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ABSTRACT 

 

 Quantification of the kinetics of liposome uptake by cells is a first step toward 

understanding the mechanism of uptake. It is also an essential prerequisite in the design of 

liposomes as drug carriers. The uptake of liposomes by cells is viewed as a sequence of two 

major steps: binding to sites on the plasma membrane, followed by entry into the cell. In 

application, the diffusion rate of the particles from the bulk media to cell surface, the 

association/dissociation rate of the particles to cell membranes, and the rate of 

endocytosis/fusion are important, and help to determine the overall rate of the particle uptake by 

targeted cells. 

 

 In this study, roles of transport, diffusion and surface kinetic uptake of liposomes were 

determined simultaneously by human lung cancer cells (A549 cells). Experimentally, 

quantitative fluorescence spectroscopy was used to monitor time dependent particle uptake rates 

including low temperature (4 ºC) conditions where endocytosis is inhibited. By direct 

comparison of experimental data to model solutions, the adsorption constant, desorption 

constants and number of cell surface receptor sites were determined for liposome particles 

produced.  

 

 Our quantitative analysis suggest both diffusion and adsorption accounts for the over all 

uptake of particles from the modified Thiele modulus. From the steady-state uptake data 

obtained by shutting off the endocytosis, the equilibrium constant, K was found. The rate of 

adsorption is much greater than the dissociation rate constant. The endocytotic rate constant was 

determined by pH sensitive probe Pyranine (1-hydroxypyrene-3,6,8-trisulfonic acid, HPTS).  



 

 

 
CHAPTER 1 

 

INTRODUCTION 
 

 

1.1 Motivation 
 

 

Lung cancer is the leading cancer killer in both men and women. Last year in the United 

States alone, 154,000 died because of this dreadful disease and an estimated 160,000 new 

cases have been registered. Lots of research effort has been put in developing a cure for 

this disease. Even though surgery, chemotherapy, radiation therapy and photodynamic 

therapy have shown promising results, the side effects have undermined their usefulness. 

 

Modern pharmaceutical science provides many options for administration of a drug to a 

specific target. Oral doses are usually preferred as they are painless, uncomplicated and 

self-administered. But, unfortunately many of these drugs degrade within the gastro- 

intestinal tract or not absorbed in sufficient quantity to be effective. Therefore these drugs 

must be administered by intravenous, intramuscular or subcutaneous injection which still 

may cause a lot of side effects when used in higher concentrations. 

 

In cancer chemotherapy, the main limiting factors are inadequate drug delivery and 

penetration to the bulk of tumor, and the development of drug resistance by cancer cells. 

For an effective treatment or cure the therapeutic agent must reach the tumor at a 

sufficiently high does to kill all of cells. Liposomes provide an excellent medium not 

only for target specific drug delivery but also for locally administering the drug in large 

quantities.  
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Quantification of the kinetics of liposome uptake by cells is a first step towards 

understanding the mechanism of uptake. It is also an essential pre-requisite in the design 

of liposomes as drug carriers. This provided the motivation to study kinetics of binding 

and uptake or endocytosis of liposomes into human lung cancer cells.  

 

 

1.2 Scope of This Thesis 
 

This thesis presents a study on the simultaneous roles of transport, diffusion and surface 

kinetic uptake of liposomes by human lung cancer cells (A549). Introduction to 

liposomes, endocytosis and A549 cells was discussed briefly in chapter 1. Chapter 2, 

divided into two sections, in the first section the mathematical model developed for 

comparison was described and in the second half of the chapter previous studies in this 

topic are explained briefly. Methodologies used in this research were outlined in chapter 

3. Chapter 4 describes the experimental set. Chapter 5 reports on the results and 

discussion of the kinetic rate constant obtained. Finally, the conclusions of this thesis 

were summarized and discussed in chapter 6. 

 

 

1.3 Liposomes 

 
Introduction to liposomes: 

 

Liposomes have been investigated extensively in the past decades as model systems for 

mimicking biological membranes and as potential drug-carriers. In 1974, Allison and 

Gregoriadis discovered that liposomes stimulate immune responses against associated 

proteins [37] and since then their potential usefulness as an antigen-carrier system has 

been confirmed with a large number of bacterial, parasitic, and viral antigens. 
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Liposomes, as shown in figure 1.5 are spherical vesicles, consisting of one (unilamellar) 

or more (multilamellar) concentric bilayers enclosing one or more aqueous 

compartments. Both the aqueous spaces and the lipid bilayers of liposomes can 

accommodate drug molecules allowing entrapment of both hydrophilic and hydrophobic 

compounds. The composition of the lipid bilayers can be manipulated to influence the 

physicochemical characteristics of the liposomes (e.g. surface charge, sensitivity to pH 

changes, and bilayer rigidity) [7, 13]. Stability of liposome formulation and the drug to be 

loaded also depends on the lipids chosen for both in vivo and in vitro. Organization of the 

lipids has an impact on the properties such as elasticity, lipid lateral diffusion, 

permeability and binding properties for drug molecules. 

 

 

Lipid Bilayers 

 

The primary lipid used in liposomal drug carriers is phosphatidylcholine (PC).  

 

 

 

 
Figure 1.1. Phosphatidylcholine structure (from Molecular cell Biology, Lodish et al.) 

 

 

 

PC as shown in figure 1.1 is an amphiphatic molecule containing a polar (hydrophilic) 

head group consisting of quaternary ammonium moiety choline, which is linked to the 

glycerol backbone via a phosphoric ester. The two hydroxyl groups of the glycerol 

backbone are esterified with fatty acids of varying chain length and degree of saturation. 



 4

 

 

 

 
Figure 1.2. Phospholipid bilayer (from Molecular Cell Biology, Lodish et al.) 

 

 

 

Hydrated PC organizes themselves in bilayers-form(figure 1.2) by Van der Waals and 

hydrophobic interactions with hydrophilic head groups of the lipid molecules facing the 

water phase and two monolayers sticking towards the middle of the membrane. The chain 

length and the degree of saturation of the acyl-chains mainly determine at which 

temperature the membrane melts. Blends of PC with other lipids are used in the 

formulation of liposomes instead of PC alone to improve both in-vivo and in-vitro 

stability of liposomes. 

 

Cholesterol is added to induce a tighter packing of the membrane which results in 

reduced leakiness. Like the phosphoditylcholine cholesterol is amphiphatic. As shown in 

fig 1.3, its single hydroxyl group is equivalent to the polar head group in other lipids, the 

conjugated ring and the short hydrocarbon chain form the hydrophobic chain. 
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Figure 1.3.Chemical Structure of Cholesterol 

 

 

 

The schematic representation of PC with cholesterol and their association is shown in the 

figure1. 4.  

 

 

 
Figure 1.4. Intercalation of cholesterol between phospholipids 

(www.place.dawsoncollege.qc.ca) 

 

 

 

 

Because of the small size of the phospholipids molecule and micro spheres, they can pass 

through the epidermis and act as a carrier for the enclosed substances. It is postulated that 

when they reach the outside of a living cell membrane in the dermis they may become 

accepted as part of the membrane, being of the same composition.  

 

 

Formation of Liposomes 
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Phospholipids membranes are formed spontaneously as a result of unfavorable 

interactions between phospholipids and water. 

 

 

 
Figure 1.5. Structure of liposome (Molecular Cell Biology) 

 

 

 

Liposomes can be custom designed for almost any need by varying the lipid content, size, 

surface charge and method of preparation. Thus the emphasis in making liposomes is not 

towards assembling the membranes, but towards getting the membranes to form vesicles 

of right size and structure and to entrap materials with high efficiency and in such a way 

that these materials do not leak out of the liposome once formed. 

 

Liposomes are prepared by thin film method described by Lasic[12]. Lipid mixtures 

(65.0 mg Dipalmitoyl Phosphatidyl Choline (DPPC) (46% weight), 28.0 mg Cholesterol 

(38% weight) and 8.0 mg Stearylamine (16% weight) are dissolved in 20ml of 1:2 

chloroform/methanol solution in 200ml pear shaped flask. A schematic representation is 

presented in figure 1.6. The solvent is removed by placing the flask under vacuum at 47 
oC temperature bath. For better mixing nine 5 mm silicated glass beads are added.  5ml of 

35mM solution of HPTS in PBS at 60 oC is added to the flask after its evaporation period 

of about 75 min. 
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Figure 1.6. Schematic representation of the formation of liposomes 

(taken from www.avantilipids.com) 

The mixture is then allowed to shake for 12 hours at 150 RPM for slow hydration and 

formation of heterogeneous multilamellar liposomes with HPTS encapsulation. The 

liposomes are extruded through 0.4 �Pm polycarbonate filter three times. Unencapsulated 

material is separated from liposomes by centrifuging it at 10,000 RPM for 45 min for 6 

times and suspension is removed and liposomes are washed with PBS every time. 

 

Characteristics of Liposomes 

 

Liposomes can be characterized depending  on the  size, composition, surface charge, 

surface hydration/steric effects etc. The stability of liposomes is dependent on the above 

characteristics. 

 

 

Size: 
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Size is an essential parameter that describes the quality of liposome suspension. It determines the 

physical properties and biological fate of liposomes and their entrapped substances in vivo. From a 

technical standpoint size is directly correlated with the volume of the aqueous core. The volume of the 

aqueous core in turn determines the capacity to carry the entrapped hydrophilic drug. A number of 

methods are used to determine size and size distribution. One of the most commonly used methods is 

light-scattering analysis. A number of techniques are available to size liposomes based on this 

methodology. Light scattering is popular because of the ease of operation and the speed by which one 

can obtain data.  

 
Composition: 

 

There are more then 20 lipids which can be used to make liposomes. The selection of 

lipids is an important factor to form a stable liposome. Cholesterol, polylysine, 

lipopolyamides and quaternary ammonium detergents can be added to the lipid mixture. 

There is no ideal formulation established, but, gene delivery efficiency is different in 

each formulation. 

 

Surface charge:  

 

Liposomes can be characterized as cationic, neutral or anionic depending on the surface 

charge. Neutral lipids have a very high tendency to aggregate and are generally not used 

for drug delivery. Cationic liposomes enter cells by endocytosis induced by ionic 

attractions. Cationic liposomes are uptaken extensively by the lung, liver or spleen. 

 

Zeta Potential: 

 

The charge on particles can arise from a number of mechanisms, including dissociation 

of acidic or basic groups on the particle surface, or adsorption of a charged species from 

solution. The particle charge is balanced by an equal and opposite charge carried by ions 

in the surrounding liquid. These counter ions tend to cluster around the particles in 

diffuse clouds. This arrangement of particle surface charge surrounded by a diffuse cloud 

of countercharge is called the electrical double layer. 
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The electrical potential drops off exponentially with distance from the particle and 

reaches a uniform value in the solvent outside the diffusion double layer. The zeta 

potential is the voltage difference between a plane a short distance from the particle 

surface and the solvent beyond the double layer.  

 

When two particles come so close that their double layers overlap, they repel each other. 

The strength of this electrostatic force depends on the zeta potential. When the zeta- 

potential is too small (typically less than about 25 mV in magnitude), the repulsive force 

wont be strong enough to overcome the Van der Waals attraction between the particles,  

and they will begin to agglomerate. The suspension is said to be unstable when this 

happens. If the suspension is concentrated and unstable, these agglomerates form 

networks, and the colloid turns into a paste.  
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Figure 1.7 Schematic Illustration of Zeta Potential 

 

 

A high zeta potential will prevent particle-particle agglomeration and keep the dispersion 

uniform and free flowing. Therefore, the goal in most formulations is to maximize the 

zeta potential. 

 

Stability of Liposomes[7] 

 

Shelf life of liposomal drug carriers may be limited by insufficient chemical stability of 

both the active ingredients and bilayer-forming lipids or by insufficient physical stability 

of the liposomes. Even in annealed vesicles, aggregation, fusion etc., can take place to 

significant extents over a long period of time. 

 

Physical stability:  
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Physical stability means the preservation of liposomes size distribution and amount of 

material encapsulated. It depends on mechanical properties of liposome membranes, their 

thermodynamics, and colloidal properties of the system. Colloidal system can be 

stabilized electrostatically, stearically or electrostearically.  

 

Chemical stability:  

 

Chemically, phospholipids are susceptible to hydrolysis. Furthermore phospholipids 

containing unsaturated fatty acids can undergo oxidation reaction. Most of the 

phospholipids liposomal dispersions used, contain unsaturated acyl chain as a part of 

molecular structure. These chains are vulnerable to oxidative degradation. The oxidation 

reaction can occur during preparation, storage or actual use. Oxidative deterioration of 

lipids is complex process involving free radical degeneration and results in the formation 

of cyclic peroxides and hydroperoxides.  

 

Stability of liposomes in biological fluids: 

 

Liposomes prepared with higher chain length phospholipids are most stable both in 

buffer and plasma. Cholesterol is generally very effective in reducing the instability of 

liposomes in contact with plasma. Liposomal stability in plasma increases as the ratio of 

cholesterol in the liposomes increases. Aggregation of neutral liposomes is by van der 

Waals interaction. To overcome this problem small quantity of charge should be added to 

the lipid mixture. It has been reported by Larrabee that fusion of small vesicles to large 

vesicles is reduced by the addition of phospholipids isomer 1,3-diacyl-2-

phosphatidylcholine(DPPC). 

 

Advantages of Liposomes 

 

A special quality of liposomes is that they enable water-soluble and water insoluble 

materials to be used together in a formulation without the use of surfactants or other 

emulsifiers. Water-soluble materials are dissolved in the water in which the 
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phospholipids are hydrated, and when the liposomes form these materials are trapped in 

the aqueous center. The liposome wall, being a phospholipids membrane, holds fat-

soluble materials such as oils.  

 

�ƒ Liposomes can dissolve drugs which are insoluble in water and thus provide a stable aqueous 

formulation. 

 
�ƒ Liposome membranes may provide an effective penetration barrier for an entrapped drug; a 

controlled release effect can be achieved which hinders the molecule from being inactivated 

or being excreted prematurely. 

 
�ƒ Liposomes can alter the bio-distribution of an active molecule such that it accumulates at the 

target site, whereas at other sites in the body lower concentrations occur (directed drug 

delivery); the therapeutic potential may be increased whereas at the same time the potential of 

toxic, immunogenic or other side effects is reduced. 

 
�ƒ Liposomes may help to overcome biological barriers, e.g. by guiding drugs into deep layers 

of or through the skin or by delivering substances into the nucleus of cells (gene therapy) 

 
�ƒ Liposomes can present the drug in a preferred conformation/orientation or co-present it 

together with other  immune response-enhancing structures (vaccines) 

 

 

Liposomes as a drug delivery system 

 

The applicability of drugs is always a compromise between their therapeutic effect and 

side effects. Liposomal drug delivery systems not only enable the delivery of higher drug 

concentration, but also a possible targeting of specific cells or organs. Harmful side 

effects can therefore be reduced owing to minimized distribution of the drug to non-

targeted tissue.  

 

Like all other carrier systems, the use of liposomes in drug delivery has advantages and 

disadvantages. The amphiphatic character of the liposomes, with the hydrophobic bilayer 

and the hydrophilic inner core, enables solubilization or encapsulation of both 
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hydrophobic and hydrophilic drugs. Along with their good solubilization power, a 

relatively easy preparation and a rich selection of physicochemical properties have made 

liposomes attractive drug carrier systems. Efficient drug delivery systems based on 

liposomes need to possess a large number of special qualities. First, good colloidal, 

chemical and biological stability is required. The fact that liposomes are non-equilibrium 

structures does not necessarily mean that they are unsuitable for drug delivery. On the 

contrary, a colloidally stable non-equilibrium structure is less sensitive to external 

changes than equilibrium structures, such as micelles. Hence, colloidally stable 

liposomes often work well in pharmaceutical applications. 

 

Biological stability includes control over the rate of clearance of liposomes from the 

circulatory system or compartments of the body, if the drug has been administered 

locally. The rate of clearance is dose dependent and varies according to the size and 

surface charge of the liposomes. In addition, biological stability also compromises 

retention of the drug by the carrier to its destination. 

 

For selective drug delivery, liposomes have been targeted to specific cell types by 

conjugating ligands to the surface of liposomes that recognize specific molecules on 

target cells [11-16]. The most widely used molecules for targeting liposomes have been 

monoclonal antibodies as these molecules often have high affinity and specificity for the 

cell surface antigens against which they have been raised. As an example, antibody-

targeted liposomes also referred to as immuno-liposomes, have been used for the 

selective drug delivery to cancer cells by targeting to tumor-associated antigens [17-20]. 

However, specific binding of liposomes to target cells is not enough. After target cell 

binding, the entrapped drugs must be able to reach the cellular interior, often the 

cytoplasm of target cells. Cytosolic delivery of immunoliposome-entrapped drugs may be 

obtained in different ways as illustrated in Figure 1.8. 
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Figure 1.8. Proposed mechanism by which targeted liposomes can be delivered to the 

cytosol 

(Taken from http://www.library.uu.nl/) 

 

 

 

1.4 Endocytosis 
 

 

Introduction to Endocytosis: 

 

The plasma membrane effectively separates the inside of the cell from the outside. Yet 

every eukaryotic cell is constantly taking up samples of the outside world by different 

mechanisms and targeting them to specific organelles within the cytoplasm. These 

processes are collectively termed endocytosis. Endocytotic mechanisms serve many 

important cellular functions including the uptake of extra cellular nutrients, regulation of 

cell-surface receptor expression, maintenance of cell polarity, and antigen presentation. 

Aberrations in endocytotic processes play a role in several diseases. Also viruses, toxins 

and symbiotic micro-organisms use endocytotic pathways to gain entry into cells. 
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In the endocytotic pathway, internalized molecules are delivered to early endosomes, 

where efficient sorting occurs. Although some molecules, in particular recycling 

receptors, are rapidly recycled back to the plasma membrane for reutilization, others, 

including down regulated receptors, are transported to late endosomes and lysosomes for 

degradation. 

 

Two main types of endocytosis are distinguished on the basis of the size of the endocytic 

vesicles formed. Phagocytosis (or "cellular eating") involves the uptake of large particles 

(>250 nm), and pinocytosis (or "cellular drinking") involves the ingestion of fluid and 

solutes via small vesicles (<200 nm). In mammalian cells, cargo can be endocytosed via 

clathrin-coated pits by receptor-mediated endocytosis, via clathrin-independent pathway 

or via caveolae. All these routes are forms of pinocytosis. 

 

Receptor mediated endocytosis: 

 

The best-characterized mechanism for gaining entry into the cell is the clathrin-coated 

vesicle, which in most animal cell types and under normal conditions represents the 

major portal of entry into the cell interior. In this process the macromolecules bind to 

complementary cell-surface receptors, accumulate selectively in coated pits, and enter the 

cell as receptor-macromolecule complexes in clathrin-coated vesicles. This receptor-

mediated endocytosis takes place in all nucleated vertebrate cells and plays an important 

role in many physiological processes 

 

Immunoliposomes may also deliver their drug contents into the cytosol of target cells via 

the route of receptor-mediated endocytosis. Receptor-mediated endocytosis is a process 

utilized by cells for the uptake of specific substances such as iron, lipids, proteins and 

peptides. 

 

Internalization is initiated by binding of the ligand to its receptor, which provokes 

receptor clustering and subsequent activation of signal transduction pathways that induce 

endocytosis of the receptor with its bound ligand by coated pits. Many reports have 
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demonstrated that immunoliposomes are taken up by receptor-mediated endocytosis 

provided that the receptor allows internalization and that liposomes are small enough 

(<150 nm) [34-40]. 

 

Unfortunately, following receptor-mediated endocytosis of the immunoliposome-drug-

receptor complex, the complex enters into an acidic endosomal compartment and 

eventually into an acidic lysosomal compartment where immunoliposomes and often also 

the entrapped drugs will be degraded. Therefore, mechanisms that allow endosomal 

escape of liposome-entrapped drugs into the cytoplasm are often required for effective 

drug delivery. As illustrated in Figure 1.8, low-pH induced membrane fusion between 

internalized liposomes and endosomes is an attractive option to achieve cytosolic drug 

delivery after receptor-mediated endocytosis. 

 

Methods in the study of Endocytosis[39] 

 

Some of the methods of study of endocytosis are  

 

�x Cytochemical tracer experiments 

 

�x Indirect immunocytochemical experiments 

 

�x Autoradiaography 

 

�x Specialized light microscopic image intensification or microinjection 
techniques. 

 

The specific method used for any system depends on the chemical characteristics of 

ligand and receptor and the availability of the necessary reagents for the experiment. 

 

Cytochemical Markers: 
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This is the direct method where the ligand conjugates to a fluorochrome, such as 
rhodamine or fluorscein. Rhodamine is preferred for most studies because of the 
following characteristics: 

 

�x Green excitation light is tolerated by cells better than blue or violet light 

 

�x It exhibits slower photobleacing than fluorscein 

 

�x Plastic culture dishes have less autofluorescencein in the red emission range 

than in green emission range 

 

Light microscopic fluorescence technique is sensitive thorough which one can see only 

few molecules of fluorochrome in a small structure that could never be resolved by light 

refraction. This property gives fluorescence a major advantage over other light 

microscopic techniques. Not all ligands are appropriate for direct fluorochrome 

conjugation. Some ligands require receptor binding and the conjugates may have too low 

affinity for the receptor. It should be kept in mind that the ligands for which the receptor 

number is too low are not good candidates for fluorescence experiments. 

 

Light Microscopic Fluorescence and Image Intensification Methods: 

 

While images in fixed cells can yield high-resolution static images, and properly 

designed experiments can yield kinetic data with these static images, very rapid events 

can often be overlooked. Of all the cytochemical techniques available fluorescence is 

most promising. But, the amount of light emitted from few molecules of fluorochrome-

labeled ligand is very small and large amount of excitation light is required to yield 

sufficient fluorescence for detection by the unaided eye using light microscopy. 

 

Inverted Zeiss ICM-405 equipped with epifluorescence optics with filters for rhodamine, 

a plastic enclosure over and under the stage, a heater-recirculator device to maintain the 

stage temperature at 30C. Output camera is connected to both a high-resolution monitor 

and a time-lapse video tape recorder. 
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Electron Microscopic Morphologic Methods 

 

�x Direct Embedding Technique for Cultured Cells 

 

�x Membrane Contrast Enhance Techniques 

 

�x Serial Section Techniques 

 

�x Stereo Analysis of Thin Sections 

 

Immunocytochemistry 

 

�x Light microscopic Fluorescence 

 

�x Electron Microscopic Immunocytochemical methods 

 

�x EGS and GBS Fixation and Processing Methods 

 

�x Horseradish Peroxidase labeling 

 

�x Ferritin Bridge labeling 

 

Direct mechanical Microinjection Methods 

 

One of the exciting new areas of basic morphologic research in cell biology is the use of 

direct injection into single cells. This technique allows the introduction of biologically 

relevant purified substances into the living cell’s cytoplasm or nucleus and allows 

observations of the effects that are produced while the cell is still alive. However, for 

broader biochemical experiments mechanical microinjection is less useful. However, 

mechanical microinjection allow one to inject very high concentrations of protein 

selectively into the nucleus or into the cytoplasm  
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Autoradiography 

 

This method is used successfully to study the endocytosis in number of systems. But it is 

less effective compared to ligand and receptor systems. 

 

 

 

1.5 A549 Cell Line 
 

 

 

The human lung cancer cell line A549 was obtained from American Type Culture 

Collection (ATCC). It was initiated in 1972 by D.J.Giard et al. through explant culture of 

lung carcinomatous tissue from a 58 yr-old Caucasian male, and the culture in passage 68 

was deposited by M.Lieber into American Type Culture Collection (ATCC) in 1976. At 

early and late passage levels, the cells synthesize lecdithin with a high percentage of 

disaturated fatty acids utilizing the cytidine diphosphocholine pathway; such a pattern of 

phospholipid synthesis is expected for cells believed to be responsible for pulmonary 

surfactant synthesis (Leiber et al.).The ATCC Culturing procedure was followed for this 

cell line. A549, a human lung cancer cell line, has been widely used in various kinds of 

studies. The A549 human lung cancer cell line was selected for study due to its clinical 

importance.  These cells are kept in a 75 cm2 flask, at 37 oC, and a 5% CO2 environment. 

The CO2 level is necessary in order for the media to remain at a constant pH. The 

cultured media consists of half a liter of Hams F-12K media, 15 ml of Fetal Bovine 

Serum (FBS) and 1 ml of penicillin.  

 

Note: The oxygen exchange in the lungs takes place across the membranes of small 

balloon-like structures called alveoli. Alveolar walls consist of flattened epithelial cells in 

close contact with capillaries and a delicate connective tissue framework. Epithelial cells 

are of 2 types. Type I cells are thin squamous cells that line approximately 95% of the 
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alveolar surface area. Type II cells are cuboidal-shaped and comprise 5% of the total 

epithelial population in the alveoli, are responsible for the production of pulmonary 

surfactant. 
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CHAPTER 2 

 

 

LITERATURE REVIEW 

 

 

 

2.1 Mathematical Model 
 

 

 

The following section is intended to provide background information for the reader and 

also as a survey of research in areas of significance to this report. First a summary of  the 

mathematical model developed [1] on the basis of experimental setup is presented and 

then in the second half of the chapter all the models developed to obtain kinetics of 

binding and endocytosis are discussed briefly. The roles of transport, diffusion and 

surface kinetic uptake of liposome, viral and liposome-viral complex particles by a 

human lung cancer cell line (in-vitro) are examined using mathematical and experimental 

techniques [1]. By conjugating particles to fluorescent dyes, qualitative fluorescent 

spectroscopy was used to assess the total uptake rates over a short time. Comparison of 

experimental results to the mathematical proposed model of the diffusion - uptake 

phenomena allowed the quantitative determination of the various physical-chemical 

parameters including the Thiele modulus and equilibrium constant as well as the 

maximum number of binding sites or receptors per cell. In this study, experiments are 

performed at 4 oC such that the endocytosis of liposomes into the cell is stopped. 

 

The mechanism by which this uptake process takes places is, first the particles get 

attached to the cell surface (adsorption/desorption) and finally they enter into the cell by 
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the process of endocytosis or fusion. Both unsteady and steady state models are 

developed. An unsteady state mathematical model was developed in a cylindrical 

geometry as it corresponds to cylindrical wells used for plating cells [1]. The relative 

rates of diffusion and binding/uptake kinetics are studied by Donghui [2]. To study the 

surface behavior experiments were conducted such that endocytosis is shutdown. By 

comparing experimental data with diffusion model developed the equilibrium constant 

for adsorption/desorption, as well as the maximum number of active sites were 

determined. 

 

Unsteady State Diffusion Model for Brownian Particle Motion 

 

A cylindrical well plate with radius Ro and containing particles to length lo is in contact 

with adherent monolayer cell line at z = 0. 

 

 

 

    
 

 

 

The particle diffusion is described by the Smoluchowski-chandrasekhar equation, which 

in cylindrical coordinates is given by 

 

z =0 

z =l 

r =0 
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where, Ac  is the Brownian particle concentration, r is the radial coordinate, z is the axial 

coordinate, t is time, AD  is the particle diffusion coefficient and gv  is the convective 

particle velocity due to gravity. 

 

   �]�U�U /)]/(1[ gmv ppfg ���             (2) 

 

Where, f�U is the solvent density, p�U  is the particle density, pm  is the mass of the 

particle, pr  is the effective particle radius �]  is the strokes friction coefficient for an 

effective spherical particle )6( pr�S�P�] � and g is the local gravitational acceleration.  

 

For spherically symmetric particles, the diffusion coefficient is related to the friction 

coefficient according to Strokes-Einstein equation 

 

    �]/TkD bA �                (3) 

 

where bk  is the Boltzmann constant and T is the absolute temperature. Initially at time 

t=0 the particle concentration is considered uniform, i.e. 

 

  ],0[ and ],,0[  0,at t      000 lzRrcc AA �•���•��� �           (4) 

 

The boundary conditions along the gas liquid interface and well-plate side walls are 

given by zero-flux relations 
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The boundary condition along the cellular interface depends on the particular type of 

surface kinetic model as detailed below. 

 

 

Surface Binding/Endocytotic Kinetic Model 

 

The mechanism of uptake of particles takes place in three steps. First the particles reach 

the cell surface by Brownian diffusion followed by adsorption/desorption at the cellular 

surface and finally endocytosis and/or fusional uptake by the targeted cells. The rate 

expressions for the above process can be written in terms of flux (moles particles uptaken 

per second per square meter) as follows: 

 

Adsorption 

    )( max

0 AAzAaa cccakr ��� 
� 

             (7)          

Desorption 

    Add cakr �                              (8)          

Endocytosis/fusion 

    Aee cakr �                              (9) 
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where ka [moles of particles/(liter * sec)], kd  (1/sec) and ke (1/sec) are the rate constants 

for adsorption, desorption and endocytosis/fusion respectively. max
Ac is the (average) 

maximum number of particles adsorbed per cell, Ac  is the average actual number of 

particles adsorbed per cell. 
0� zAc is the free particle concentration along the cell surface 

i.e. at z=0 and a is the number of cells per unit area(sq m). 

 

In general the overall particle uptake is given by 

 

   B.C.(3) N r r rAz z a d e� 
� �� �� ��

0
( )     (10) 

 

At the initial stages of particle exposure to cells the absorbed concentration is nearly 

zero, i.e., 0�#AC . Under these conditions Eq.(10) simplifies to 

 

  B.C.(3’) : 
0

'
1 � 

��� 
zAAz CkN       (11) 

 

where max'
1 Aa Cakk � is a first-order rate constant for the initial adsorption or association 

process and also by shutting down the endocytosis to study the surface behavior and 

allowing the system to reach steady state we get the following equation from eq.(10) 

 

  C t
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A A z

A z
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|
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��

� 

� 

0

01
      (12) 

 

where the equilibrium constant K=k ka d/ . Equation (12) is the langmuir adsorption 

isotherm for this system, and it can be used to construct a so-called Scatchard plot to 

determine K and max
Ac  from steady state data.  
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Dimensionless Analysis 

 

Now, it is instructive to non-dimensionalize eqn(1) by introducing the following 

dimensionless variables 
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where,  

00 / Rl� �H        (19) 
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    ,N
0

0
g l

tvg� Gravitational Number    (21) 

 

are dimensionless groups for length scales, diffusion, and gravity, respectively. 

Experimentally we will select the well-plate geometry such that 1/ 00 ����� Rl�H  and the 

radial diffusion term can be neglected  when compared to the axial diffusion term in 

equation (18). 

 

In dimensionless terms the relevant boundary conditions become 

 

B.C.(1): ,0*
*

*
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B.C.(3): ***max*
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**
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where  AAaa Dclk /
0

2
0� �I , Add Dlk /2

0� �I , and Aee Dlk /2
0� �I  are known as Thiele moduli 

for adsorption, desorption and endocytosis/fusion, respectively. These dimensionless 

groups characterize the ratios of the rates of adsorption, desorption, and endocytosis, 

respectively, to that of diffusion. 

 

Initial Rate Solution 

 

For the small experimental times, further simplification can be invoked. Average distance 

traveled by the particle, lD, which is given by (DAt0)
1/2 very small for a couple of hours or 

less. So the length scale becomes the diffusion length scale, i.e., l0=lD, giving NPe = 1. 

Gravitational number will also be small for times less than an hour. Thus gravity can be 

neglected. Also diffusional boundary layer is very thin near z = 0, the cell-plate surface, 
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Eq. (23) can be replaced by the semi-infinite domain condition (in dimensionless terms 

with Ng=0 and z* = z/lD) as 
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z
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Finally then under the above conditions, we seek to solve analytically the simpler partial 

differential equation 
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subject to B.C.(1') above, B.C.(3') 
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and the initial condition in dimensionless terms 

 

I.C.(1):  ,1* � Ac  ,0* � t   0* �t�� z     (27) 

 

Note that AADaAa Dclkc /
0

2max*' � �I in Eq.(26) is a modified Thiele modulus for adsorption. 

Small values of '
a�I  ( '

a�I  << 1) indicate slow surface adsorption compared to diffusion or 

an ‘adsorption controlled’ system. Conversely, large values of '
a�I  ( '

a�I  >>1) indicate fast 

adsorption or a ‘diffusion controlled’ system. 
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Using Laplace transform solution for Eq.(25) using initial and boundary conditions is 

given by 
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The dimensional surface flux or flow of liposome particles at any time t, QA(t), can be 

obtained from its definition  
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Upon differentiation of Eq.(28), Eq.(29) becomes 
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and the total liposome particle uptake rate over time, t, follows as 
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where the integration is obtained by parts. 
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Steady-State Analysis with no Endocytosis 

 

A complete, steady-state solution to the system described above is possible under the 

conditions ke = 0. Physically, this can achieved, for example, by cell incubation at 40C or 

by use of endocytotic inhibitions. 

 

Under steady-state conditions with �H<<1, Equation. (18) reduces to 

 

B.C.(1): 0
*

*

2*

*2

� ��
dz

dc
NN

dz

cd
A

gP
A

e
      (32) 

 

Integrating and utilizing ( 0,0)( � � �f� eAZ rtN ), we obtain 
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Now, the integral mass balance for this problem can be written as 
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where NA0 is the total initial number of moles of A in the system, or in dimensionless 

terms 
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where )/( 0
2
0

*

000
lRcNN AAA �S�  and )/( 0

*

0
lcacc AAA � . Substituting Eq. (33) into Eq. (35) 

and carrying out the simple integration yields 
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We also have from Eq. (13), the surface flux boundary condition, 

 

0

*

0

*max*

*

)/(1

)/(
*

� 

� 

��
� 

zAda

zAAda

A
c

cc
c

�I�I

�I�I
     (37) 

 

Equation (37) can be rearranged to the following form 
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Using equation (38) one can plot Scatchard Plot of 
0

*

*

* � zA

A

c

c
 vs *

Ac to obtain both da �I�I /  

and max
Ac from the slope and intercept, where 

0

*
* � zAc  is obtained from equation (36)  from 

the measured values of *
Ac . 

2.2 Previous Studies 
 

 

 

Modeling Approach: 
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Quantification of the kinetics of liposome uptake by cells is a first step towards 

understanding the uptake mechanism. It is also essential in the design of liposomes as 

drug carriers. Uptake of liposomes by cells is viewed as a sequence of two major steps: 

binding to the sites on the plasma membrane followed by entry into the cells. To study 

this binding reaction in the intact cell it is necessary to isolate it from subsequent events 

in the pathway. The majority of studies in the literature analyze binding data at reduced 

temperature (0-4 C), which prevents all subsequent steps.  

 

Binding data are generally interpreted (assuming equilibrium conditions) by the analysis 

of Scatchard to obtain an equilibrium binding constant as well as the number of binding 

sites. Many ligands display a single class of binding site as defined by a linear Scatchard 

plot. Many studies both in vitro and in vivo indicated that the rate of association and rate 

of endocytosis depends on specific factors such as, cell types, ligand and the temperature. 

Table 2.1 shows that surface binding characteristics of different cell types. Typical values 

of ka and kd were found to be in the range of 107 -1010 M -1sec-1 And 10-4- 10-1sec-1, 

respectively. Table shows the equilibrium binding of ligand to the receptor assuming 

simple homogenous receptor/ligand binding.  
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Table 2.1 Receptor /Ligand binding parameters[38] 

 

Receptor Ligand Cell type 

N 
(number of 
receptors 
per cell) 

ka 
(1/(M*sec)) kd(1/sec) K (1/M) 

Transferrin Transferrin HepG2 50000 5.00E+04 0.00167 3.33E-08 

Fcf 2.4G2 Fab 
Mouse 
macrophage 710000 5.00E+04 0.00004 7.67E-10 

Chemotactic peptide FNLLP 
Rabbit 
neutrophil 50000 3.33E+05 0.00667 2.00E-08 

Interferon Human interferon A549 900 3.67E+06 0.00120 3.27E-10 

TNF TNF A549 6600 1.60E+07 0.00233 1.46E-10 

beta-adrenegic Hydroxybenzylpindol 
Turkey 
erythrocyte - 1.33E+07 0.00133 1.00E-10 

alpha1-adrenergic Praosin BC3H1 14000 4.00E+06 0.00003 7.50E-12 

Insulin Insulin Rat fat cells 100000 1.60E+05 0.00333 2.08E-08 

EGF EGF Fetal rat lung 25000 3.00E+06 0.00200 6.67E-10 

Fibronectin Fibronectin Fibroblast 500000 1.17E+04 0.01000 8.57E-07 

Fce IgE 
Human 
basophils - 5.17E+04 0.00003 4.84E-10 

IL-2 (heavy chain) IL-2 
T 
lymphocytes 2000 3.83E+05 0.00025 6.52E-10 

IL-2 (Light chain)    11000 1.40E+07 0.40000 2.86E-08 

IL-2 (heterodimer)     2000 3.17E+07 0.00002 7.37E-13 

 

 

 

 

The next step in the endocytotic process is internalization. The internalization of a ligand 

would in part reflect its rate. Receptor mediated endocytosis is a process by which 

ligands that are specifically bound to cell surface receptors are rapidly partitioned into 

intracellular vesicles. 

 

At 37 oC a bound ligand can leave the cell surface not only by dissociation from the 

receptor, but also by being internalized with it. Wiley and Cunningham (1981) were the 

first to introduce a steady-state model for analyzing cellular binding that specifically took 

internalization into account.  They developed a steady state model to analyze the cellular 

binding, internalization and degradation of ligands based on the classical steady state 

approach to enzyme-substrate interactions developed by Briggs and Halden (1925). A 

brief description on the model and assumptions made is shown below. 
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Classical Steady State Approach [23]: 

 

When a specific ligand binds to the receptor, the ligand receptor complex is internalized. 

The surface concentration of occupied and unoccupied receptors is constant when steady 

state is achieved. Hence we have, 

 

    sestr LRkRKV ][][ ���          (39) 

 

Rearranging, 
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Where, rV is the rate of insertion of new receptors into the cell surface,tK rate constant 

for unoccupied receptors, sR][ is the surface concentration of unoccupied receptors, ek  is 

the endocytotic rate constant and sLR][ is the surface concentration of ligand receptor 

complex. Thus at steady state, the rate of formation of ligand receptor complex is equal to 

the rate of loss by dissociation and rate of loss by internalization.  

 

sesdsa LRkLRKRLK ][][]][[ ���     (41) 

 

In the above equationaK is the rate of association, dK is the rate of dissociation and ][L  

is the concentration of free ligand in the medium. 

Therefore,  
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Substituting for sR][  from equation (40) and rearranging equation (42) we get, 
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This is an equation of a straight line and predicts that if one plots the amount of ligand 

bound to the cell surface divided by the free ligand concentration against the amount of 

ligand bound to the cell surface steady state, one will obtain a straight line with a slope of 

)( edt

ae

kkk
kk
��

��  and an X-intercept of rV / ek . 

 

When the pool of intact ligand inside the cell reached a steady state then we have the rate 

of ligand entry into the cell by internalization is equal to the rate of degradation. The rate 

of internalization and degradation assumes first order reaction kinetics [22]. Thus we 

have 

 

Ihse LRkLRk ][][ �      (44) 

 

Where “I” stands for inside the cells and hk is the rate of hydrolysis. The total ligand 

associated with the cell is IsT LRLRLR ][][][ ��� . “T” denotes the total ligands associated 

with the cell. Substituting the above equations into equation (43) we get 
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Where, ssK  is the steady state lumped constant. If there is no degradation of the 

endocytosed ligand then at steady state we have 
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Rearranging and integrating the above equation we get 
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We also have at steady state 
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The half-life of first order reaction is directly related to the rate constant as follows 

(Segel, 1976) 

    
2/1

693.0
T

K h �       (49) 

 

The above model is based on the cellular binding, internalization and degradation of 

polypeptide ligands under physiological conditions. Receptor mediated endocytosis is 

quantitatively measured under initial conditions of cells approaching steady state or after 

treatment with endocytotic modulators that could alter steady state conditions.   
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Ge-Fabry ad DeLisi(1982) [34] introduced a mathematical model for analyzing, 

simulating, and quantifying  the dynamic and steady-state characteristics of receptor-

mediated endocytosis. The basic processes considered by the model are 

 

1. Ligand-receptor binding, 

 

2. Diffusion of receptors and ligand-receptor complexes in the plane of the 

membrane toward and away from coated pits 

 

3. Binding of ligand-receptor complexes to coated pit proteins 

 

4. Endocytosis of coated pit contents 

 

5. Degradation of ligand, and recycling of undegraded receptors. 

 

Later in 1985, Klauser et al. [34] developed a model similar to Cunningham et al.(1981) 

[23] which can be used to analyze the binding data at 37C. 

 

Mass Action Kinetics[2][28][29] 

 

Lee et al. (1993) characterized in detail the parameters of binding and endocytosis by 

J774 cells, a murine macrophage-like cell line, using two types of liposomes: neutral and 

negatively charged liposomes. An analysis was performed on both suspended and 

adherent cells. For the first time they obtained equilibrium binding affinity and the 

kinetic rate constants of liposome-cell interactions as well as the endocytotic rate 

constants. Lee et al. employed formalism based on mass action kinetics (Nir et al.) that 

views the overall association of liposomes with cells as a two-step process: binding of 

liposomes to the cells surface as a second order process and an endocytosis described by 

first order process. The procedure described in their model is similar to that of Nir et al. 

(1986) for virus binding to and fusion with cells. 
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The molar concentration of free liposomes is denoted by L. Initially at time t=0, 

0)( LtL � . The molar concentration of cells which have I surface bound liposomes and J 

internalized liposomes is denoted by A(I, J). 

Mass conservation of liposomes 

 

� ¦ � ¦ ����� 
N NE

JIJIALL ))(,(0      (50) 

 

Where N is the largest number of liposomes that can bind to a single cell and Ne is the 

largest number of liposomes that can be endocytosed per cell. 

 

Mass conservation of cells 

 

�¦ �¦� ),(0 JIAG      (51) 

 

The molar concentration of free cells is denoted by G=A(0, 0), Initially, 0)( GtG �  

The kinetics of association, dissociation and endocytosis are described by the following 

equations: 
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The solution of these nonlinear differential equations is based on Taylor series expansion 

as described in Nit et al.(1986).By defining K= da kk /  and setting 0� ek  i.e. shutting 

down endocytosis( cell association at 4C). Above equations yield 

 

�¸
�¹

�·
�¨
�©

�§ ��
� 

��
� 

N
KL

KL
G

LL
r

10

0     (53) 

 

Where r is the number of liposomes bound per cell. The above equation can be 

rearranged to a form of scatchard plot whose slope is the equilibrium rate constant, K and 

intercept gives the maximum number of liposomes that can bind to a single cell, N. 

 

Association rate constant is obtained for early times and small liposome concentrations 

from the relation [29] 

 

)exp()( 00 tkGLtL a���     (55) 

 

Having determined K, ka, kd and N. Endocytotic rate constant is determined by the 

kinetic equation [23] 
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Furthermore, it is anticipated that the effect of certain drugs on the cells may depend on 

the cells may depend critically on their mode of entry, that is via coated pits or via 

caveolae. Nir et al. 1994 developed a model, which is the extension of the mass action 

kinetics model developed by Lee et al(1993). As explained previously in Lee et al.(1993), 
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the calculations considered one type of receptor site, whereas in Nir et al.(1994) the 

treatment was extended to two types of sites.  

 

 

2.3 Experimental Procedures for Monitoring Liposome Uptake 
 

 

Some of the procedures to characterize qualitatively cell surface binding and endocytosis 

of liposomes via coated pits are discussed briefly in the next few paragraphs. Total 

uptake or association of liposomes with cells can be evaluated by several means. All 

procedures involve incubation of cells with labeled liposomes under defined 

experimental conditions. 

 

Radiolabeled Liposomes: 

 

Radioactive phospholipids such as labeledI ��125 p-hydroxybenzamidine 

dihexadecylphosphatidylethanolamine, or phosphatidyl[14C]choline or cholesterol 

derivatives such as 3[H]cholesterylhexadecyl ether. Metabolically inert radioactive 

aqueous markers such as [ 3H]inulin may be encapsulated inside the liposomes. 

  

Cells are rinsed with serum free medium before incubating them with radiolabeled 

liposomes in monolayer. Total uptake is measured after incubating radiolabeled 

liposomes at 37 oC. Monolayers are washed several times with cold phosphate-buffered 

saline(PBS) to remove any unbound liposomes. Cells are finally digested in 0.5 N NaOH 

( 2hr , 20 oC) [11] before determining of cell associated radioactivity in a scintillation 

spectrometer. 

 

Fluorescently labeled liposomes: 
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Fluorescently labeled vesicles may be obtained with lipidic probes such as N-(Lissamine 

rhodamine B sulfonyl) phoaphatidylethanolamine (Rho-PE), N-(7-nitro0benz-2-oxa-1,3-

diazol-4yl) phosphatidylethanolamine(NBD-PE) or octadecylrhodamine B (R18). 

Aqueous markers such as fluorescein isothiocynate (FITC)-dextran or pyranine based 8-

hydroxy-1,3,6-pyrene-trisulfonate(HPTS) are encapsulated inside the vesicles. 

 

Similar to radiolabeled liposomes, fluorescent labeled liposomes can be encapsulated in 

the liposomes. In Lee et al. the procedure used for adherent monolayers is similar to the 

one described above for radiolabeled liposomes. Cells in suspensions are under continous 

shaking. After a given period of incubation unbound liposomes are removed by 

centrifugation. Mild centrifugation for 5 min at 1000rpm followed by resuspension in 

cold PBS removes unbound liposomes. The amount of bound liposomes is determined by 

measuring the amount of fluorescence associated with a defined number of cells. 

Fluorescence intensity may be translated into lipid concentration using a calibration 

curve, and cell concentration can be expressed as nanomoles of lipid per cell. 

 

At the physiological temperature of 37 oC both surface associated and endocytosed 

liposome fractions are quantified. To estimate specifically the kinetics and final extent of 

cell surface binding, incubating labeled liposomes and cells at 4C can block the 

endocytosis process.  Alternatively, incubating liposomes at physiological temperatures 

in the presence of inhibitors can also inhibit endocytosis. 

 

Measurement of Endocytic Rate by HPTS:[32][31] 

 

The effectiveness of internalization has been confirmed with HPTS loaded liposomes. 

HPTS, also known as pyranine is a highly water soluble, membrane-impermeant pH 

indicator with a pKa of approx. 7.3 in aqueous buffers. The pKa of HPTS is reported to 

rise to 7.5-7.8 in the cytosol of some cells. HPTS must be introduced into cells by 

microinjection, electroporation, endocytosis, liposome-mediated delivery or using our 
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Influx pinocytic cell-loading reagent. HPTS exhibits a pH dependent absorption shift. 

The unique pH-dependent spectral properties, high water solubility and low cost of HPTS 

make its applications numerous. They include: 

 

�x HPTS is a suitable marker for use in Fluorescence Microscopy as the substitution 

of the pyrene ring shifts the fluorescence spectrum into the range which is 

achieved by standard optics. 

 

�x Detecting proton permeability in liposomes and cells 

 

�x Fiber-optic sensing of oxygen and carbon dioxide, ammonia and enzymatic 

activity 

 

�x Detection of bioenergetically linked proton transfer processes 

 

�x Measuring acidity of lysosomes and other organelles 

 

�x Detection of membrane fusion and lysis 

 

�x Studying endocytosis 

 

�x Detecting targeted intracellular delivery of liposome-encapsulated molecules 

 

 

Above mentioned advantages made HPTS the natural choice for our study. HPTS was 

entrapped inside vesicles according to the procedure described by straubinger et al 

(1990). Endocytosis may be monitored specifically from changes in pH. HPTS maximal 

fluorescence emission at 510 nm increases with pH when excitation is at 450 nm and 

decreases when excitation is at 350-405 nm, whereas an isosbestic wavelength is 

observed to occur at 413 nm. 
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Figure 2.1 The pH-dependent absorption spectra of 8-hydroxypyrene-1,3,6-trisulfonic 
acid (HPTS) 

 

 

 

 

The pH dependence of HPTS excitation is not affected by encapsulation of the probe into 

liposomes. The ratio fluorescence measured at excitation wavelengths of 450 and 413nm 

increases linearly within the pH 4.5-7.5 range. Using this parameter, it has been shown 

that 1h after liposome addition most cell-associated liposomes are internalized and reside 

at a mean pH of ~6.5. 

 

Thus, ratio may in principle be used as an indicator of the pH sensed by the probe while 

being endocytosed. The fraction of liposomes inside cells, out of the total cell associated 

population, may then be calculated from the following expression: 
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Where 4.7� pH�J  is the fluorescence ration at pH 7.4 (outside cells), gamma measure is the 

fluorescence ratio measured at a defined liposome-cell incubation time (time=1hr) and 

5.6� pH�J is the ratio measured at pH 6.5 (inside cells at time =1hr). Using this approach in 

combination with total uptake determinations, it was shown that incubation at low 

temperature, or incubation at 37C in the presence of ATP-depleting compounds, arrests 

endocytosis completely [lee et al.]. 

 

In a complementary approach the internalization of liposome fraction is estimated after 

stripping cells of their surface-bound liposomes through acidic saline washes [Nir et al, 

1999]. The cells are washed several times with cold buffer as previously described (for 

removal of unbound liposomes) and then incubated with acid buffer (pH 3.0) for 3 min 

(acid wash to remove receptor bound liposomes) before washing again with buffer twice. 

In this way the amount of fluorescence associated with cells reflects only endocytosed 

liposomes. 

 

Two standard filter sets are required to view HPTS fluorescence by microscopy. HPTS 

liposomes on the cell surface are detected by blue excitation {\cite msp30} and the 

liposomes, which are endocytosed, are detected by using violet band excitation. Filter set 

for surface bound liposomes, exclusively used to visualize the HPTS at neutral or basic 

pH is Leitz I2, narrow blue excitation band (450-490nm), a long pass dichoric mirror 

(455nm) and a long-pass barrier filter (515nm). Filter set to detect the endocytosed 

liposomes is leitz filter set B, which excites in a wide range violet band (350-410 nm). 

 

Kessner et al. (2000) [36] also described a relatively new procedure to estimate directly 

liposome internalization based on the use of liposomes asymmetrically labeled in the 

outer monolayer with NBD-PE. The cellular uptake of targeted immunoliposomes by 

interleukin-1 activated human endothelial cells has been analyzed by several 

spectroscopical and microscopical fluorescence techniques. Previous in vitro experiments 



 45

demonstrated that the targeting of immunoliposomes to vascular selectins is a potential 

way for a selective drug delivery at inflammatory sites. Experiments at physiological 

conditions demonstrated that E-Selectin-directed immunoliposomes are able to bind their 

target cells under the simulated shear force conditions of capillary blood flow 

cumulatively for up to 18 h. The use of NBD-labeled liposomes and subsequent 

fluorescence quenching outside the cells with dithionite show that liposomal NBD 

fluorescence may be achieved by chemically reducing NBD into the corresponding 

nonfluorescent derivative, using dithionite. Because dithionite cannot permeate the cell 

membrane, liposome quenching occurs only outside the cells. Therefore for 

internalization studies, cell monolayers incubated with liposomes treated for 3 min with 

dithionite. After several washings, the NBD fluorescence associated with the cells is 

considered to represent the internalized fraction. 
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CHAPTER 3 

 

 

METHODOLOGIES 
 

 

 

This study will examine the simultaneously the role of liposome particle transport, 

diffusion and binding/uptake to a human lung cancer cell line A549 in vitro. A 

mathematical model of unsteady-state diffusion and surface uptake of these particles was 

developed in a cylindrical geometry experimentally corresponding to cylindrical well 

used for plating cells. Analytical expressions for the particle uptake rates or mass flux 

along the cell boundary are expressed in terms of a dimensionless Theile modulus which 

characterizes the relative role of diffusion to surface binding/uptake kinetics. To 

approach this, liposomes are labeled with HPTS in the interiors of liposomes. 

 

Direct comparisons of experimental uptake rates with model solutions allow 

determination of the Thiele modulus and thus, the relative rates of diffusion and 

binding/uptake kinetics. In order to study the behavior at the cellular surface, it is 

necessary to bring the system to a steady state by shutting off endocytosis, where 

experiments are performed in a 4C environment. Comparison of experimental data with 

steady state diffusion model solutions also allows the determination of the equilibrium 

constant for adsorption/ desorption, as well as the maximum number of active sites. 

 

 

3.1 Binding of Liposomes 
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For binding studies, confluent A549 cells are grown on cylindrical well plates. In order to 

study the initial kinetics studies were conducted at 37 C for short periods of incubation of 

liposome particles. To avoid contamination, cells are placed in different well-plates for 

different incubation periods.  Readings were taken for over short period i.e. 5 min, 10 

min, 15 min and 30 min. for detailed procedure see appendix G. 

 

For equilibrium studies, cells were incubated at 4 °C for different incubation periods say 

30 min to 7 hrs with HPTS labeled liposomes in PBS containing 1 mM calcium chloride 

and 0.5 mM magnesium chloride (PBS-C). To bring cells to dormant state cells were pre-

incubated with serum-free medium at 4 °C for 180 min. After 30 min of incubation at 4 

°C, A549 monolayers were washed three times to remove unbound liposomes. The cells 

were further fixed with PBS and viewed with an Olympus fluorescent microscope and 

spectrofluorometry with an excitation filter set in the range 450–490 nm, which allows 

observation of fluorescence emission at wavelength 510 nm. The same procedure was 

followed for different incubation periods. The liposome binding monitored by the 

presence of HPTS into the liposomes bilayer (ex=450 nm, em=510 nm) was expressed 

as fluorescence intensity (x-axis) plotted on a logarithmic scale versus incubation time (y-

axis). Figure 3.1.1 shows the schematic representation of various stages during the 

binding of liposomes at a given initial concentration of liposomes versus different 

incubation periods from 30min, 1hr, 2hr till 7 hrs.  
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Figure 3.1 Binding of liposomes to the cell monolayer 

 

 

 

 

3.2 Endocytosis of Liposomes 
 

 

When liposomes are incubated, they bind to the cell surface.  Depending upon the cell 

type and liposome composition they internalize. The local pH within the endosome is low 

(~pH 6.3). The rate of endocytosis is determined by incubating A549 cells on cylindrical 

well plates. In order to avoid contamination cells are plated separately in different well-

plates. To get at least four data points four well-plates are used. After 90% confluence is 

reached, cells are washed with PBS. 0.5 ml of liposomes are added into each well and 

placed in an incubator at 37 oC and 5% CO2 for 5 hrs. After five hours all the well plates 

are removed from the incubator and washed twice with PBS and placed back in the 
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incubator. Readings were taken for every half-an-hour.  It was observed that the liposome 

concentration on the cell surface decreased slightly with time. 

 

Properties of HPTS in relation to endocytosis: 

The spectral shifts of HPTS with changes in pH make it a powerful marker of the fate of 

liposome contents following endocytosis. The excitation spectrum of HPTS measured at 

��em= 510 nm exhibits two complementary pH-dependent peaks (��ex= 400 nm and ��ex= 

460 nm) (figure 2.1).  

 

Figure 3.2 shows the emission intensities as a function of pH. Fluorescence from both the 

filter-sets pairs (��ex= 400 nm/ ��ex= 460 nm and ��ex= 460 nm/ ��ex= 510 nm) are useful in 

reporting physiological pH. With ��ex= 400 nm/ ��ex= 460 nm filter-set the fluorescence 

emissions reach to about a constant value of 1500 RFU (Relative Fluorescence Units) 

below 6.2 pH. In contrast, the fluorescence emissions from ��ex= 460 nm/ ��ex= 510 nm 

filter-set decreases with pH with appropriate background correction and calibration. For 

studies here, ��ex = 460 nm/ ��ex= 510 nm filter-set proved highly sensitive, undergoing 10 

fold change in the pH range of 6-7.4.  
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Figure 3.2 pH-dependent properties of HPTS, fluorescence emission intensities at ��ex= 
400 nm and ��ex= 460 nm. 

 

Fraction of liposomes endocytosed can be determined from the following equation 
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Where )@( 0  ttinitialRFU liposomesboundsurface �  is the fluorescence at pH 7.4 (outside cells) 

measured initially at time t=t0, and MeasuredRFU is the fluorescence at pH 7.4 (outside 
cells) measured at time ‘t’ during the endocytosis process. 

 

The fluorescence at 7.4 pH is measured in terms of relative fluorescence units, 

)(   liposomesboundsurfaceRFU . And the emissions are exclusively from the surface of the 
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membrane. It was known that liposome once entered into cell may be exposed to low pH 

or the content in the liposome leak and be exposed to lower pH environment. To confirm 

that the emissions are exclusively from the surface of the cell membrane and not from the 

liposomes endocytosed, 7.4 pH and 6.4 pH liposomes are dispersed in 7.4 pH and 6.4 pH 

PBS respectively. See Appendix F for detailed procedure.  

 

 

Table 3.1 Fluorescence emissions at intensities at ��ex= 400 nm and ��ex= 460 nm. Of 
7.4pH liposomes dispersed in 7.4 pH PBS 

 

Dilution 
RFU@ ��ex460nm/ ��em 510nm for 
7.4 pH Liposomes in 7.4 pH PBS 

RFU@ ��ex400nm/ ��em460nm 
for 7.4 pH Liposomes in 7.4 

pH PBS 

.5/3 46089 353 

.5/5 31360 288 

.5/10 14284 197 

.5/20 9620 180 

.5/30 7050 170 

.5/50 3117 163 

.5/100 2085 145 

.5/150 1644 145 

.5/200 1269 142 

.5/250 1212 142 
 

 

 

We have from Table 3.1 and Table 3.2 that 

 

�ƒ (��ex= 460 nm and ��em= 510 nm) filter-set1 is sensitive to pH 7.4 liposomes and 

insensitive to 6.4 pH liposomes.  

 

�ƒ For low dilutions or low concentration of liposomes the emissions from filter-set1 

(��ex= 460 nm and ��em= 510 nm) by 6.4pH liposomes is just noise. 
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�ƒ Hence the equation developed for fraction endocytosed gives the amount of 

liposomes endocytosed at a particular time t. In order to account for changes in 

the concentration of dye the above equation can be normalized by dividing each 

emissions by the emissions obtained from ��ex= 413nm. 

 

 

 

Table 3.2 Fluorescence emissions at intensities at ��ex= 400 nm and ��ex= 460 nm. Of 
6.4pH liposomes dispersed in 6.4 pH PBS 

 
 

Dilution  RFU@ ��ex460nm/ ��em510nm for 
6.4 pH Liposomes in 6.4 pH PBS

RFU@ ��ex400nm/ ��em460nm for 
6.4 pH Liposomes in 6.4 pH PBS 

.5/3 1280 1755 

.5/5 999 1244 

.5/10 530 641 

.5/20 315 487 

.5/30 222 431 

.5/50 154 372 

.5/100 95 319 

.5/150 87 317 

.5/200 
72 297 

.5/250 
65 296 
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CHAPTER 4 

 

 

EXPERIMENTAL SETUP 

  

 

 

4.1 Cell Culture 
 

 

Cell Line A549 are the human lung carcinoma cells which were obtained from ATCC. 

The ATCC procedure for this cell line was used in the culturing of the cells. This 

procedure included culturing the cells in Kaighn’s modified Ham’s F12 media, 

supplemented with fetal bovine serum and a mixture of antibiotics 

(penicillin/streptomycin). The cells were cultured in 75 cm2 Flasks. Cell culturing 

involves routine sub-culturing using trypsin to detach the monolayer of cells. Routine 

feeding of media and incubation in a 5% carbon dioxide, 37 oC environment are 

necessary to keep the cells healthy. 

 

 

4.2 Liposome Preparation 
 

 

Liposomes were prepared using the thin-film method developed by Lasic(3).  

Only three ingredients are needed to make conventional liposomes: 1,2-diplamitoyl-sn-

glycerol-3-phosphocoline (DPPC), Cholesterol, and stearlyamine. These components are 

added in the following amounts: 46%wt of DPPC, 38%wt of Cholesterol, and 16%wt of 
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stearlyamine into a 200ml pear shaped flask. The lipid contents are diluted with 20ml of 

2:1 ratio of chloroform: methanol  

 

 

 
Figure 4.1 Rotary evaporator 

 

 

 

 

About nine 5-millimeter silicate glass beads are added for better mixing. The pear shaped 

flask is then attached to a rotary evaporator in 47 oC temperature bath. The mixture 

slowly evaporates into the vacuum pump. The beads help form a smooth and even film 

over a period of about 75 minutes.  During this time 5ml of a 35mM solution of HPTS is 

brought up to temperature of 60 oC.  This solution is added to the film at the end of the 

evaporation period, and placed in the incubator/shaker for 12 hours at 150rpm.This 

allows for a slow hydration and formation of heterogeneous multilamellar liposomes. 
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Fig 4.2 Incubator/shaker 

 

 

 

 

 

 
Fig 4.3 Thermobarrel Extruder 
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Once the 12 hour period is over, the liposomes are filtered in a thermobarrel extruder 

(Figure 4.3) provided by Lipex, in order to obtain the desired particle size distribution of 

large unilamellar liposomes.  The mixture is passed through a 0.6 micrometers pore filter 

three times, and the through a 0.4 micrometers pore filter three more times.  Finally, a 

sample of the liposomes is placed in a particle analyzer to determine the particle size 

characteristics using a Beckman Instrument. 

 

 

 

 
Figure 4.4 Centrifuge 

 

 

 

 

Finally, the liposomes are washed 6 times in order to remove unencapsulated HPTS from 

solution.  This insures that the only source of HPTS has come from within the liposomes.  
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The washings are performed in a centrifuge (Figure 4.3) at a spinning rate of 10,000 rpm 

for 45minutes with a phosphate buffered solution (PBS). 

 

 

4.3 Binding and Uptake of Liposomes 
 

 

A549 lung cancer cells are plated on 24 well plates and viability of cells was checked to 

be > 95%. Cells are incubated with liposome at various concentrations at 4 oC and at one 

concentration at 37 oC. Readings are obtained at 30min, 1 hour, 2 hour, 3 hour, 4 hour, 5 

hour, 6 hours and 7 hour (detailed procedure is explained in Appendix A.1). Since the 

liposomes are fluorescent, a flurometer is used to read the amount of liposomes absorbed 

by the cells at various time intervals. Using a calibration curve concentration of 

fluorescent dye absorbed was calculated. For quantitative analysis, the cells were also 

imaged using Olympus IX-FLA Inverted Reflected Light Fluorescence Microscope.  

 

 

 

 
Figure 4.5 Flurometer(Packard) 
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Figure 4.6 Olympus IX-FLA Inverted Reflected Light Fluorescence Microscope. 
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CHAPTER 5 

 

 

RESULTS AND DISCUSSION 

 
 

 

The results of diffusion and surface kinetics of liposome particle uptake by human lung 

cancer cell A549 in vitro are shown in this chapter. The experimental data obtained is 

compared with the mathematical model predictions. The kinetic rates of liposomes 

particles by A549 cells are examined. The characteristics of the particles such as size, 

zeta potential and stability are, noted as shown below. 

 

Characteristics of liposomes 

 

Particle size and zeta-potential: 

 

Liposomes were prepared by thin film method described previously, followed by 

extrusion. The extrusion was through membranes of pore size 0.4µm (Nucleopore, 

Corning separations division, CA) 3 times under compressed nitrogen (~ 100 psi). The 

mean particle diameter ranged between 435nm and 485nm as estimated by laser 

scattering (Brookhaven zetaplus analyzer) and the zeta potential was measured to be 

about  +32(�r 7) mV. The particle diameter didn’t vary much throughout the experiments 

at 4 oC for all  incubation periods. (i.e. from 30 min till 7 hrs) 

 

Stability of liposomes: 
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It was observed that the liposome particles get agglomerated by weak Van der Waals 

attractions when stored at room temperature. This phenomenon was observed both 

qualitatively and quantitatively by measuring the particle size. The particle size increased 

from 435 nm to around 1 micrometer within 10 days. Hence, the experiments were 

performed immediately after the liposomes were produced. The agglomerated liposomes 

were separated by dispersing liposomes in very dilute concentrations of sodium-dodecyl-

sulfate (SDS). 

 

Fluorescence microscopy 

 

Fluorescence micrograph of A549 cells treated with HPTS-containing DPPS /Cholesterol 

/Sterylamine liposomes from a typical experiment is shown in figure 5.2. Cells were 

treated with liposomes for 4 hr at 4 oC. The cells are then washed thrice in PBS and 

viewed by fluorescence microscope (Olympus)  

 

 
 

Figure 5.1. Binding of liposomes by A549 cells after 5 hours of incubation at 4C when 
observed under fluorescence microscope with 40X resolution and 14.3ms 
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5.2 Liposome particle binding and uptake kinetics 
 

 

The uptake rate of fluorescent liposomes by human lung cancer cells A549 was 

examined. The cell viability was examined for every reading taken during the uptake 

process. Several experimental measurements of particle uptake were repeated on different 

days. The average value and standard deviation of each data point shown below were 

based on a total of 12 well samples. Experiments on different days showed comparable 

values for all times and conditions indicating good reproducibility of our results.  

Experimental data was compared to the model prediction, and the kinetic parameters 

were determined. 

 

 

 

Equilibrium binding to A549 cells at 4 oC 
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Figure 5.2. Equilibrium uptake of liposomes at 4C 

Note: the errors reported for the surface uptake parameters were "total" errors based on 
all runs made for a given system, i.e., repeat runs on the same day and on different days. 
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Figure 5.2 shows the binding of liposomes (RFU) as a function of time. The amount of 

liposomes bound at equilibrium in the adherent state was monitored for various initial 

concentrations. The amount of bound liposomes is determined by measuring the amount 

of fluorescence associated with a defined number of cells. Fluorescence intensity may be 

translated into lipid concentration using a calibration curve and cell-liposome association 

is expresses as nanomoles of lipid per cell. Error analysis was made based on the average 

standard deviation of 12 samples. The binding of DPPC/Cholesterol/Sterylamine 

containing liposomes to the monolayer cells exhibited a classical saturation curve 

reminiscent of specific binding. 

 

At saturation, ~ 84 nmol of phospholipids was bound per 106 cells, which corresponds to 

about 25,000 liposomes bound per cell. This calculation was based on the assumption 

that the average diameter of unilamellar liposomes was 435 nm with an area per 

phospholipids in the bilayer of 0.6 nm2 and the thickness of the bilayer which is about 4 

nm is neglected compared to the total size of the particle. See appendix C for sample 

calculations. The binding of liposomes to adherent monolayer cells increased with the 

increased initial concentration of liposomes. Also after about 4 hours the binding of 

liposomes reached saturation and showed a complete plateau.  

 

Average of the last four points shown in the figure 5.2 was taken for scatchard plot 

analysis. In order to check the cell viability and qualitatively observe the binding 

kinetics, cells were observed under fluorescence microscope.  

 

Cells are treated with liposomes for various incubation periods (30 min, 1 hr ...7 hr) at 4 
oC, washed twice in PBS and were viewed by phase contrast and fluorescence 

microscopy as shown in figure 5.3.  
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Figure 5.3 Binding of liposomes by A549 cells at various incubation periods at 4C 

when observed under fluorescence microscope with 40X resolution and an exposure time 
of 14.3ms. A. 30 min incubation, B. 1hr incubation, C. 2 hr incubation, D. 3 hr 
incubation, E. 4 hr incubation, F.5 hr incubation, G. 6 hr incubation, H. 7 hr incubation 

 

 

 

 

As shown in Fig. 5.2 and Fig 5.3, at 4 oC the uptake approaches a steady state due to the 

shutting down of endocytosis. So, using the calibration curve (Appendix B) and obtaining 

the values of Ac  and cA|z=0 (Appendix C), Scatchard plot is obtained by plotting Ac  on x-

axis and 
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Table 5.1 shows the data used for scatchard plot to determine the equilibrium rate 

constant K and the average maximum number of liposomes adsorbed per cell, max*
Ac  

 

 

Table 5.1 Scatchard plot data 

A B C D

E F G H



 64

 

 

 

 

 

 
Figure 5.4 Scatchard plot for binding of liposomes to A549 cells at 4 oC 

 

 

 

 

CA  
(RFU) 

CA 
(nmoles/ml) 

CA 
(nmoles/cell) 

CA0 
(nmoles/ml) 

NA0 
(nmoles) CA|z=0 CA/CA|z=0 

              
14600 33.54 8.73E-05 760.00 380.00 1.30E+04 6.71E-09 
11500 26.41 6.88E-05 590.00 295.00 1.01E+04 6.81E-09 
8200 18.83 4.90E-05 405.00 202.50 6.92E+03 7.09E-09 
5000 11.48 2.99E-05 220.00 110.00 3.74E+03 8.01E-09 
2625 6.03 1.57E-05 110.00 55.00 1.86E+03 8.43E-09 
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From the Scatchard plot shown in figure 5.4 slope and intercept were taken to calculate 

the equilibrium constant K and the average maximum number of liposomes adsorbed per 

cell, max
Ac . 

 

710*34.046.3 �r� K  1��M  

 

18max 10*026.075.1 ���r� Ac  moles of liposomes /cell 

 

(or) 

 

12max 10*052.046.3 ���r� Ac  moles of lipids / cell 

 

The number of receptors on the cell surface, N can be determined from the maximum 

number of moles of lipids adsorbed per cell, max
Ac , divided by the moles of 

lipids/particle (i.e. 3.29 * 10-18 moles of lipids / liposome particle) 

 

Therefore,  

6
Re 10*051.1� ceptorN  

 

With the estimate of K and max
Ac  we further characterized the parameters of liposome 

binding to A549 cells. 

 

Discussion: 
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We have determined that the equilibrium rate constant as 710*34.046.3 �r� K  M-1  and 

18max 10*026.075.1 ���r� Ac moles of liposomes /cell of positively charged liposomes for 

their binding to A549 cells. Table 2.1 shows that equilibrium rates constants for various 

ligand / receptor binding parameters of different cell types. From that table we can 

observe that typical values of K are in the range of 107 -1012 M -1.  

 

For comparison, fibronectin binding to fibroblast cells (Akiyama and yamada 1985) 

yields K=8.57*107 M-1 and PC/Chol liposomes binding to J774 cells (lee et al, 1993) 

yields K=3.112*107 M-1. Hence the strength of binding of DPPC/Chol/Sterylamine is 

comparable to certain ligand/receptor binding kinetics shown above. However, K value 

obtained is about several orders of magnitude below the highest equilibrium constant. 

This difference is may be because of the size of the particle which is 5 fold higher than 

the size of liposome taken by Lee et al, 1993. 

It is well known fact that cell posses negative charge on its outer membrane. Due to 

electrostatic attraction there is a possibility that membrane have more receptors for 

positively charged liposomes. Accordingly from the model we estimated about 1 million 

binding sites for A549 cells by non-specific binding of positively charged liposomes. In 

comparison, PC/Chol liposomes have around 500 binding sites ( Lee et al, 1993). 

 

Determination of ak  (rate of association) 

 

To quantify the non-equilibrium uptake rate, HPTS fluorescence intensity associated with 

A549 cells was measured following incubation with liposome-HPTS for 0 - 5 hours at 37 
oC as shown in Fig. 5.5.  For comparison, the equilibrium uptake amount of surface-

bound liposome was determined independently by incubating cells with liposome-HPTS 

for 0 - 5 hours at 4 oC, a temperature that allows binding but not endocytosis, leading to a 

steady state as shown in Fig. 5.2. 
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Figure 5.5. Uptake of liposomes by A549 cells at 37C 

 

 

 

 

The initial dimensionless total liposome uptake at 37 oC by A549 cells over a 

dimensionless time was compared to model predictions based on different Thiele 

modulus as shown in Figure. 5.6.   
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Figure 5.6. Initial uptake kinetics of liposomes and model simulations 

 

 

 

 

It was observed that the initial uptake rate within 30 min results in a modified Thiele 

modulus a
'�I  =0.7 ± 0.35.  

Since, 

 

AADaAa Dclkc /
0

2max*' � �I  

 

Where, 

00

max
max*

lc
ac

c
A

A
A �  
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Substituting the parameters, the adsorption rate constant is determined to be (Refer 

Appendix C for sample calculations)  

 

510*89.2� ak 11 ���� sM  

 

Since, 
d

a

k

k
K �  we get  

 

00835.0� dk 1��s  

 

Unsteady-state experimental data for the initial period can be readily compared to the 

analytical model solutions for determination of the particle adsorption constant and 

relative diffusional effects in terms of a modified Theile modulus. Large values of the 

modified Thiele modulus indicate an “adsorption controlled” system where as small 

values indicate a “diffusion controlled” system. 

 

Discussion: 

 

We have estimated that 510*89.2� ak 11 ���� sM  and 00835.0� dk 1��s , the adsorption rate 

constant and desorption rate constants are comparable with the ligand binding parameters 

shown in previous studies. Table2.1 shows the equilibrium binding of ligand to the 

receptor assuming simple homogenous receptor/ligand binding. Typical values of ka and 

kd were found to be in the range of 104 -107 M -1sec-1 And 10-4- 10-1sec-1, respectively.  
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Adsorption and desorption rate constants are also comparable with lee et al, 1993. Whose 

adsorption rate constant, ka = 3.12 * 104 11 ���� sM  and desorption rate constant, 

0011.0� dk 1��s . 

 

Calculation of Endocytotic Rate 

 

The kinetic data of total cell- associated liposomes at 37 oC were analyzed as described in 

the previous section. The endocytotic rate at 37 oC was also determined experimentally 

by an independent method by the use of liposome-encapsulated HPTS.  Liposomes were 

incubated for 5 hr at 37 oC and washed thrice with PBS and the fluorescence associated 

with the surface bound liposomes is noted with time. 
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Figure 5.7 Uptake or endocytosis of liposomes by A549 cells after 5 hr incubation 

 

 

 

 

As explained in methodology section fraction endocytosed is calculated using the below 
equation: 

 

)()@(

)@()@(

 UptakeTotal
akeAmount Upt

(t) dendocytose  

0  

  0  

Backgroundliposomesboundsurface

iliposomesboundSurfaceliposomesboundsurface

RFUttinitialRFU

ttmeasuredRFUttinitialRFU

Fraction

��� 

� ��� 
� 

� 
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Where )@( 0  ttinitialRFU liposomesboundsurface �  is the fluorescence at pH 7.4 (outside cells) 

measured initially at time t=t0, and MeasuredRFU is the fluorescence at pH 7.4 (outside cells) 
measured at time ‘t’ during the endocytosis process.  

 

 

 

 
Figure 5.8 Fraction of liposomes endocytosed with time 

 

 

 

Figure 5.9 shows the increase in total uptake of liposomes with time. The rate of 
endocytosis for adherent A549 cells is determined to be 0002.0� ek 1��s  

Comparison: 

After a certain period of incubation at 37 oC when there is sufficient amount of liposomes 

present on the surface of the cells. Cells are washed thrice with PBS. In order to avoid 

contamination cells are plated in 5 separate 4X6 well plates. The endocytotic rate 

constant is determined experimentally by using HPTS which is a powerful marker. From 

the above calculations we have obtained ke=0.0002 sec-1.  
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For comparison, we have the endocytotic rate constant of PS-containing liposomes by 

adherent J774 cells as 0.0014 sec-1. This high endocytotic rate of PS/PC/Chol liposomes 

by adherent cells is due to their size and charge. Taking into the fact that , of the 

positively charges vesicles, a substantial proportions remains adsorbed outside the cells 

with out being internalized, while both neutral and negatively charged liposomes are 

internalized once they become cell-associated. 

 

In summary, to make a quantitative comparison of our study, we compared our results 

with that of Lee et al, 1993. Table 5.2 shows the comparison between the results obtained 

in this thesis with Lee et al, 1993. 

 

Table 5.2: Parameters, Binding and uptake of liposomes 

  Results Obtained  

Compared with 

Lee et al (1993) 

Liposome size, nm 435 80 -110 

Membrane pore size, µm 0.4 0.05 

Cell Type A549 J774 

a , number of  cells  per unit area 

Lipid composition 

1.20E+05 

DPPC/Chol/Sterylamine 

2.00E+06 

PC/Chol 

CA0,   Initial lipid concentration, 
nmol /ml 644 50 

Binding at 4C after 4 hr, 
nmoles/million cells 84.1 0.2 

K (M -1  ) 710*34.046.3 �r  3.112*107 

ka (M -1  s -1 ) 510*89.2  3.12 * 104 

kd (s -1) 00835.0  0011.0  

ke (s -1) 0002.0  0.0014 

N , number of binding sites 1.04*106 500 
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CHAPTER 6 

 

CONCLUSIONS 

 
 

 

Uptake rates of liposome particles by human lung cancer cells, A549 were determined in-

vitro. pH sensitive liposomes were produced by encapsulating liposomes with 35mM 

HPTS in PBS. A uniform diameter of around 435 ± 30 nm liposome particle was 

produced by extruding through 0.4µm pore size filter. Binding and uptake experiments 

were performed on A549 cells, by plating the cells on 24 (6X4) well- plate and obtaining 

the relative fluorescent unit (RFU) reading using a fluoroCount Reader. 

 

From the experiments we have noticed that at 4 C the uptake profile reached an 

equilibrium stage where the maximum binding is achieved. While at 37 C, liposomes first 

bind to the cell surface and then internalize. 

 

Also we have demonstrated that a relatively simple transport diffusion model for the 

common in-vitro laboratory well-plate experimental system can effectively determine the 

surface particle uptake parameters. 

 

Large values of the modified Thiele modulus indicate an “adsorption controlled” system 

where as small values indicate a “diffusion controlled” system. From the results and 

discussion section we obtained a modified Thiele modulus, a
'�I  = 0.7. Since the particles 

modified Thiele modulus is about one both, diffusion and adsorption accounts for the 

over all uptake of particles.  
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The rate constant of adsorption is 8 orders higher than that of desorption indicating strong 

binding or higher affinity for binding than desorption.  

 

The number of binding sites for A549 cells for positively charged liposome was 

estimated to be about a million. The number of receptor sites are larger indicating non-

specific adsorption. The literature values of binding sites for negative and neutral charge 

liposomes are 25,000 and 500 respectively. The possible reason for more number of 

binding sites for positively charged liposomes maybe the non-specific attraction by 

charge. Most of the cells inside the human body posses negative charge on their outer cell 

membrane. 

 

Table 6.1 summarizes the physical parameters of the liposome particles and kinetic data 

of uptake by A549 cells. As can be seen from the table 6.1 the kinetic rate constants are 

in the typical range for adsorption and desorption. At the same time the value obtained 

for adsorption was found to be three orders of magnitude less than the maximum value 

from previous studies (Table 2.1). This variation in adsorption rate may be attributed to 

the size of liposomes which is four fold bigger.  

 

Table 6.1. Physical parameters of the particles and kinetics data of uptake by A549 cells 

Parameters Liposome 

d (nm) 435 

Zeta potential (mV) 32 

DA (cm2 s -1) 1.0046 *10-8 

Uptake rates  

K (M -1  ) 3.46 *107 

ka (M -1  s -1 ) 2.89 *105 

kd (s -1) 0.0085 

ke (s -1) 0.0002 

N , number of binding sites 1.04*106 
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Taking into the fact that, of the positively charges vesicles, a substantial proportions 

remains adsorbed outside the cells with out being internalized, while both neutral and 

negatively charged liposomes are internalized once they become cell-associated[ref]. 

This accounts for the endocytotic rate constant which is one order less than the previous 

studies.  

 

The model and methodologies developed have more general applicability. Similar 

analysis can be extended to different types of cells and ligands.  
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APPENDIX A 

 

NOTATIONS 
 

Notation Description 

a Number of cells per unit area 

Ac  Particle concentration 

Ac*  Dimensionless particle concentration 

0Ac  Initial particle concentration 

max
Ac  (average) maximum number of particles adsorbed per cell 

Ac  Actual number of particles adsorbed per cell 

*
Ac  Dimensionless actual number of particles adsorbed per cell 

0� zAc  Free particle concentration expressed as M(moles of particles/ liter) 
along the cell surface(z=0) 

0

*

� z
Ac  Dimensionless free particle concentration expressed as M(moles of 

particles/ liter) along the cell surface(z=0) 

AD  Particle diffusion coefficient 

00 /* Rl�H  Dimensionless length 

g Local gravitational acceleration 

bk  Boltamann’s constant 

ak  Rate constant for adsorption[(moles of particles/liter)^-1 /sec] 

dk  Rate constant for desorption (1/sec) 

ek  Rate constant for fusion/endocytisis (1/sec) 

1
'k  A first order rate constant for the initial adsorption or association 

process 

K  Equilibrium constant or affinity constant 
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0l  Height of the solution 

Dl  Average distance traveled by Brownian particle 

pm  Mass of particle 

AM  Total Brownian particle uptake rate over time t 

0AN  Total initial number of moles of particles in the system 

*
0AN  Dimensionless initial number of moles of particles in the system 

PeN  Peclet Number 

gN  Gravitational Number 

f�U  Solvent density 

p�U  Particle density 

)(tQA  Surface flux or flow of Brownian particles at time t 

r Radial coordinate 

*r  Dimensionless radial coordinate 

pr  Effective particle radius 

0R  Radius of the cylindrical well 

t Time 

T Absolute temperature 

*t  Dimensionless time 

�P Solvent viscosity 

gv  Constant convective particle velocity due to gravity 

z Axial coordinate 

*z  Dimensionless axial coordinate 

a�I  Thiele moduli for adsorption 

a
'�I  Modified Thiele moduli for adsorption 

d�I  Thiele moduli for desorption 

e�I  Thiele moduli for endocytosis/fusion 

�]  Strokes’ friction coefficient for an effective spherical particle 
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APPENDIX B 

 

 

CALIBRATION CHART 

 
The calibration was performed in order to know the relative fluorescence units (RFU) 

given by a specific moles of liposomes particles (refer appendix C.2 for sample 

calculations).  Using the calibration curve, the number of particles can be obtained from 

the RFU measurements at the same conditions.  All the quantitative fluorescence 

measurements were taken by a Packard FluoroCount Microplate Fluorometer using the 

Falcon 24-well plate. The parameters used in the measurements: Light Intensity: 

7.0/12.0, Gain Level: 1.0, PMT: 1100 volts, Read Length: 0.5 sec, Volume: 0.5 ml.   
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Figure B.1 Calibration Curve RFU Vs Concentration 
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APPENDIX C 

 

SAMPLE CALCULATION  
 
 

C.1 Sample Calculations to obtain “moles of liposomes” 

 

Calculations were based on the assumptions that the average diameter of unilamellar liposomes is 435 

nm with an area per phospholipid in the bilayer of 0.6 nm2/phospholipid 

[Lee et al, 1993]. The lipid bilayer thickness which is about 4nm is neglected due to its small size 

relative to the total volume of the particle. Molecular weight of DPPC is 734. 

 

So number of DPPC per liposome particles is 

  

6
22

10*98.1
6.0

)2/435(4
*2

6.0
)2/(4

*2 � �»
�¼

�º
�«
�¬

�ª
� �»

�¼

�º
�«
�¬

�ª �S�S d
 No. of DPPC’s/ Liposome particle 

Dividing the above number by Avogadro’s number (N = 6.023 * 1023) one gets moles of 

DPPC/particle as 3.29 * 10-18 moles of DPPC/particle. 

 

Initially 65mg of DPPC, 28mg of cholesterol and 8 mg of sterylamine is added to produce liposomes. 

Considering DPPC as the major content in liposome compared with cholesterol and sterylamine moles 

of liposomes is calculated as follows: 

 

Moles of DPPC added = weight of DPPC /Molecular weight 

   = 65 *10-3 g/ 734 MW 

   = 8.85 *10-5   moles of DPPC 

Since the lipids are initially placed in 5 ml of PBS we have, 

 = 8.85 * 10-5 moles of Liposomes / 5 ml PBS 
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 = 17700 nmoles of liposomes /ml 

 

Experimentally it is observed that there is about 70% of wastage of liposomes during the process of 

making (i.e extrusion, centrifugation and hydration). 

Therefore concentration of liposomes, 

 

  = 5310 nmoles of liposomes /ml 

 

C.2 Sample Calculations for “Calibration chart” 

 
To perform the calibration initial 5 ml of liposomes is diluted to 40 ml. hence we have 

)40(*)5(*5310

**

Final

FinalFinalInitialinitial

C

VCVC

� 

� 
 

Therefore, 

FinalC  = 663.75 nmoles / ml 

Now, 0.5 ml of these liposomes is added into various volumes of PBS as shown in the table below 

 

Table C.1: Dispersion of liposomes in different dilutions 

Liposomes added Dilutions of PBS 
(ml) (ml) 
0.5 0 
0.5 1 
0.5 3 
0.5 5 
0.5 10 
0.5 20 
0.5 30 
0.5 50 
0.5 100 
0.5 150 
0.5 200 
0.5 250 

 
The quantitative fluorescence measurements were taken by a Packard FluoroCount Microplate 

Fluorometer using the Falcon 24-well plate. The parameters used in the measurements: Light 

Intensity: 7.0/12.0, Gain Level: 1.0, PMT: 1100 volts, Read Length: 0.5 sec, Volume: 0.5 ml. And, 

the Calibration chart is prepared from the data shown in the table below 
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Table C.2 Calibration Data 
 

Relative Fluorescent Units Moles of Liposomes 

(RFU) (nmoles/ml) 

+++++ 663.75 

+++++ 331.88 

46089 110.63 

31360 66.38 

14284 33.19 

9620 16.59 

7050 11.06 

3117 6.64 

2085 3.32 

1644 2.21 

1269 1.66 

1212 1.33 
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From the above Calibration chart we have, 
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),(*36.435 nmolescRFU A�  

 
 

C.3 Sample Calculations to obtain “Parameters”  
 

Since, moles of DPPC/particle = 3.29 * 10-18 moles of DPPC/particle and molecular 
weight of DPPC =734, 
Mass of particle: 
 

Mass mp = 3.29 * 10-18 *734 = 2.415 * 10-15 g/particle. 
And 
 
Diffusion coefficient DA is  

 

)2/435(*01.0*14.3*6
15.298*10*38.1

2/6

16��

� � 
d
Tk

D b
A �S�P

 

       = 1.004 * 10-8 cm2/s 
 

The constant convective particle velocity due to gravity given by 
 

7
16

815

10*77.5
15.298*10*38.1

10*004.1*980*10*415.2 ��
��

����

� � � 
Tk

gDm
v

b

AP
g cm/s 

51.57� � 
A

g

D

v
�O cm-1 

 
C.4 Sample Calculations for “Equilibrium rate constant”: 

Plotting a Scatchard plot between Ac  vs Ac / cA|z=0 one can calculate the equilibrium 
constant and maximum number of sites on the cells by  
 

AA
zA

A cKcK
c

c
��� 

� 

max

0|
 

 

Where, Ac  is obtained experimentally and cA|z=0  is calculated from the equation shown below: 
 

1

)(
|

0

0

0 ��

��
� 

��� l

A
A

zA e

a
aS
N

c
c �O

�O
 

 
Where, NA0 is the initial moles of lipids (DPPC) 
 a is number of cells in a well = 1.2*105  per sq cm. 
 S is surface area = 1.6 cm2 



 84

 l0 is the length = 0.3125 cm  
 cA|z=0 is concentration at z=0 in mol/ml 

 Ac  is concentration of lipids at time t in mol/ml 
 

Now obtaining Ac  and NA0 from the calibration curve of RFU and moles of lipids and substituting the 

values in above equation one could calculate the moles of lipids at z=0. Following table shows the 

values obtained  

 

Plotting a Scatchard plot between Ac  vs Ac / cA|z=0 one calculate the equilibrium constant 

and maximum number of sites on the cells by  

 

A
zA

A cKcK
c

c
��� 

� 

max

0|  

 

 

CA  
(RFU) 

CA 
(nmoles/ml) 

CA 
(nmoles/cell) 

CA0 
(nmoles/ml) 

NA0 
(nmoles) CA|z=0 CA/CA|z=0 

              
14600 33.54 8.73E-05 760.00 380.00 1.30E+04 6.71E-09 
11500 26.41 6.88E-05 590.00 295.00 1.01E+04 6.81E-09 
8200 18.83 4.90E-05 405.00 202.50 6.92E+03 7.09E-09 
5000 11.48 2.99E-05 220.00 110.00 3.74E+03 8.01E-09 
2625 6.03 1.57E-05 110.00 55.00 1.86E+03 8.43E-09 
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From the Scatchard plot shown in figure 5.4 slope and intercept were taken to calculate 

the equilibrium constant K and the average maximum number of liposomes adsorbed per 

cell, max
Ac . 

710*34.046.3 �r� K  1��M  

 
18max 10*026.075.1 ���r� Ac  moles of liposomes /cell 

(or) 
12max 10*052.046.3 ���r� Ac  moles of lipids / cell 

The number of receptors on the cell surface, N can be determined from the maximum 
number of moles of lipids adsorbed per cell, max

Ac , divided by the moles of 

lipids/particle (i.e. 3.29 * 10-18 moles of lipids / liposome particle) 

 

Therefore,  
6

Re 10*051.1� ceptorN  
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C.5 Calculating the adsorption and desorption coefficients 

 

With the estimate of K and N from the Scatchard analysis, the adsorption and desorption 

rate constant are obtained from the modified Thiele modulus at 37 C, 35.07.0' �r� a�I  i.e 

A

ADa
Aa D

clk
c 0

2
max*' � �I  

where a
'�I  is the modified Thiele modulus as 0.7 (taken from the plot) 

 
0Ac is the initial concentration 

 � � � �2/1
0tDl A�  

 0t is 3600 s 

 

00

max
max*

lc
ac

c
A

A
A �  

 

Substituting the parameters, the adsorption rate constant is determined 
510*91.2� ak 11 ���� sM  

Since, 
d

a

k

k
K �  we get  

00841.0� dk 1��s  

 

C.6 Calculation of endocytotic rate constant 

 



 87

)()@(

)@()@(

 UptakeTotal
akeAmount Upt

(t) dendocytose  

0  

  0  

Backgroundliposomesboundsurface

iliposomesboundSurfaceliposomesboundsurface

RFUttinitialRFU

ttmeasuredRFUttinitialRFU

Fraction

��� 

� ��� 
� 

� 

 

Where )@( 0  ttinitialRFU liposomesboundsurface �  is the fluorescence at pH 7.4 (outside cells) 

measured initially at time t=t0, and MeasuredRFU is the fluorescence at pH 7.4 (outside 

cells) measured at time ‘t’ during the endocytosis process.  

 

 
 

Figure C.7 Fraction of liposomes endocytosed with time 

 

 

 

Figure 5.9 shows the increase in total uptake of liposomes with time. The rate of 

endocytosis for adherent A549 cells is determined to be 0002.0� ek 1��s  
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APPENDIX D 

 

EXPERIMENTAL DATA 

 

 

D.1 Equilibrium Experiments at 4C 

 
 

Instrument: FluoroCount with Filter Wheels     
Plate Type: falcon 24 
Excitation Filter: 460 nmMSP     Emission Filter: 510 nmMSP 
Gain Level: 1.0, Manual     PMT(volts): 1100     Read Length(sec): 0.5 
 

 

 

Table D.1 Liposome uptake at 4 oC with initial concentration of 0.374 nmoles/l  

 

 

 Time(min) 
Binding of Liposomes(Avg.) 

RFU 
Standard Deviation(Avg) 

(RFU) 
30.00 2754.00 424.24 
60.00 3974.96 206.62 
120.00 7482.21 406.73 
180.00 10311.92 988.57 
240.00 14573.50 609.47 
300.00 14796.42 1319.85 
360.00 14610.04 1902.98 
420.00 14725.71 1042.15 
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Figure D.1 Uptake of Liposome at 4Cwith initial dilution of 0.374 nmoles/l 

 

 

 

 

Instrument: FluoroCount with Filter Wheels     
Plate Type: falcon 24 
Excitation Filter: 460 nmMSP     Emission Filter: 510 nmMSP 
Gain Level: 1.0, Manual     PMT(volts): 1100     Read Length(sec): 0.5 
Max RFU Well: None 

 

 

Table D.2 Liposome uptake at 4C with initial concentration of 0.193 nmoles/l 

 

Time(min) 
Binding of 

Liposomes(Avg.) 
Standard 

Deviation(Avg) 
30.00 1486.53 161.08 
60.00 2085.54 174.77 
120.00 4314.69 861.22 
180.00 5776.03 800.00 
240.00 9135.35 694.81 
300.00 10358.38 950.00 
360.00 9764.99 920.91 
420.00 10006.40 817.39 
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Figure D.2 Uptake of Liposome at 4C 

 

 

 

 

Instrument: FluoroCount with Filter Wheels     
Plate Type: falcon 24 
Excitation Filter: 460 nmMSP     Emission Filter: 510 nmMSP 
Gain Level: 1.0, Manual     PMT(volts): 1100     Read Length(sec): 0.5 
Max RFU Well: None 
 

 

 

Table D.3 Liposome uptake at 4C with initial concentration of 0.109 nmoles/l 

Time(min) 
Binding of 

Liposomes(Avg.) Standard Deviation(Avg) 
30.00 1393.29 122.06 
60.00 1637.88 138.04 
120.00 2733.38 347.81 
180.00 4191.13 256.14 
240.00 6306.38 1168.34 
300.00 7106.83 1075.67 
360.00 7407.17 1143.35 
420.00 7359.67 998.00 
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Figure D.3 Uptake of Liposome at 4C 

 

 

 

 

Instrument: FluoroCount with Filter Wheels     
Plate Type: falcon 24 
Excitation Filter: 460 nmMSP     Emission Filter: 510 nmMSP 
Gain Level: 1.0, Manual     PMT(volts): 1100     Read Length(sec): 0.5 
Max RFU Well: None 
 

 

 

Table D.4 Liposome uptake at 4C with initial concentration of 0.059 nmoles/l 

 

Time(min) Binding of Liposomes(Avg.) 
Standard 

Deviation(Avg) 
30.00 782.33 78.04 
60.00 939.33 128.11 
120.00 1797.39 785.80 
180.00 2166.44 220.14 
240.00 3386.33 754.36 
300.00 4056.81 618.65 
360.00 5120.44 338.80 
420.00 4952.83 359.91 
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Figure D.4 Uptake of Liposome at 4C 

 

 

 

 

Instrument: FluoroCount with Filter Wheels     
Plate Type: falcon 24 
Excitation Filter: 460 nmMSP     Emission Filter: 510 nmMSP 
Gain Level: 1.0, Manual     PMT(volts): 1100     Read Length(sec): 0.5 
Max RFU Well: None 

 

 

Table D.5 Liposome uptake at 4C with initial concentration of 0.0219 nmoles/l 

 

Time(min) 
Binding of 

Liposomes(Avg.) Standard Deviation(Avg) 
30.00 316.33 46.56 
60.00 541.67 29.87 
120.00 755.08 63.21 
180.00 1141.58 54.75 
240.00 1582.92 154.51 
300.00 1614.17 153.00 
360.00 2027.58 240.32 
420.00 2042.50 250.00 
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Figure D.5 Uptake of Liposome at 4C 

 

 

D.2 Total Uptake experiments at 37 C 

 

Table D.6 Liposome uptake at 37C with initial concentration of 0.374 nmoles/l 

Time (min) Uptake at 37C Standard Deviation 

5.00 1339.22 400.13 
10.00 3120.11 709.12 
15.00 4632.22 390.92 
30.00 6338.22 1060.78 
60.00 15691.00 1589.86 
120.00 28325.11 900.00 
180.00 32768.22 1460.30 
240.00 44304.17 900.00 
300.00 46532.17 800.00 
330.00 28100.67 870.00 
345.00 25482.33 900.00 
360.00 26047.89 1104.00 
375.00 19368.00 904.74 
380.00 10773.50 793.68 
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Figure D.6 Uptake of Liposome at 37C 
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APPENDIX E 

 

SELECTION OF FILTER-SET 

 

 
The spectral shifts of HPTS with changes in pH make it a powerful marker. Preliminary 

tests were conducted to examine the spectral properties of HPTS dye. 35 mM HPTS is 

encapsulate in the liposomes. Detailed procedures are discussed in materials and methods 

section.  

 

pH calibration:  

 

The pH calibration was performed in order to know the spectral characteristics of the 

fluorescent dye HPTS. HPTS dye is adjusted to various pH in the range of 6.0 to 7.5 by 

the addition of Hcl/NaOH and Readings were taken from both filter-sets(ex-400nm em-

460nm and ex-460nm em-510nm). All the quantitative fluorescence measurements were 

taken by a Packard FluoroCount Microplate Fluorometer using the Falcon 24-well plate. 

The parameters used in the measurements: Light Intensity: 7.0/12.0, Gain Level: 1.0, 

PMT: 1100 volts, Read Length: 0.5 sec, Volume: 0.5 ml.   
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pH Calibration 
Relative Fluorescence Units Vs pH
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Figure E.1 pH Calibration Curve 

 

 

 

 

From figure E.1 we can observe the fluorescence excitation for pH-dependent filter-set 

(ex-460nm and em-510nm) is linear range of pH and shows a greater magnitude of 

change in the range pH of 6-7.5 than the filter-set ex-400nm and em-460nm. 
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APPENDIX F 

 

MATLAB PROGRAMS 

 

 

 

F.1 Program to calculate ka 
 

close all 

% program to calculate rate of adsorption  

% 

% input parameters 

% ro is the well radius in cm, vo is the total initial volume of solution in cm^3,  

%lo is the axial length 

ro=0.7145 

vo=0.5 

lo=vo/(pi*ro^2) 

 

% cao is the initial concentration of liposomes (moles/ml) 

cao=760e-9; 

% da is the diffusion coefficient for a 435nm particle(cm2/sec) 

da=1.0046e-08 

to=3600 
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%modified Thiele modulus for adsoprtion 

for n=1:4 

phia=n*14.35 

%dimensionless time 

t=0.0:0.1:0.5; 

term1=exp(phia^2*t).*erfc(phia*t.^0.5); 

term3=2.0*phia*t.^0.5/(pi^0.5); 

% ma is the dimensionless uptake 

ma=(1.0/phia)*(term1-1.0+term3); 

plot(t,ma,'k-') 

hold on 

end 

% now input experimental data 

% first experiment 

% texp is the dimensioless time 

texp=[0.08;0.167;.25;0.5]; 

maexp=[3.076126016e-9 

7.166738127e-9 

10.63998122e-9 

14.55857732e-9]; 

 

errexp=[0.919071798e-9 

1.628816073e-9 

0.897919145e-9 

2.436566897e-9]; 
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%normalized particle uptake 

maexp1=maexp/(pi*ro^2*((to*da)^0.5)*cao); 

errexp1=errexp/(pi*ro^2*((to*da)^0.5)*cao); 

errorbar(texp,maexp1,errexp1,'o') 

xlabel('Dimensionless time, t/to') 

ylabel('Total lipid uptake, ma/(pi*ro^2*(to*da)^0.5*cao)') 

 

gtext('phia =0.3500') 

gtext('phia =0.7000') 

gtext('phia =1.0500') 

gtext('phia =1.4000') 

 

F.2 Program to calculate total liposome uptake 

 

close all 

% Program to calculate total liposome uptake  

% input parameters 

% ro is the well radius in cm, vo is the total initial volume of solution in cm^3,  

% lo is the axial length 

ro=0.7145; 

vo=0.5; % ml 

lo=vo/(pi*ro^2); 

% cao is the initial concentration of liposomes (moles/ml)- See Appendix B 
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cao=0.374e-6; 

% da is the diffusion coefficient for a 435nm particle(cm2/sec) 

da=1.0046e-09 

to=3600 

% now input experimental data 

% maexp is the total number of liposomes uptaken. 

% first experiment 

% texp is the dimensioless time 

texp=[0;0.083333333;0.166666667;0.25;0.5;1;2;3;4;5]; 

maexp=[0;1.48802E-09;3.46679E-09;5.14691E-09;7.04247E-09;1.74344E-08;3.14723E-

08;3.64091E-08;4.92269E-08;5.17024E-08]; 

errexp=[0;4.44586E-10;7.87913E-10;4.34353E-10;1.17865E-09;1.76651E-09;1.86988E-

09;1.62255E-09;4.20352E-09;3.19672E-09;]; 

%normalized particle uptake 

maexp1=maexp/(pi*ro^2*((to*da)^0.5)*cao); 

errexp1=errexp/(pi*ro^2*((to*da)^0.5)*cao); 

% plot 

errorbar(texp,maexp1,errexp1,'o') 

xlabel('Dimensionless time, t/to') 

ylabel('Total lipid uptake, ma/(pi*ro^2*(to*da)^0.5*cao)') 

 

F.3 Program to Calculate the endocytotic rate constant 

 

close all 

clear all 
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% this program is to calculate the endocytotic rate constant.  

% Fraction endcytosed = amount uptaken/ total uptake 

 

% input parameters 

ro=0.7145 % ro is the well radius in cm,  

vo=0.5 %vo is the total initial volume of solution in cm^3, 

lo=vo/(pi*ro^2) %lo is the axial length 

 

% input experimental data 

% maexp is the total number of liposomes uptaken  

% texp is the time, min 

texp=[30;45;60;75;90]; 

maexp=[64.54e-9; 58.53e-9; 59.83e-9; 44.48e-9; 24.74e-9]; 

mae1=(64.54e-9-maexp)/64.5e-9; 

texp=(texp-30)*60 % seconds 

 

% Polynomial fit 

[P1,S1] = polyfit(texp,mae1,1) 

plot(texp,polyval(P1,texp),'ro') 

xlabel('time, sec') 

ylabel('Total lipid uptake, ma (nmoles/cell))') 

 

% program to find the endoctotic rate constant with error by least square fitting 

close all 

clear all 
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% this program is to calculate the endocytotic rate constant.  

% Fraction endcytosed = amount uptaken/ total uptake 

% input parameters 

 

ro=0.7145 % ro is the well radius in cm,  

vo=0.5 %vo is the total initial volume of solution in cm^3, 

lo=vo/(pi*ro^2) %lo is the axial length 

 

% input experimental data 

 

% maexp is the total number of liposomes uptaken  

 

% texp is the time, min 

texp=[30;45;60;75;90]; 

 

maexp=[64.54e-9; 58.53e-9; 59.83e-9; 44.48e-9; 24.74e-9]; 

mae1=(64.54e-9-maexp); 

 

errexp=[1.99e-9; 2.06e-9; 2.53e-9; 2.07e-9; 1.82e-9]; 

 

texp=(texp-30) % minutes 

 

% Polynomial fit 

[P1,S1] = polyfit(texp,mae1,1) 

errorbar(texp,polyval(P1,texp),errexp,'b-') 
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xlabel('time, min') 

ylabel('Total Uptake, Ma') 

title('Total uptake of liposomes by HPTS liposomes') 
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APPENDIX G 

 

STEP-WISE PROCEDURE 

 

 

G.1 Handling procedure for Frozen A549 Cells 
 

1. To insure the highest level of viability, thaw the vial and initiate the culture as 

soon as possible.  

 

Note: If continuous storage is necessary for the frozen cells they need to be stored 

in the liquid nitrogen tank. 

 

2. Thaw the vial by gentle agitation in 370C water bath. To reduce the possibility of 

contamination, keep the O-ring and cap put of water. Thawing should be rapid 

(approximately 2 minutes). 

 

3. Remove the vial from the water bath as soon as the contents are thawed, and 

decontaminate by dipping in or spraying with 70% ethanol. All of the operations 

from this point on should be carried our under strict aseptic conditions.  

 

 

4. Transfer the vial contents to a 75 cm2 tissue culture flask and dilute with the 

recommended complete culture medium. It is important to avoid excessive 

alkalinity of the medium during recovery of the cells. It is suggested that, prior to 

the addition of the vial contents, the culture vessel containing the growth medium 
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be placed into the incubator for at least 15 minutes to allow the medium to reach 

its normal pH (7.0 to 7.6). 

 

5. Incubate the culture at 370C in a suitable incubator. A 5% CO2 in air atmosphere 

is recommended if using the medium described.  

 

 

Note: It is not necessary to remove the cryoprotective agent or the freezing 

medium. If it is desired that the agent be removed immediately, or that a more 

concentrated cell suspension be obtained, centrifuge the cell suspension at 

approximately 125*g for 5 to 10 minutes. Discard the supernatant and resuspend 

the cells with fresh growth medium at the dilution ratio recommended in the 

specific batch information. 

 

 

G.2 Subculturing Procedure for A549 cells 

 

1. Volumes used in this protocol are for 75 cm2 flask; proportionally reduce or 

increase amount of dissociation medium for culture vessels of other sizes.  

 

2. Remove and discard the culture medium. 

 

 

3. Briefly rinse the cell layer with 0.25% (w/v) Trypsin-0.03% (w/v) EDTA solution 

to remove all traces of serum which contain trypsin inhibitor. 
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4. Add 2.0 to 3.0 ml of Trypsin-EDTA solution to flask and observe cells under an 

inverted microscope until cell layer is dispersed (usually within 5 to 15 minutes). 

 

 

Note: To avoid clumping do not agitate the cells by hitting or shaking the flask 

while waiting for the cells to detach. Cells that are difficult to detach may be 

placed at 37oC to facilitate dispersal. 

 

5. Remove the trypsin and add 6.0 to 8.0 ml of complete growth medium and 

aspirate cells by gently pipeting.  

 

Note: If desired to get rid of the clumps, or to reduce the trypsin time, after about 

5 min. of trypsin, remove the trypsin and add media. Then shake the flask or hit it 

against the palm.. 

 

6. Resuspend cells in fresh growth medium. Add appropriate aliquots of cell 

suspension to new culture vessels. Subcultivation ratio: 1:2 – 1:4. 

 

7. Place culture vessels in incubators at 370C. 

Note: Media should be renewed two-three times a week.  

 

G.3 Plating of Cells on well Plates 

 

After the cells have been knocked off after trypsin has been removed, add fresh media.  

Dilute the cells accordingly to get appropriate number of cells. The cells number should 

be such that the well plates should be full after two days. 
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Use a pipette to plate the cells on well plates 

 

 

Figure G.1: well plate 

 

 

G.4 Preparation of Liposomes 

 

A.4.1 Liposome Formulation 

 

65.0 mg – Dipalmitoyl Phosphatidyl Choline (DPPC) (46 weight %) 

28.0 mg – Cholesterol (38 weight %) 

8.0 mg – Stearylamine (16 weight %) 

92.7 mg – HPTS in 5ml PBS 
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G.4.2 Procedure 

1. Turn on the rotary evaporator (rotavap) water bath and set to 470C. 

 

2. Turn on the heater on the incubator/shaker to 600C. 

 

3. Add DPPC, Stearylamine, Cholesterol to a 200 ml pear shaped flask. 

 

4. Dissolve the lipids by adding approximately 20 ml of the chloroform/methanol 

(2:1) solution to the pear shaped flask. Cover the flask with a cork and gently 

swirl until all the lipids have dissolved. 

 

5. Add approximately 9 silicate beads to the pear shaped flask. 

 

6. Apply vacuum grease to the rotavap arm to ensure a tight seal. 

 

7. Place the flask on the rotavap and turn on the vacuum and the condenser water. 

 

8. Rotate the flask on the lowest setting. If sticking persists, remove the flask and tap 

it against your hand. After 15-20 minutes sticking should subside. 

 

9. Evaporate to dryness and continue for 75 minutes. If the film on the flask is not 

satisfactory, start over at step 5. 

 

10. While the lipids are drying, add 91.3mg of HPTS in 5ml of PBS. And place it in 

the water bath at 600C. 
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11. Remove flask from the rotavap after 75 minutes and place a stopper in the flask. 

 

12. Put the flask in the incubator/shaker for 15 minutes. 

 

13. Add HPTS-PBS solution to the flask and swirl by hand for 2 minutes. 

 

14. Replace the stopper and put the flask back in the incubator/shaker for 12 hours at 

150 rpm. 

 

15. Filter liposomes through 0.6 um mesh polycarbonate filter using the thermo barrel 

extruder three times. Then filter the liposomes through 0.4 um mesh 

polycarbonate filter 3 times. 

 

16. Centrifuge liposome solution 5 times for 45 minutes at 10,000 RPM. Each time 

remove supernatant and resuspend button (liposomes) in PBS. Centrifuge one 

time for 50 minutes at 5,000 RPM. 

 

17. Suspend in 5 ml PBS. 

 

 

G.5 Incubation of liposomes with A549 cells 

 

Observe the plated cells under microscope to ensure uniform coverage and see if the cells 

have reached 90% confluence. Plated cells are washed with serum free medium before 

incubation with liposomes. 
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G.5.1 Equilibrium Experiments 

 

1. After the cells have been knocked off, add fresh media.  

 

2. Dilute the cells accordingly to get appropriate number of cells. Use a pipette to 

plate the cells on well plates 

 

3. Plate cells in 8 well plates as shown in the figure below 

 

Cells  Cells  Cells Cells 

Cells  Cells  Cells Cells 

Cells  Cells  Cells Cells 

Cells  Cells  Cells Cells 

  

4. Depending upon the dilution of the cells in the medium it will take around 4-

5days to reach 90% confluence. 

 

5. Wash the plated cells with serum free medium. 

 

 

6. Place 1 ml of serum-free medium in each well. 

 

7. To bring the cells to dormant state, plates are placed in refrigerator at 4C for 2 

hours. 
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8. Bring the well plates from the fridge in a ice-box and place it in the laminar flow 

hood. 

 

9. Divide the liposomes into 4 parts and dilute each part into different concentrations 

in the range 0.374-.0219  nmoles/l 

 

 

10. Add 0.5 ml of HPTS encapsulated liposomes into each well. 

 

        Cells         Cells         Cells         Cells 

        Cells         Cells         Cells         Cells 

        Cells         Cells         Cells         Cells 

        Cells         Cells         Cells         Cells 

  

11. After a given period of incubation (30min, 1h, 2h, 3h, 4h, 5h, 6h and 7h 

 

12. Cells are washed with cold PBS 

 

13. The incubated medium is aspirated and 3ml of cold PBS was added. 

 

14. The process is repeated 3 times 

 

15. Well plate is placed in the ice carrier when taken out from the fridge 
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16. Fluorescence associated with the cells is measured by fluorometer. 

 

G.5.2 Experiments at 37 C (uptake) 

 

1. Cells are plated in the well-plate with medium (10% FBS) two days before the 

liposomes are incubated. 

 

Note: In order to avoid contamination cells are plated separately in different well-

plates. To determine the initial kinetics cell need to be incubated with liposomes for 

short periods of time say 5 min, 10 min, 15 min, 30 min etc. Also, to determine the 

endocytotic rate cells need to be washed after 5 hr of incubation and placed in the 

incubator. Readings were taken in intervals of 30 min. 

 

2. Plated cells are washed with serum free medium before incubation with liposomes 

containing HPTS. 

 

3. After a given period of incubation (0min, 5min, 10min, 15min, 20min, 25min, 

30min, 45min, 60min, 2h, 3h, 4h, 5h,) 

 

4. Cells are washed with cold PBS 

 

5. The incubated medium is aspirated and 3ml of cold PBS was added. 

 

6. The process is repeated 3 times 

 

7. Fluorescence associated with the cells is measured by fluorometer. 
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8. When the liposomes are incubated in cells the fluorescence excitation spectrum of 

HPTS will alter with time. 

 

9. The peak at 450nm progressively decreases. 

 

10. Assuming that HPTS is in one of the two compartments 

i. i.e. outside the cell at pH 7.4 or inside the cell. 
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To obtain a challenging position in the field of chemical engineering, that would utilize my 

computational, analytical and technical skills 

EDUCATION 

Master of Science Chemical Engineering                                                   GPA 3.7 

Florida State University, Tallahassee, Fl                                                      Spring 2004 

 

Bachelors of Science Chemical Engineering                                                   GPA 3.8 

Regional Engineering College, India                                                           August 2000 

 

PROFESSIONAL EXPERIENCE 

 

Research Assistant                                            Jan. 2003-present  

Florida State University, Tallahassee Fl. 

      Developed protocols to determine the kinetic rate parameters for the uptake of nanoparticles. 

   

Laboratory Assistant                                        Aug. 2002-Dec. 2002 

Florida State University, Tallahassee Fl. 

Supervised the Transport Phenomena Laboratory. 

Assisted undergraduates in operating CSTR and Batch reactor experiments 

Laboratory Assistant                                      Jan – June 2002 
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Florida State University, Tallahassee Fl. 

Supervised the Unit Operations Laboratory. 

Experiments included both mass transfer and heat transfer operations. 

Acquainted students with the safety aspects in the lab. 

Helped undergraduates in understanding the concepts, performing experiments and graded 

reports. 

 

Teaching Assistant                                           Aug 2001 - Jan 2002 

Florida State University, Tallahassee, Fl. 

Assisted students in the course “mass and energy balances”. 

Conducted help sessions and discussions. 

 

DESIGN PROJECTS 

 

“Endocytosis and fusion of liposomes and viral particles into human lung cancer cells”, 

Summer 2003 to Spring 2004 

“Angiogenesis in an engineered tissue”, Spring 2002. 

“Modeling of Fluidized Catalytic Cracking Unit”, Fall 2001. 

“Laminar flow in rectangular duct”, Fall 2001. 

“Process Equipment Design for Manufacture of High Density Polyethylene”, May 

2000. 
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Advanced Thermodynamics 

Advanced Transport phenomena. 

Advanced Chemical Engineering mathematics. 

Research Methods  

Advanced Reactor Design 

Tissue Engineering 

Molecular cell biology 

Biophysical Chemistry and BioThermodynamics. 
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Mass and Heat Transfer I & II 
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Recipient of Graduate student assistantship, fall 2001 - present 
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