodopa transport (Figures 3.27), Figure 3.28 also revealed 

that phospholipid delivery through the membrane increased with the addition the 

GSH revealing that addition of the antioxidant increased the bioavailability of the 

both drug and the phospholipid by protecting them from oxidation. 

 

 

  

 

Figure 3.28.Comparison of in vitro passive phospholipid transport of the loaded 

liposomes through the PAMPA-BBB model after 48 hours incubation (n=3) 

 

α, β, γ, δ, ε: statistically significant differences between different experimental 

groups after 48 hours incubation (p<0.05) 
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The PAMPA-BBB permeability assay is widely used in the pharmaceutical industry 

to determine BBB permeability [173]. The PAMPA-BBB model has many 

advantages over cellular models. Although the PAMPA-BBB is an in vitro passive 

transport model, it can predict the active BBB permeability with its well-adjusted 

biomimetic in vitro-in vivo correlation [147]. The PAMPA-BBB system is designed 

considering the specific parameters such as the lipid, pH, and chemical composition 

in order to mimic active BBB transport kinetics [147].  

 

In literature there is no study experimenting the passive transport of the liposomes 

with the PAMPA-BBB model to compare the results of this study. However, the 

results were similar with the active transport studies conducted with in vitro cellular 

models. A study revealed that nerve growth factor (i.e. NGF) loaded PEGylated and 

brain targeted liposomes had higher NGF penetration on an in vitro BBB model 

composed of brain microvascular endothelial cells (i.e. BMVEC) during 20 hours 

incubation. After 6 and 9 hours incubations, targeted liposomes had 3 and 4.5% NGF 

permeability, respectively [149]. These similar findings suggest that the PAMPA-

BBB model is successful in determining in vitro liposomal BBB permeability. Yet, it 

is not expected to differentiate the targeting ability of the maltodextrin conjugated 

liposomal formulation over untargeted groups. This is because of the fact that the 

targeting with maltodextrin involves special transporter molecules on membrane of 

endothelial cells of the BBB. Hence, the targeted group is prospected to have higher 

permeability in in vivo condition. 

 

3.6. Cellular Association of Liposomes 

 

In cellular association studies, the fluorescently labeled liposomes were prepared 

with Lissamine-Rhodamine containing phospholipid in order to visualize the 

liposome-cell interaction via fluorescence imaging. The MDCK cells were treated 

with the fluorescently labeled PEGylated and targeted liposomes for 3 and 6 hours in 

order to observe the cellular binding of the liposomes with respect to time. Figure 

3.29 and 3.30 show the laser scanning confocal microscopy (LSCM) images of the 

liposomal formulations after 3 and 6 hours incubations, respectively. These LSCM 
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images are merged images of the fluorescence and transmission images where the 

brightness and contrast of the images were optimized for visualization. The negative 

control groups showed no fluorescence signal as they were untreated MDCK cells 

(Figure 3.29, a and Figure 3.30, a). The LSCM images of the cells treated with the 

fluorescently labeled liposomal formulations (Figure 3.29, b-c and Figure 3.30, b-c) 

revealed that after 6 hours incubation higher amounts of liposomes were localized 

around the cells. The targeted liposomes (i.e. 0.7% MD-4% PEG/LUV) had more 

homogenous cellular binding throughout the cell population when compared with the 

untargeted PEGylated liposomes (i.e. 4% PEG/LUV). 

 

a)  b)  

c)  

 

Figure 3.29.Laser Scanning Confocal Microscopy (LSCM) images of the MDCK 

cells associated with a) Negative control group b) Rhodamine labeled untargeted 

PEGylated liposome (4% PEG/LUV) c) Rhodamine labeled targeted liposome (0.7% 

MD-4% PEG/LUV) after 3 hours treatment (x40) 
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a)  b)  

c)  

 

Figure 3.30.Laser Scanning Confocal Microscopy (LSCM) images of the MDCK 

cells associated with a) Negative control group b) Rhodamine labeled untargeted 

PEGylated liposome (4% PEG/LUV) c) Rhodamine labeled targeted liposome (0.7% 

MD-4% PEG/LUV) after 6 hours treatment (x40) 

 

 

Figure 3.31 shows comparison of the corrected florescence intensity values due to 

fluorescently labeled liposomal formulations’ binding to the MDCK cells with 

respect to time. The fluorescence intensity values due to liposome-cell binding were 

calculated as described in Section 2.2.8.4 using the images shown in Figure 3.29 and 

3.30.  Surface binding of the each liposomal formulation increased from 3 hours to 6 

hours. There is a statistically significant difference for each liposomal formulations 

between 3 and 6 hours incubation (p<0.05). At each incubation period, targeted 

liposomes had higher cellular association yielding more fluorescence intensity 

around the cells. After 6 hours incubation, a statistically significant difference was 
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obtained between untargeted and targeted liposomal formulations. This reveals that 

targeted liposomal formulation (i.e. 0.7% MD-4% PEG/LUV) had higher cellular 

association when compared with untargeted one (i.e. 4% PEG/LUV). The result is 

convenient with the aim of the study; in this study brain targeted liposomal 

formulations were designed for brain drug delivery via receptor-mediated 

endocytosis. The maltodextrin conjugated targeted liposomes were aimed to binding 

to sugar receptors of the brain’s endothelial cells and internalized.  

 

 

 

 

 

 

 

Figure 3.31.Corrected fluorescencence intensity of the MDCK cells after 3 and 6 

hours treatment with untargeted (4% PEG/LUV) and targeted (0.7% MD-4% 

PEG/LUV) liposomal formulations (n=3) 

 

α, β, γ: statistically significant difference between different experimental groups 

(p<0.05) 
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In literature various studies examined the MDCK cells in construction of in vitro 

Blood-Brain Barrier (BBB) model for BBB transport studies [150-154]. The MDCK 

cells are preferred for mimicking the anatomical structure of the BBB expressing 

tight junction proteins Clausin-1,4 and occudine, which are important to form 

restrictive paracellular barrier with tight junctions [155, 156]. In this study MDCK 

cells were preferred since they have sugar receptors in addition to BBB mimicking 

nature. Various studies revealed that MDCK cell line have specific Pglycoprotein 

receptors for glucose [89], galectin [90], and also for oligosaccharides [156]. 

Therefore, maltodextrin conjugated liposomes had good cellular binding to the 

MDCK cells. The targeted liposomal formulation 0.7% MD-4% PEG/LUV is 

promising for brain drug delivery via the receptor-mediated endocytosis. 

 

 

3.7. Stability Studies of Liposomal Formulations 

 

Stability is a crucial parameter not only for long circulation time in bloodstream but 

also for the long shelf life of the liposomes. Physical and chemical properties of the 

liposomes change particularly due to oxidation and hydrolysis. In this study 

liposomes were stored under nitrogen atmosphere as it is recommended to avoid air 

oxidation by creating an inert atmosphere [157]. Use of saturated phospholipids and 

addition of antioxidant were also reported to improve the stability of liposomes 

[158]. Here, a saturated phospholipid (i.e. DPPC) was used in liposomes for 

increasing blood stability. Besides that an antioxidant (i.e. glutathione, GSH) was 

used to increase Levodopa stability and treatment efficacy. These two molecules 

were also thought to bring stability during storage of the liposomes.  

 

The final liposomal formulation, Levodopa and GSH loaded targeted liposome (LD-

GSH-0.7% MD-4% PEG/LUV) was tested for physical and chemical stability. 

Freshly prepared liposomes were stored at 4
o
C and at 25

o
C for 6 months in aqueous 

form. Particle size distribution and zeta potential analysis of the liposomes were 

carried out monthly in order to evaluate their stability. 
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Average particle size of the liposomes increased with time (Table 3.10). Particle size 

of the liposomes stored at 4
o
C slightly increased in the first 5 months. The sharp 

increase in average size and PdI reflects the aggregation of the liposomes at 4
o
C after 

5
th 

month. On the other hand, particle size and PdI values of the liposomes stored at 

25
o
C increased faster starting from an earlier time (at 1

st
 week). The continuous and 

rapid increase in size and PdI of the liposomes at 25
o
C reflects faster destabilization 

of the liposomes at room temperature. 

 

Initially, the liposomes had nearly neutral surface charge (i.e. -0.46 mV) since they 

were composed of neutral lipids and neutral maltodextrin molecules attached to the 

surface of the liposomes. However, the zeta potential values showed decreasing trend 

in time. The liposomes stored at 4
o
C and 25

o
C had similar zeta potential values at the 

same time points. The decrease in the zeta potential values observed with time 

reflects the instability of the liposomes in time. It is reported that negatively charged 

liposomes have lower in vivo half-lives and they are rapidly removed from the 

bloodstream [159]. 

 

 

Table 3.10.The particle size distribution and zeta potential values of the liposomes 

stored at 4
o
C and 25

o
C for 6 months 

 

 

 

Month 

Liposomes at 4
o
C Liposomes at 25

o
C 

z-average 

(nm) 

PdI Zeta 

Potential 

(mV) 

z-average 

(nm) 

PdI Zeta 

Potential 

(mV) 

0 128.9 0.070 -0.46 128.9 0.070 -0.46 

1 126.4 0.064 -4.79 142.4 0.116 -3.79 

2 125.8 0.058 -8.87 158.1 0.127 -8.51 

3 139.2 0.076 -17.60 160.2 0.148 -16.00 

4 131.0 0.101 -27.10 161.6 0.164 -19.60 

5 138.2 0.126 -29.20 159.2 0.171 -21.80 

6 155.6 0.158 -34.4 182.0 0.175 -24.70 



 

98 
 

 

It is reported that in aqueous dispersions instability of the liposomes is due to 

aggregation and fusion of the liposomes [157, 158]. Particle size distribution of the 

liposomes is affected by attractive Vander Walls forces and repulsive electrostatic 

forces between colloidal particles. Liposomes tend to form large vesicles by 

attractive Vander Walls forces [157, 158]. PdI values of the liposomes indicate 

heterogeneity of the size distribution. The particles with PdI lower than 0.05 are 

called as monodisperse and with PdI between 0.05 and 0.08 are called as nearly 

monodisperse. The liposomes were initially monodisperse (PdI = 0.07). The decrease 

in PdI values indicates instability of the liposomes due to aggregation, fusion or 

precipitation. 

 

The liposomes stored at 25
o
C were less stable than the liposomes stored at 4

o
C as 

they tend to aggregate more. Therefore, the liposomes should be stored at 4
o
C in 

order to increase their shelf lives. They should be consumed within 5 months after 

production since they have better stability until 5
th 

month having desired particle 

distribution. However, unlike size distribution results, zeta potentials indicated that 

stability is not preserved at 4
o
C for a month period. The liposomes at 4

o
C were tested 

for drug release after 6 months incubation. It is found that the liposomes released 

only 15.6% of the initially encapsulated drug, revealing that most of the drug 

remained in the liposomes. This concludes that the liposomes are quite stable at 4
o
C 

after 6 months with good particle size distribution and drug encapsulation efficiency. 
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CHAPTER 4 

 

 

CONCLUSION 
 

The aim of this study was to design a brain targeted liposomal Levodopa delivery 

system to increase drug bioavailability and to maintain the required plasma level for 

a long time. The liposomes were prepared at different temperatures with different 

lipid compositions at the initial optimization studies. The liposomes were PEGylated 

in order to increase the bioavailability of the liposomes by reducing the 

reticuloendothelial uptake and macrophage encapture. The brain targeted liposomes 

were prepared with conjugation of maltodextrin to the long chain PEG molecule. The 

optimized targeted liposomes were later loaded with both Levodopa and GSH. 

Antioxidant was incorporated to improve liposome stability and drug bioavailability. 

 

Size and surface charge of the liposomes were modified and optimized to increase 

the bioavailability and effectiveness of the liposomes. The liposomes were produced 

in sizes to be administrated intravenously in order to bypass gastrointestinal system. 

 

In cell culture studies, toxicity of the liposomes on the 3T3 and SH-SY5Y cell lines 

was found low. Among all experimental groups, the developed and optimized dual 

loaded targeted liposomal formulation was found the optimum for Levodopa brain 

delivery system with the slowest in vitro Levodopa release, highest Levodopa 

passage through the PAMPA-BBB and highest binding to MDCK cells via receptor 

mediated association. This formulation also had good stability preserving size 

distribution and drug encapsulation efficiency when stored at 4
o
C for 6 months.   

 

These data suggest that designed liposomal system is promising in brain drug 

delivery with controlled and sustained drug release property, low cellular 

cytotoxicity, good BBB Levodopa delivery, good cellular binding, and good 

stability. This brain targeted liposomal delivery system will bring a novel approach 

for the delivery of Levodopa in brain with decreased drug side effects.  
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APPENDIX A 

 

CALIBRATION CURVES 

 

 

 

Figure A1 – DPPC calibration curve 

 

 

 

Figure A2 – Levodopa calibration curve 
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Figure A3 – GSH calibration curve 
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APPENDIX B 

 

 FLUORESCENCE EXCITATION AND EMISSION SPECTRA 

 

 

 

Figure B1 – Fluorescence (1) excitation (λex = 284 nm)and (2) emission (λem = 

331 nm) spectra of Levodopa 

 

 

Figure B2 – Fluorescence excitation and emission spectra of Lissamine-

Rhodamine PE (λex = 560 nm) andemission (2) (λem = 583 nm) 


