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The purpose of this study was to examine the feasibility of using proliposome delivery 

systems to improve the delivery of P-glycoprotein (P-gp) substrates via the oral route. Calcein AM and 

acyclovir were used as the hydrophobic and the hydrophilic models for P-gp substrates, respectively. 

Caco-2 cells were used as the intestinal epithelium model. Proliposomes were prepared by film 

deposition on carriers. Sorbitol particles were used as the carrier. The optimum proliposome 

compositions were determined from the physical properties (physical appearance, surface morphology, 

and flow properties) of the proliposome particles as well as the formation of liposomes upon hydration 

of the proliposomes with the aqueous phase. The ability of proliposomes to enhance the delivery of P-

gp substrates was evaluated from the accumulation of the model substrates in Caco-2 cells. Intracellular 

accumulation of calcein AM was determined by the spectrofluorometric method at the excitation and 

emission wavelengths of 485 and 535 nm, respectively. Acyclovir was determined by the high 

performance liquid chromatographic method with a UV detector at 254 nm. The maximum amount of 
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CHAPTER I 

INTRODUCTION 

Oral route is the most preferred route of drug administration. Orally 

administered drugs have to pass through both physical and biochemical barriers in the 

gastrointestinal (GI) tract before entering the systemic circulation, where they are 

further delivered to and exert their therapeutic effects at their specific targets. In the 

absorption process, drugs should be dissolved in the GI fluid and subsequently 

permeate through the intestinal epithelium. The efficiency of the absorption process 

also depends partly on how well the drug molecules can overcome the two types of 

barrier on the epithelium membrane. Those two types of barrier are physical and 

biochemical barriers. 

The physical barrier is one of the factors that affect the efficiency of the 

absorption process. There are two main absorption pathways through the physical 

barrier of the GI tract. These are the paracellular and the transcellular pathways 

(Hayashi, Tomita, and Awazu, 1997; Chan, Lowes, and Hirst, 2004). For the 

paracellular pathway, drug molecules are absorbed by passing through the tight 

junctions. Drugs that can be absorbed via this pathway are mostly small, water-

soluble molecules such as atenolol, ranitidine, cimetidine, and hydrochlorothiazide 

(Collett et al., 1996). However, the cross-sectional area of the tight junction is only 

about 0.01% of the histological surface of the villi (Pappenheimer, 1987). Because of 

the limited absorption area and the special molecular property requirements, this 

pathway is not the major absorption pathway for most drugs.  

For the transcellular pathway, the drug molecules are absorbed through the 

enterocytes. There are two types of mechanism available for drug transport 

transcellularly. These are the passive diffusion and the carrier-mediated transport 

(Chan et al., 2004). The passive diffusion is the transport mechanism of most drugs 

administered via the oral route. For drug molecules to be absorbed by passive 

diffusion, some specific physicochemical properties such as lipophilicity, proper 

surface charges, appropriate molecular volume/weight, and conformational flexibility 

are required (Ungell and Abrahamsson, 2001). On the other hand, drug molecules 
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with structures similar to nutrients can be taken up by the facilitated transport or by 

the active transport, both of which are classified as carrier-mediated transport 

systems. Nevertheless, some drugs with the physicochemical properties that meet 

those requirements still have low oral bioavailability. The GI absorption of these 

drugs is hindered mostly by the biochemical barrier in the GI tract. 

The biochemical barrier in the GI tract comprises the efflux transporters and 

the metabolizing enzymes. The efflux transporters are found on both the apical and 

the basolateral membranes of the intestinal epithelium. The function of the efflux 

transporters is to prevent substrate accumulation in the cells by limiting absorption 

capacity and increasing their effluxes back into the intestinal lumen (Schinkel and 

Jonker, 2003; Takano, Yumoto, and Murakami, 2006). Both Phase I and Phase II drug 

metabolizing enzymes are found in enterocytes (Washington, Washington, and 

Wilson, 2001; Sambuy et al., 2005). These include the various cytochrome P450 

isoforms, UDP-glucuronosyltransferases, sulfotransferases, and glutathione-S-

transferases. Though the impact of these metabolizing enzymes on oral drug 

bioavailability is more prevalent in the liver, the synergistic role of the metabolizing 

enzymes and the efflux transporters is well evident in enterocytes (Washington et al., 

2001). Thus, much effort has been directed to moderate the function of the efflux 

transporters to increase oral bioavailability of drugs (Jain et al., 2005; Föger, Schmitz, 

and Bernkop-Schnürch, 2006; Bansal et al., 2009a). 

Efflux transporters are expressed in several areas of the human body 

including small intestine, liver, kidney, and brain. The efflux transporters found in the 

GI tract include both the multidrug resistance (MDR) and the multidrug resistance-

associated protein (MRP) types (Chan et al., 2004). The most widely studied efflux 

transporter in the GI tract is the P-glycoprotein (P-gp) (Varma, Perumal, and 

Panchagnula, 2006; Bansal et al., 2009a). 

P-gp or multidrug resistance protein 1 (MDR1) has been reported to affect 

drug bioavailability in many groups of drugs. The expression of P-gp is also found in 

normal tissues. High expression levels of P-gp have been found in adrenal gland, 

kidney, colon, liver, lung, prostate, skin, spleen, heart, skeletal muscle, stomach, 

ovary, breast, brain, choroid plexus, placenta, and also in the small intestine (Chan et 

al., 2004). Several classes of drugs, e.g. analgesics, anticancer drugs, cardiac drugs, 
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HIV protease inhibitors, H2-receptor antagonists, anti-gout agents, antidiarrheal 

agents, antiemetics, immunosuppressive agents, antibiotics, and steroid hormones are 

known substrates of the efflux transporter (Schinkel and Jonker, 2003; Chan et al., 

2004). These drugs do not have related molecular structures, but most of them have 

some similar physicochemical properties such as being cationic, lipophilic molecules. 

Similar to other efflux transporters, P-gp prevents the accumulation of drugs in 

enterocytes, resulting in drugs remaining in the intestinal lumen. Besides low 

bioavailability, this can lead to GI irritation as well as anticancer/antibiotic drug 

resistance (Bansal et al., 2009a). 

There are several strategies to improve the intestinal absorption of these P-gp 

substrate drugs. Development of the novel structures such as conjugation with 

dendrimer (D’Emanuele et al., 2004) and prodrug modification (Jain et al., 2005) has 

been implemented. However, toxicity from the incomplete conjugation and limited 

window of absorption for those prodrugs are still the major concerns (Walter, Kissel, 

and Amidon, 1996; D’Emanuele et al., 2004). Alternatively, P-gp function modulators 

such as cyclosporine A, ketoconazole, LY335979, nelfinavir, quinidine, ritonavir, 

saquinavir, tacrolimus, valspoda (PSC833), verapamil, elacridar (GF120918, GG918), 

and reserpine have been used (U.S. FDA, 2011). The co-administration of P-gp 

inhibitors and substrates can increase the accumulation of the substrates. However, 

this practice often requires high doses of the inhibitors. This can lead to undesired 

intrinsic pharmacological effects of the inhibitors. The undesired effects are evident 

with cyclosporine A (Ozben, 2006) and verapamil (Varma et al., 2003). Another 

strategy to bypass the activity of efflux transporters is the use of drug delivery 

systems such as liposomes (Mamot et al., 2003; Ing-orn Prasanchaimontri, 2009), 

micelles (Dabholkar et al., 2006), and nanoparticles (Nassar et al., 2009). Liposomes 

are widely used for delivering both hydrophilic and hydrophobic drugs. Several 

studies have shown that liposomal drug delivery systems can bypass the P-gp effect 

(Lo, Liu, and Cherng, 2001; Mamot et al., 2003; Kobayashi et al., 2007). 

However, oral administration of liposomes can result in erratic absorption 

profiles due to their susceptibility to the gastric acid and the enzymes in the GI tract 

(Ariën et al., 1993). Moreover, liposomes are both physical and chemical unstable due 

to the lability of the phospholipid components. Proliposome delivery systems have 
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been developed to overcome these problems (Payne et al., 1986; Betageri, 2005; 

Deshmukh, Ravis, and Betageri, 2008). 

Proliposomes are defined as dry, free-flowing particles that can form 

multilamellar liposomes upon contact with the water phase (Payne et al., 1986). 

Proliposomes have been used to improve solubility (Yan-yu et al., 2006; Hiremath, 

Soppimath, and Betageri, 2009) and permeability (Deshmukh et al., 2008; Hiremath 

et al., 2009) of active ingredients. The use of proliposomes to deliver salmon 

calcitonin into Caco-2 cells can increase the apparent permeability of the polypeptide 

(Song, Chung, and Shim, 2002). Proliposomes containing bile salts can also increase 

absorption of salmon calcitonin in Caco-2 cells and in rats (Song, Chung, and Shim, 

2005). Moreover, an in vivo study of proliposomes showed that the proliposome 

delivery system could increase the absorption of silymarin in beagle dogs (Yan-yu et 

al., 2006). Xu and co-workers (2009) have successfully improved the oral delivery of 

vinpocetine in New Zealand rabbits. However, none of these studies were done 

specifically on P-gp substrates. Thus, the aim of the present study was to evaluate 

whether it would be feasible to use proliposome delivery systems to bypass the 

function of P-gp. In this study, calcein AM and acyclovir have been used as models 

for lipophilic and hydrophilic substrates, respectively. 

To evaluate the advantages of proliposomes in the delivery of lipophilic P-gp 

substrates, calcein AM was used as the model compound. Calcein AM is a non-

fluorescent lipophilic molecule. It is also a known P-gp substrate that has been used 

extensively in the field of P-gp research (Pendse, Briscoe, and Frank, 2003; Bubik et 

al., 2006; Feng et al., 2008). Following the uptake process into the cells, calcein AM 

interacts with cellular esterases and releases the fluorescent marker calcein, which is 

easily detected by the spectrofluorometric method. Calcein AM is of a special 

advantage since it allows easy discrimination between the intact calcein AM outside 

the cells and the hydrolytic product calcein within the cells. 

Acyclovir is an HIV protease inhibitor with a limited oral bioavailability of 

15-30% (Lacy et al., 2005). Acyclovir is classified by the biopharmaceutics 

classification system (BCS) as a class III drug with high solubility and low 

permeability (Lindenberg, Kopp, and Dressman, 2004). Acyclovir encompasses 

absorption problems from both the physical and the biochemical barriers. Since 
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acyclovir is a small hydrophilic molecule, its predominant absorption pathway is the 

paracellular route (De Vrueh, Smith, and Lee, 1998). However, acyclovir is also 

absorbed by the saturable carrier-mediated transport. Transporters that are responsible 

for absorption of acyclovir include the organic cation transporter1 (OCT1) (Takeda et 

al., 2002) and the Na+-independent equilibrative nucleoside transporter (ENT) 

(Franco et al., 2008). Drug absorbed via the carrier-mediated transport are known to 

have limited windows of absorption (Alam, Al-Jenoobi, and Al-Mohizea, 2012). In 

addition, acyclovir has been classified as a P-gp substrate, which is believed to be the 

cause of its low permeability (De Vrueh et al., 1998; Salama, Scott, and Eddington, 

2004; Palmberger, Hombach, and Bernkop-Schnürch, 2008). Since liposomes are also 

known to increase the absorption of hydrophilic compounds (Sheue Nee Ling et al., 

2006), proliposomes were expected to be beneficial for the delivery of hydrophilic P-

gp substrates such as acyclovir. To investigate the prevailing effect of proliposomes 

over both the physical and the biochemical barriers of hydrophilic P-gp substrates, 

acyclovir was selected as the model in this study. 

The cell line used in this study was the human epithelial colorectal 

adenocarcinoma cells, Caco-2. After cell differentiation, polarized epithelial cell 

monolayers are formed from the cell line. This provides the characteristics similar to 

the small intestinal lining. Caco-2 cells have been long accepted as an intestinal 

absorption model (Taubert et al., 2006; Mukaizawa et al., 2009; Wahlang, Pawar, and 

Bansal, 2011). Caco-2 cells express some transporters that are similar to those found 

in the intestine, including OCT1 and ENT (Hayeshi et al., 2008). Similar to other 

tumor cell lines, the Caco-2 cell line also expresses P-gp on its apical surface (Faassen 

et al., 2003; Engdal and Nilsen, 2008). Because of these properties, Caco-2 cells were 

chosen for the in vitro absorption model for this study. 

In this study, proliposomes were prepared by film deposition on carriers 

adapted from the method used by Song et al. (2002). The formulation composition 

was systematically varied until the acceptable formulations were obtained. The uptake 

of the model P-gp substrates into Caco-2 cells from proliposomes was evaluated for 

the feasibility of using the delivery systems to increase the GI absorption of these 

compounds. 
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The specific aims of this study were to evaluate: 

1. The effect of proliposome composition on the physical properties of 

proliposomes and the formation of liposomes from proliposomes 

2. The delivery of the model P-gp substrates calcein AM and acyclovir into 

Caco-2 cells using proliposomes 
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1.1.1. Passive transcellular pathway (Taylor, 1996; Hayashi et al., 1997; Ungell 

and Abrahamsson, 2001; Shargel et al., 2005) 

The transcellular pathway is generally a principal transport route for small 

molecule drugs with some degree of lipophilicity. Drug molecules are transported 

across the apical epithelium into the cytoplasm, move to the basolateral membrane 

and pass through to the other side of the membrane (Figure 1A). Although the passive 

transcellular pathway is a non-specific process, several physicochemical drug factors 

influence the absorption, including water and lipid solubility, partition coefficient, 

degree of hydrogen bonding, and molecular size. In order to predict oral absorption, 

Lipinski et al. (1997) have suggested the “rule-of-five”. The drug molecules having 

suitable physicochemical properties for passive transcellular diffusion are those with 

molecular weights of less than 500 daltons, the number of hydrogen bond donors 

(OH or NH group) of less than 5, number of hydrogen bond acceptors (O or N) of 

less than 10, and the calculated log P of less than 5. 

1.1.2. Passive paracellular pathway (Pappenheimer,1987; Hayashi et al., 1997; 

Daugherty and Mrsny, 1999; Karlsson et al., 1999; Shargel et al., 2005) 

Upon absorption by the paracellular pathway (Figure 1B), drug molecules 

are absorbed through the lateral intercellular space between adjoining epithelial cells. 

The paracellular pathway is suitable for water soluble, ionized compounds. 

Substances that can be absorbed via this pathway include creatinine and erythritol. 

However, the functional cross-sectional area of the tight junction is only about 0.01% 

of the surface area of the villi. Because of the small area of absorption and the 

selectivity of charge and molecular size, the paracellular pathway plays a minor role 

in the absorption process. 

1.2. Carrier-mediated transport (Washington, et al., 2001; Shargel et al., 2005; 

Sharom, 2008) 

The carrier-mediated transport is the process for transporting nutrients and 

other molecules with the structures similar to the nutrients and ions. Transport via this 

pathway requires carrier proteins that bind specifically with the molecules. The 

carrier-mediated transport is further classified as active and facilitated transport. 
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1.2.1. Active transport 

The active transport is the transport process against the concentration 

gradient. This process requires energy for transporting the substances from the lower 

concentration area to the higher concentration area. If the external concentration of 

the molecule being transported is extremely high, the carrier will be fully utilized and 

will become rate limiting. Under this condition, increasing the external concentration 

of the transported molecule will have no effect on the transport rate. 

Active transport can occur in two directions, from apical to basolateral 

and from basolateral to apical. The transport in the apical to basolateral direction is 

used to transport the nutrients or substances with the chemical structure similar to the 

nutrients such as fluorouracil. The transport in the other direction is efflux transport. 

The efflux transport is the process to prevent the tissues from toxic xenobiotics. 

Although efflux transporters are mostly expressed in tumor cells, they can be found in 

normal tissues especially in the sensitive organs such as capillaries in the brain, 

pregnant endometrium, placenta, and the organs which absorb or eliminate substances 

such as the intestinal epithelium, pancreatic and bile ductules, and kidney proximal 

tubules. 

1.2.2. Facilitated transport 

The facilitated transport also requires carriers, similar to the active 

transport. However, this process transports the substances along the concentration 

gradient, and thus no biochemical energy consuming. Since carriers are needed, this 

transport process is also a saturable process. The substance absorbed via this pathway 

is small carbohydrate molecules such as glucose. 

1.3. Vesicular transport (Shargel et al., 2005) 

The vesicular transport is the process of cell engulfing particles or fluid. 

Vesicular transport can be classified into pinocytosis, phagocytosis, endocytosis, and 

exocytosis. Pinocytosis is the engulfment of small solutes or fluid, while phagocytosis 

is the engulfment of larger particles or macromolecules. Phagocytosis occurs in some 

special cells such as macrophages. On the contrary, endocytosis and exocytosis are 

the processes of specific macromolecule transport into and out of the cell, which take 

place in all types of cell in the body. 
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2. Efflux transporters (Chan et al., 2004; Takano et al, 2006) 

Efflux transporters are proteins expressed on the cell membranes. These 

transporters can be classified into MDR (multidrug resistant)- and MRP (multidrug 

resistance-associated protein)-type transporters. The function of efflux transporters is 

to limit the accumulation of substrates in the cells by increasing their efflux out of the 

cells. This function results in low bioavailability of the substrates. Not only in the 

tumor cells, efflux transporters are also found in the normal tissues, especially the 

tissue with absorption (intestine) or elimination (liver and kidney) function. Among 

the many types of efflux transporter, P-glycoprotein (P-gp or MDR1) is one of the 

most extensively studied, ATP-dependent efflux transporters. 

3. P-glycoprotein efflux transporter (Chan et al., 2004; Takano et al., 2006; 

Sharom, 2008) 

P-gp is a 170 kDa single polypeptide containing 1280 amino acids, with 2 

homologous parts of approximately equal length, 2 ATP-binding domains, and 12 

transmembrane regions. As shown in Figure 2, the structure of P-gp consists of two 

blocks. Each block contains six trans-membrane regions and an ATP-binding site for 

each half. P-gp is located on the apical membrane of epithelial cells. Normally, P-gp 

is expressed in sensitive organs or tissues such as endothelial cell lining capillaries in 

the brain, testis, inner ears, pregnant endometrium, placenta, adrenal gland, or even 

small intestine to prevent these organs or fetus from being exposed to toxic 

xenobiotics. P-gp is also found to play a role in cellular pharmacokinetics and 

pharmacodynamics of P-gp substrate anticancer agents. In the intestine, P-gp is found 

on the apical membrane of enterocytes, but not crypt cells.  
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Table 1: Examples of P-gp substrates (Schinkel and Jonker, 2003, Chan et al., 2004; 

Palmberger, et al., 2008) 

Class Representative 

Analgesics asimadoline, morphine (poor substrate) 

Anticancer drugs  

 Vinca alkaloids vinblastine, vincristine 

 Taxanes  paclitaxel, docetaxel 

 Anthracyclines  doxorubicin, daunorubicin, epirubicin 

 Anthracenes  bisantrene, mitoxantrone 

 Epipodophyllotoxins etoposide, teniposide 

HIV protease inhibitors saquinavir, ritonavir, nelfinavir, indinavir, lopinavir, 

amprenavir, acyclovir 

H2-receptor antagonist cimetidine 

Fluorescent dyes calcein AM, rhodamine 123, fluo-3 

 

4. Approaches to overcome the function of P-glycoprotein 

Several strategies have been used to overcome the function of P-gp. The 

strategies include synthesis of novel agents that are non-P-gp substrates, the use of P-

gp function modulators, and the use of drug delivery systems that allow the drugs to 

avoid the efflux transporters (Bansal et al., 2009a) 

4.1 Synthesis of novel agents that are non-P-gp substrates 

Prodrug modification has been introduced to overcome the function of P-gp. 

In Caco-2 cells, conjugation of propanolol to PAMAM dendrimers can increase the 

delivery of propanolol in the apical-to-basolateral direction and decrease the transport 

of the drug in the opposite direction (D’Emanuele et al., 2004). One possible 

mechanism purposed for this P-gp circumvention is the delivery via endocytosis. 

However, the use of the cationic dendrimer and the possibility of incomplete 

conjugation process have raised some concerns regarding the safety issue. Jain and 

colleagues (2005) have found that prodrug modification by conjugating the P-gp 

substrate saquinavir with peptides could bypass the function of P-gp. Conjugation 

with peptides can lead to absorption via peptide transporters. When a substrate binds 
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to the peptide transporter, it is translocated across the cell membrane and is released 

into the cytoplasm. During this process, the substrate is not available in the inner 

leaflet membrane and may avoid recognition by P-gp as a substrate. Prodrug 

modification of saquinavir, either as Val-Val-saquinavir or as Gly-Val-saquinavir, can 

enhance the absorption of saquinavir two to five fold. However, peptide transporters 

are available within a rather narrow window of absorption that can also limit the 

absorption. 

4.2 The use of P-gp function modulators (Krishna and Mayer 2000; Takano et 

al., 2006)  

Numerous studies have employed the substances than can modulate the P-gp 

function. The co-administration of a P-gp modulator with a P-gp substrate can 

enhance the intracellular accumulation of the P-gp substrate. A large number of 

substances have been studied and developed as P-gp function modulators/inhibitors. 

The chemical structure and the pharmacological action of these modulators are often 

unrelated. However, there are some structure-activity relationships among the 

substrates and the modulators/inhibitors of P-gp such as lipophilicity, molecular 

weight, and molecular chain length. There are some correlations between P-gp 

inhibition and these characteristics. For example, it is suggested that a highly effective 

P-gp modulator candidate should possess a log P value of 2.92 or higher, 18 atom-

long or longer molecular axis, at least one tertiary basic nitrogen atom, and high 

energy in the highest occupied orbit. The U.S. FDA has introduced the substances that 

can be used as P-gp inhibitors, as shown in Table 2. 
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Table 2: Suggested in vitro P-gp inhibitors (Source: U.S. FDA, 2011) 

Inhibitor 

IC50 (µM) Ki (µM) 

Caco-2 Caco-2 
MDCK-

MDR1 

LLC-PK1 

MDR1 

Cyclosporine A 1.3 0.5 2.2  

Ketoconazole 1.2   5.3 

LY335979 0.024    

Nelfinavir 1.4    

Quinidine 2.2 3.2 8.6  

Ritonavir 6.5    

Tacrolimus 0.74    

Valspodar (PSC833) 0.11    

Verapamil 2.1 8 15 23 

Elacridar  

(GF120918) 

(GG918) 

 0.4 0.4  

Reserpine  1.4 11.5  

Although the use of P-gp inhibitor has been successful in increasing the 

absorption of P-gp substrates, high doses are usually needed to inhibit adequately the 

function of P-gp (Bansal et al., 2009b). Because of the high dose used, P-gp inhibitors 

can lead to undesired intrinsic pharmacological effects or toxic effects as those 

experienced with cyclosporine A (Ozben, 2006) or verapamil (Varma et al., 2003). 

4.3 The use of drug delivery systems  

Drug delivery systems that have been used to overcome the function of 

efflux transporters include micelles, nanoparticles, and liposomes. Micelles and other 

nanoparticulate drug delivery systems have been used successfully to bypass P-gp 

function. Dabholkar and coworkers (2006) have reported the use of mixed micelles to 

increase the accumulation of rhodamine 123, a fluorescent P-gp substrate, in Caco-2 

cells. Enhanced accumulation of paclitaxel in the forms of both micelles (Mo et al., 

2011) and nanoparticles (Patil et al., 2009) has been reported in in vitro models. 
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Liposomal drug delivery systems have been extensively used to deliver 

substrates of P-gp. Liposomal vesicles can entrap both hydrophilic and lipophilic 

substances. A large number of studies have shown the success of using liposome drug 

delivery systems to bypass the function of P-gp. The P-gp substrates studied include 

doxorubicin (Cuvier et al., 1992; Kobayashi et al., 2007; Krieger et al. 2010; Riganti 

et al., 2011), digoxin (Huwyler et al., 2002), and PSC833 (Bansal et al., 2009a). 

Though liposomes have been used as drug delivery systems for quite some time, they 

have been used via the parenteral (Meng et al., 2008; Park et al., 2011) or the 

transdermal route (Knepp, Szoka, and Guy, 1990; Fang et al., 2006). The success rate 

of oral delivery via liposomes is limited due to erratic and unpredictable absorption 

profiles (Ariën et al., 1993). Liposomes are unstable under the gastrointestinal 

conditions, especially the acidic gastric pH, bile salts, and the pancreatic lipases 

(Rowland and Woodley, 1980). Upon storage, liposomal preparations also suffer from 

stability problems such as aggregation, hydrolysis, and oxidation. To overcome these 

problems, proliposomes have been introduced as alternative drug delivery systems for 

liposomes (Payne et al., 1986). 

5. Proliposome delivery systems 

Proliposomes have been defined as dry, free-flowing particles that can form 

multi-lamella liposomes upon contact with the aqueous phase (Payne et al., 1986). 

Early studies have revealed that proliposome delivery could improve the oral 

absorption of several substances including exemestane (Hiremath et al., 2009), 

silymarin (Yan-yu et al., 2006), vinpocetine (Xu et al., 2009), and cromolyn sodium 

(Deshmukh et al., 2008). However, there is no study that directly assesses the use of 

proliposomes to improve the oral absorption of P-gp substrates. 

Several studies have investigated the use of proliposome delivery systems as 

oral dosage forms. By improving solubility, proliposomes have been used to deliver 

exemestane, an oral steroidal aromatase inactivator, in rat intestine, Caco-2 cells, and 

parallel artificial membranes models. These results showed that proliposome delivery 

system could enhance the dissolution and the permeability of exemestane, and thus its 

absorption in all of those models (Hiremath et al., 2009). The advantages of 

proliposomes have also been revealed in vivo. Yan-yu et al. (2006) have prepared 
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silymarin proliposomes to increase oral bioavailability of the drug in beagle dogs. 

Silymarin shows the poor solubility in both water and in oils, as well as poor 

permeation across intestinal epithelial membranes. The result showed that silymarin 

proliposomes could increase the absorbed amount of silymarin up to 3.4 fold when 

compared to the solution form. Furthermore, the use of proliposomes to improve the 

delivery of vinpocetine in New Zealand rabbits was also successful (Xu et al., 2009). 

Moreover, proliposome delivery systems have been used to deliver water soluble 

substances to improve their permeability. Proliposome beads of cromolyn sodium 

successfully enhanced the delivery of cromolyn across Caco-2 monolayers and the 

intestinal membrane (Deshmukh, et al., 2008). 

Since proliposomes are a solid dosage form, it can be applied to many 

administration routes. Proliposomes have also been used to deliver nicotine by the 

transdermal route. Nicotine-containing proliposomes have been delivered through 

abdominal skin of rat under an occlusive condition. The result showed that nicotine-

containing proliposomes gave a constant flux when compared to nicotine powders, 

which could be used for sustained release purposes (Hwang et al., 1997). In addition, 

clotrimazole-loaded proliposomes successfully enhanced and prolonged delivery of 

clotrimazole in vaginal tissue without causing inflammation or necrosis of the tissue 

(Ning et al., 2005). Moreover, proliposomes for intranasal delivery have been studied. 

Propranolol-containing proliposomes successfully delivered propanolol to blood 

circulation by intranasal administration with the abosolute bioavailability of 103.1% 

(Ahn, Kim, and Shim, 1995). 

Similar to liposome delivery systems, proliposome delivery systems can 

provide sustained release of drugs. Several studies have shown the prolonged or 

sustained release of drugs from proliposomes (Ahn et al., 1995; Hwang et al., 1997; 

Jung et al., 2000a; Junping et al., 2000; Ning et al., 2005). 

There are several methods for preparation of proliposomes. These include the 

crystal-film method, the film-deposition-on-carriers method, the freezing and drying 

method, the powder-bed grinding method, the spray drying method, and the 

supercritical anti-solvent method (Junping et al., 2000; Song, et al., 2002; Yan-yu et 

al., 2006; Deshmukh et al.,2008; Xia et al., 2010). However, the method used in most 
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of proliposome research has been the film-deposition-on-carriers method since the 

method is the most practical for laboratory scales.  

In the method of film deposition on carriers, the solution of phospholipid in 

organic solvent is added onto the surface of the carriers. Proliposomes are obtained 

after all the organic solvent is evaporated and the phospholipid deposits onto the 

carriers. 

Various materials have been evaluated for their suitability to use as the 

carriers. These materials include glucose, fructose, lactose, sodium chloride, sorbitol, 

and mannitol (Payne et al., 1986; Yan-yu et al., 2006). Above all other materials, 

sorbitol shows the desired characteristics. Sorbitol possesses good water solubility 

and poor chloroform and/or methanol solubility. Though mannitol is also widely used 

in the pharmaceutical field, sorbitol provides better water solubility than mannitol 

(Rowe, Sheskey, and Owen, 2006). Most of proliposomes prepared by film deposition 

on carriers used sorbitol as the carriers (Kartare, Vyas, and Dixit, 1991; Ahn et al., 

1995; Hwang et al., 1997; Ning et al, 2005; Song et al., 2005).  

Sorbitol particles that are suitable for proliposome preparation should have 

particle sizes ranging from 125 to 500 µm (Payne et al., 1986). The sorbitol particles 

in the range of 125-500 µm provide the characteristics suitable for proliposome 

preparation when a constant weight ratio of liposome components to sorbitol is 

maintained. Besides, sorbitol particles in this size range do not introduce any effects 

on subsequent liposome size (Payne et al., 1986).  

6. Caco-2 cells as in vitro models (Bailey, Bryla, and Malick, 1996; Shah et al., 

2006) 

Caco-2 cells are derived from a human colonic adenocarcinoma. After 

spontaneous differentiation, Caco-2 cells display morphological and functional 

characteristics similar to those of the intestinal enterocytes. In addition, the cells form 

tight junctions and express brush border enzymes, some cytocrome P isoenzymes, and 

phase II enzymes such as glutathiones-S-transferases, sulfotransferases, and 

glucoronidases.  
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Caco-2 cells also provide the absorption mechanisms available in enterocytes 

including passive transcellular and paracellular, carrier-mediated influx and efflux, 

and vesicular transport pathways. Many studies have revealed the correlation between 

the permeability across Caco-2 cells and in vivo absorption. Thus, Caco-2 cells have 

been extensively used to study the absorption of compounds with diversified 

physicochemical properties. Among these are cromolyn sodium (Deshmukh et al., 

2008), exemestane (Hiremath et al., 2009), and cephalexin (Gochoco et al., 1994). 

Besides drug absorption, Caco-2 cells have been used to evaluate the 

cytotoxicity, drugdrug/drugexcipient interaction, and metabolic stability. Similar to 

other carcinoma cell lines, Caco-2 cells exhibit several ATPase-dependent drug efflux 

pumps such as P-gp, MRP, and breast cancer resistant protein (BCRP) (Takano et al., 

2006). Many studies have also utilized Caco-2 cells to investigate the effect of P-gp 

on the uptake or transport of P-gp substrates including vinblastine (Hunter, Hirst, and 

Simmons, 1993), indinavir (Hochman et al., 2001), clopidogrel (Taubert et al., 2006), 

and irrinotecan (Bansal et al., 2009b). 



 

CHAPTER III 

MATERIALS AND METHODS 

Materials 

1. Acetic acid, glacial (Merck, Germany, Lot no. K33266463422) 

2. Acyclovir micronized (Zhejiang Charioteer Pharmaceutical Co., Ltd., People’s 

Republic of China, Batch no. A090122-212) 

3. Bradford’s reagent (Sigma, USA, Batch no. 080M4359) 

4. Calcein (Sigma, USA, Lot no. 020M1241) 

5. Calcein acetoxymethyl ester (Fluka, Switzerland, Lot no. CBC4107) 

6. Chloroform, AR grade (RCI-Labscan, Thailand, Batch no. 08041093) 

7. Cholesterol (Fluka, Japan, Lot no. 1324049) 

8. Cyclosporine A (a gift from Dr. Suree Jianmongkol, Department of 

Pharmacology and Physiology, Faculty of Pharmaceutical Sciences, 

Chulalongkorn University) 

9. Dimetyl sulphoxide (DMSO) (Sigma, USA, Lot no. 076K2321) 

10. Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, USA, Lot nos. 

866169 and 984295) 

11. D-sorbitol (Unilab, Australia, Batch no. 903225) 

12. Eagle’s Minimal Essential Medium (MEM) non-essential amino acids (Gibco, 

USA, Lot nos. 787187, 889721, 901749, and 988726) 

13. Fetal bovine serum (Biochrom AG, Germany, Lot nos. 0690T, 1376W, and 

0247X) 

14. HEPES (N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]) (Sigma, 

USA, Batch no. 040M5424) 

15. L-Glutamine (Gibco, USA, Lot nos. 802013, 872417, and 915597) 

16. MTT (1-(4,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan thiazoyl blue 

formazan) (Sigma, USA, Lot no. 094K5312) 

17. Penicillin-Streptomycin (Gibco, USA, Lot nos. 793252, 861670, 907168, and 

918577) 

18. Rhodamine 123 (Sigma, USA, Lot no. 017K3696) 

19. SL-2 Sigmacote® (Sigma, USA, Lot no. 078K4370) 
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20. Sodium bicarbonate (Srichand United Dispensary, Co., Ltd., Thailand, Lot no. 

1002030019) 

21. Sodium chloride (Merck, Germany, Lot no. K38447104807) 

22. Sodium hydroxide (Merck, Germany, Lot no. B0200898803) 

23. Soybean phosphatidylcholine (Phospholipon 90® Nattemann Phospholipid, 

GmbH, Cologne, Germany, Lot no. 770991) 

24. Triton X-100 (Sigma, USA, Lot no. 40F1535) 

25. Trypan blue (Sigma, USA, Lot no. 87F50385) 

26. Trypsin-EDTA (Gibco, USA, Lot nos. 822908, 833117, and 930004) 

27. α-Tocopherol (Approx. 95%, Sigma, USA, Lot no. 063K0796) 

28. ±Verapamil hydrochoride (Sigma, USA, Lot no. 021M1429V) 

Equipment 

1. Analytical balances (AX105, PG403-S, and UMT2, Metler Toledo, 

Switzerland) 

2. Autoclave (Hirayama, Japan) 

3. Centrifuge (Minispin®, Eppendorf, Germany) 

4. Hand-held extruder (LiposoFastTM, AVESTIN, Canada) 

5. High performance liquid chromatography (LC-10, Shimadzu, Japan; 1100 

series, Agilent, Germany) 

6. Hot air oven (MEMMERT, Germany) 

7. Humidified carbon dioxide incubator (Thermo Electron Corporation, USA) 

8. Incubator (Precision, USA) 

9. Laminar air-flow hood (Microflow, UK) 

10. Light microscope (CKX41, IX51, Olympus; Eclipse E200, Nikon, Japan) 

11. Lyophilizer (Dura-DryTM Microprocessor, USA) 

12. Microplate reader (VICTOR3, Perkin Elmer, USA) 

13. Orbital shaker (SO5, Bibby, Stuart Scientific, UK) 

14. Osmometer (Osmomat® 030D, Gonotec GmbH, Germany) 

15. pH meter (PB 20, Sartorius, USA) 

16. Rotary evaporator (R 215, Buchi, Switzerland) 

17. Ultracentrifuge (Beckman L-80, USA) 
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18. UV spectrophotometer (Model UV-1601, Shimadzu, Japan) 

19. Vortex mixer (G-560E, Scientific Industries, USA) 

Laboratory supplies 

1. Nylon membrane filter (0.45 µm) (Vertical Chromatography Co., Ltd., 

Thailand) 

2. Multiwell plates (Corning, USA) 

3. Polycarbonate membrane (100 nm) (Millipore®, USA) 

4. Sterilization filtration membranes ( 0.22 µm) (Pall Corporation, USA) 

5. Tissue culture flasks (Corning, USA) 

Cell line  

 Caco-2 cells (American Type Culture Collection, ATCC®: HTB-37™) 

Methods 

1. Preparation and characterization of proliposomes 

1.1. Determination of maximum phospholipid loading 

The aim of this experiment was to determine the amount of soybean 

phosphatidylcholine (SPC) that could be loaded onto a fixed amount of the sorbitol 

carrier without significant changes in the physical properties of the carrier particles. 

Blank proliposomes were prepared by film deposition on carriers, adapted from the 

work of Song et al. (2002). The equipment was modified and set as depicted in Figure 

3.  
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This study was conducted in the following steps: 

1.1.1. Preparation of blank proliposomes with various amounts of SPC 

Proliposomes were prepared by the modified film-deposition-on-carriers 
method as described above. Sorbitol with the particle size ranging from 125 to 500 

µm has been reported to be suitable for proliposome preparation (Payne et al., 1986). 

In this present study, sorbitol with particle size less than 425 µm was used. The 

majority ( 75%) of these sorbitol particles was within the size range of 150-425 µm 

as measured by sieving (see Appendix A for particle sizes). The amount of SPC was 

varied from 0.18-0.35 mmol per one gram of sorbitol. The starting SPC amount used 

(0.35 mmol/g) was estimated from the surface area of sorbitol and the lipid loading 

previously reported (total pore area of sorbitol = 33.1 m2/g, lipid loading = 7.9 mg/m2) 

(Payne et al, 1986). Blank proliposome preparations containing 0.35, 0.31, 0.26, 0.22, 

and 0.18 mmol of SPC/g of sorbitol were prepared. The physical properties of these 

preparations were compared with those of sorbitol. The maximum lipid loading 

without major changes in surface morphology and without compromising the flow 

properties of the particles was selected for further experiments. 

1.1.2. Physical properties of the blank proliposomes 

An excess of phospholipid on the surface of proliposomes can cause particle 

agglomeration and compromise the flow properties of the particles (Payne et al., 

1986). Scanning electron microscopy was used to monitor surface morphology of 

proliposomes for excesses of phospholipid (Annakula et al., 2010). The flow 

properties were evaluated by means of the bulk density and the angle of repose 

(Annakula et al., 2010; Gustavo, 2005). 

1.1.2.1. Investigation of surface morphology of proliposomes by 

scanning electron microscopy 

The surface of blank proliposome particles was fixed onto a scanning 

electron microscope stub and observed under a scanning electron microscope at 15 kV 

without further coating with any metals. Sorbitol particles were used for comparison. 

The proliposome formulations with the surface morphology close to that of sorbitol 

were selected as candidates. This property was considered along with the flow 

properties for further formulation selection. 
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1.1.2.2. Determination of the angle of repose (The United States 

Pharmacopeia Convention, 2012) 

The angle of repose of all blank proliposome formulations was 

determined and categorized according to the United States Pharmacopeia (The United 

States Pharmacopeia Convention, 2012) along with that of the sorbitol particles. 

Briefly, proliposome particles were filled into a funnel fixed at a suitable height. The 

suitable height was determined from preliminary runs. The funnel height was 

maintained at approximately 3 cm from the top of the pile of proliposomes. An 

aliquot (4-5 g) of proliposome particles was drained from the funnel to a fixed 

diameter base. The height of the symmetric cone of the proliposome particles was 

measured. The angle of repose was calculated from the following equation: 

 

tan θ ൌ
height

0.5 base
 

 

1.1.2.3. Determination of bulk density (The United States Pharmacopeia 

Convention, 2012) 

The bulk density was measured by a recommended procedure 

according to the United States Pharmacopeia (The United States Pharmacopeia 

Convention, 2012). The bulk density of sorbitol was used for comparison. To 

determine the bulk density, blank proliposomes (approximately 4-5 g) was gently 

filled into a 25 ml cylinder. The volume of blank proliposomes was measured. The 

bulk density of blank proliposomes was calculated from the following equation: 

Bulk density ൌ
weight of blank proliposomes ሺgሻ

volume of blank proliposomes ሺcmଷሻ
 

Blank proliposome formulations that could accommodate the highest amount 

of SPC without any evidence of excess SPC and with acceptable flow properties were 

selected. A further titration for a more optimized lipid amount was carried out in a 

similar manner. The selected blank formulation was hydrated with deionized water at 

37°C to corroborate the formation of liposomes from proliposomes upon contact with 

an aqueous phase. 
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1.2. Determination of SPC to cholesterol (CHO) ratio  

The purpose of this study was to determine a suitable ratio of SPC and CHO 

that could be loaded onto the sorbitol carrier. CHO is known to improve the stability 

of liposomes (Kirby, Clarke, and Gregoriadis, 1980). CHO molecules can be inserted 

into the lipid bilayer, and thus affect the membrane permeability. In case of liposomes 

containing hydrophilic molecules, CHO can prevent the leakage of hydrophilic 

molecules from liposome vesicles (Kang et al., 2009). 

In this study, the amount of SPC from the previous study was used as the 

amount of total lipid for preparation of proliposomes. Proliposomes different in the 

SPC:CHO ratio (1:0, 1:0.25, 1:0.5, and 1:1) were prepared as previously described. In 

brief, both SPC and CHO were dissolved in chloroform. The mixed lipid solution was 

allowed to deposit onto the sorbitol carrier as described in Section 1.1. The physical 

properties of the resultant proliposomes with various SPC:CHO ratios were evaluated 

as described in Section 1.1.2. 

All formulations were separately hydrated with Ultrapure® water at 37°C. 

Formulations resulting in complete formation of liposome dispersion were selected 

for further preparation of P-gp substrate-loaded proliposomes. 

 
1.3. Preparation of P-gp substrate-loaded proliposomes 

1.3.1. Preparation of calcein AM-loaded proliposomes 

Calcein AM-loaded proliposomes were prepared by the film-deposition-on-

carriers method. Calcein AM (11.9 nmol/g of sorbitol) was dissolved in the 

chloroform containing SPC, CHO, and 0.1 mol% -tocopherol. The lipid solution was 

added dropwise onto the carrier in a 100 ml round bottom flask via a Teflon® tube, as 

described in Section 1.1. After all chloroform was evaporated, calcein AM-loaded 

proliposomes were obtained. Calcein AM is extremely susceptible to moisture, 

leading to decomposition of the dye (Molecular Probes®, 2010). The calcein AM-

containing proliposomes were freshly prepared and used within 24 hours for the 

uptake study. Thus, stability of calcein AM-loaded proliposomes was not evaluated. 

The amount of calcein AM was selected such that, upon hydration and further 

dilution of proliposome preparations, the concentration of calcein AM would be 25 

nM and the total lipid would be 0.46 mM in the uptake study. These concentrations 
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were chosen based on a previous study on calcein AM liposomes in this laboratory 

(Ing-orn Prasanchaimontri, 2009). 

1.3.2. Preparation of acyclovir-loaded proliposomes 

To ascertain that acyclovir would distribute evenly throughout the carrier, 

acyclovir (0.43 mmol/g of sorbitol) and sorbitol were dissolved in Ultrapure® water 

and lyophilized until a dry matrix was obtained. The process was done under a light 

protection protocol and usually took around 48-72 hours. The dry matrix was gently 

ground into fine particles. The resultant particles were sieved through the 425 µm-

opening sieves. Particle size distribution was determined by sieving and compared to 

that of sorbitol. The particles that passed through the 425 µm-opening sieves were 

used as the carrier for the preparation of acyclovir proliposomes. The proliposome 

preparations with various CHO contents selected from Section 1.2 were prepared as 

described in Section 1.1. 

1.4 Characterization of P-gp substrate-loaded proliposomes 

P-gp substrate-loaded proliposomes were characterized for angles of repose 

and bulk densities as described in Sections 1.1.2.2 and 1.1.2.3, respectively. 

1.5 Stability of acyclovir-loaded proliposomes 

The preliminary study showed that liposomal entrapment of acyclovir 

prepared from proliposomes decreased with proliposome storage time. A reduction in 

liposome entrapment of more than 20% occurred within one month upon storage of 

proliposomes. The purpose of this study was to evaluate how long acyclovir-loaded 

proliposomes could be kept under the storage condition before being used in the 

uptake study. Acyclovir-loaded proliposomes were prepared as described in Section 

1.3.2. The addition of 0.1 mol% of -tocopherol was also used for stability 

improvement. The resultant proliposomes were flushed with nitrogen gas and kept in 

a desiccator at -20°C. The entrapment efficiency of liposomes prepared from 

acyclovir-loaded proliposomes was determined on the day of proliposome preparation 

and at 7 days and 14 days of storage.  

For entrapment efficiency determination, acyclovir-loaded proliposomes were 

hydrated in a modified simulated intestinal fluid (mSIF) (see Appendix B) at 37°C on 

an orbital shaker, at 100 rpm, for 60 minutes to give the total lipid concentration and 

acyclovir concentration of 0.35 mg/ml and 250 µg/ml (0.46 mM and 1 mM), 
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respectively. The resultant liposome suspension was centrifuged at 50,000 rpm, 25°C 

for 3 hours to separate liposomes from the aqueous phase. Both the supernatant and 

the pellet were assayed for the amount of SPC and acyclovir. SPC was determined by 

the Bartlett assay (New, 1989) (Appendix C). Potassium dihydrogen phosphate was 

used to construct standard calibration lines for SPC determination. Acyclovir was 

determined by the validated UV spectrophotometric method at 254 nm (Appendix D). 

The entrapment efficiency of acyclovir-loaded proliposomes was calculated from the 

following equation. 

Entrapment efficiency (%) = 
Acyclovir amount in pellet (mg)

Total lipid amount in pellet (mg)
 x 100 

2. Maintenance of Caco-2 cells 

Caco-2 cells were cultivated in a humidified CO2 incubator at 37°C. Cells 

were grown in the complete culture medium consisting of Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 4 mM L-glutamine, 4.5 g/L glucose, 

3.7 g/L sodium bicarbonate, 1mM sodium pyruvate, 100 g/ml penicillin, 100 g/ml 

streptomycin, 1% MEM non-essential amino acid, and 10% fetal bovine serum. Caco-

2 cells were subcultured at 70-80% confluence. Briefly, the cell monolayer was 

washed with 10 ml of phosphate buffered saline (PBS). Trypsin (0.25%) in 1 mM 

EDTA solution (trypsin-EDTA) was added (1.2 ml/75 cm2) to the culture flask and 

the flask was further incubated for 3-4 minutes at 37°C. An aliquot (5 ml) of the 

complete medium was added to inactivate trypsin. The content of the flask was 

thoroughly triturated to disperse the cells. The dispersed cells were centrifuged and 

the supernatant was removed. Cells were re-dispersed with the complete medium and 

seeded into a new 75 cm2 flask with a cell density of 8-9 x 105 cells per 15 ml. The 

medium was replaced with the fresh one at 24 hours after seeding and then every 

other day until the next subculture. 

For the uptake experiments, cells were grown in culture flasks and harvested 

as stated above. The cell suspension was seeded into 24-well culture plates at a 

concentration of 2.5104 cells/well. The cell monolayer was grown for 21 days with 
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the medium changed every other day. The medium was also changed at 12 hours 

before an experiment was carried out. 

3. Effect of the mSIF medium on P-gp function 

The aim of this study was to examine whether the mSIF medium would affect 

the P-gp function since HEPES is known to increase P-gp function by increasing the 

ATPase activity (Luo et al., 2010). In this study, the uptake of a fluorescent P-gp 

substrate, rhodamine 123, with and without the P-gp inhibitor verapamil, in DMEM 

and in mSIF was monitored by spectrofluorometry. The extents of rhodamine 123 

associated with the cells were calculated and compared. Briefly, Caco-2 cells were 

washed with pre-warmed PBS (1 ml/well). The DMEM or mSIF solution, with or 

without 100 µM verapamil, was added and the cells were further incubated at 37°C 

for 30 minutes. After the pretreatment period, the solution was removed. The DMEM 

or the mSIF solution containing 2 µM of rhodamine 123 (with and without 100 µM 

verapamil) was then added to the cells in each respective well. The cells were further 

incubated for 120 minutes. At the end of the incubation, cells were washed four times 

with ice-cold PBS (0.5 ml/well). Cells were lyzed with 1% Triton X-100 in PBS for 

120 minutes at 37°C on an orbital shaker rotating at 75 rpm. Rhodamine 123 solution 

was protected from light at all times and the culture plates were wrapped with 

aluminum foil during the experiment. Cell-associated rhodamine 123 was detected 

using a microplate reader at the excitation/emission wavelengths of 485/535 nm. 

Rhodamine 123 concentrations were back calculated from the standard calibration 

line prepared for each experimental run (Appendix E).  

4. Selection of the uptake medium 

Since mSIF affected the function of P-gp, the uptake medium was modified by 

mixing mSIF with DMEM at various ratios. This study was undertaken to find a 

suitable ratio of mSIF and DMEM that could be used as the uptake medium without 

or least affecting the P-gp function. The ratio of mSIF:DMEM was varied to be 0:100, 

25:75, 50:50, and 75:25. The osmolality of the medium was determined by 

osmometer (Osmomat® 030D, Gonotec GmbH, Germany). Rhodamine 123 (2 µM) 

and verapamil (100 µM) was used as the P-gp substrate and the inhibitor, 

respectively. The uptake experiment was conducted as described in Section 3. The 
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reverse ratios of rhodamine 123 for the tested uptake media were compared. The 

reverse ratio was defined as the ratio between the concentrations of P-gp substrate 

accumulated in the cells in the presence and in the absence of the inhibitor. 

The suitable ratio of mSIF:DMEM obtained from this experiment was further 

used as the uptake medium for all following experiments. 

 
5. Verification of Caco-2 cells 

5.1 Verification of P-gp function 

The purpose of this study was to verify that Caco-2 cells showed P-gp function 

under the culture condition. This verification was routinely done for all relevant 

experiments. The uptake of either calcein AM or rhodamine 123, both are known P-

gp substrates, in the absence and the presence of a P-gp inhibitor (verapamil or 

cyclosporine A) was evaluated.  

The uptake experiment was conducted in a similar manner to the method 

described in Section 3. Briefly, Caco-2 cells were allowed to grow in 24-well culture 

plates for 21 days. The medium was changed at 12 hours before the experiment was 

performed. On the experiment day, Caco-2 cells were washed with 1 ml pre-warmed 

PBS. After washing, cell monolayer was pre-incubated with 0.5 ml of the uptake 

medium with and without a P-gp inhibitor (100 µM verapamil or 5 µM cyclosporine 

A) for 30 minutes. 

When calcein AM was used, the cells were incubated with 25 nM calcein AM 

with or without a P-gp inhibitor for 90 minutes. Caco-2 cells were washed four times 

with ice-cold PBS. The cells were dissolved with 0.3 N sodium hydroxide solution 

containing 1% Triton X-100 at 37°C on an orbital shaker, at 75 rpm, for 120 minutes. 

After cell lysis, a clear solution was obtained. The clear solution was assayed for the 

fluorescent intensity at the excitation wavelength of 485 nm and the emission 

wavelength of 535 nm to determine the concentration of calcein accumulated in the 

cells. The calcein standard calibration line, constructed in the presence of the cells as 

the background (Appendix E), was used to calculate the calcein concentration. The 

reverse ratio was calculated accordingly. For rhodamine 123 uptake, cells were 

incubated with 2 µM of rhodamine 123 instead of calcein AM. The experiment was 

carried out in a similar manner to that of calcein AM, with the incubation time of 120 
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minutes. The lyzing solution for rhodamine 123 uptake was 1% Triton X-100 in PBS, 

pH 7.4. Control cells were not included as the background in the standard calibration 

line for rhodamine 123 since the interference from the cells was minimal (Appendix 

F). 

5.2 Verification of enhanced accumulation of fluorescent markers in Caco-2 

cells via liposomal delivery 

The enhanced cellular uptake of P-gp substrates using proliposome delivery 

systems relies upon the ability of the cells to take up the resultant liposomes. To 

verify that Caco-2 cells were capable of liposome uptake, calcein and calcein AM 

were used as markers (Araya Lukanawonakul, 2005; Ing-orn Prasanchaimontri, 

2009). Calcein is a hydrophilic fluorescent dye widely used in liposome research to 

demonstrate the advantage of liposomes for the delivery of water-soluble compounds. 

Calcein AM, on the other hand, is a relatively lipophilic compound and is often used 

as a marker for P-gp substrates. In this set of experiments, uptake of calcein-loaded 

liposomes at various concentrations was evaluated and compared with that of calcein 

solution. In addition, most of the studies evaluating cellular uptake of liposomes were 

usually done using liposomes with controlled size (Boman et al., 1994; Lo et al., 

2001; Chang et al., 2011). However, liposomes generated from proliposomes are 

usually heterogeneous in size (Song et al., 2005; Deshmukh et al., 2008). Hence, the 

ability of the Caco-2 cells to uptake liposomes with different size distribution profiles 

was also investigated using calcein AM as a fluorescent marker. 

5.2.1 Preparation of calcein-loaded liposomes (New, 1989; Araya 

Lukanawonakul, 2005) 

Calcein-loaded liposomes were prepared by the conventional film hydration 

method with the total lipid concentration of 50 mg/ml. The liposome composition 

comprised SPC and CHO at the molar ratio 7:3. Alpha-tocopherol (0.1 mol %) was 

used as an antioxidant in all preparations. Briefly, the lipid components were 

dissolved in chloroform in a round bottom flask attached to a rotary evaporator. 

Chloroform in the round bottom flask was evaporated at a controlled rate, resulting in 

a thin film of mixed lipid. The thin film was kept under vacuum for at least 2 hours to 

eliminate all traces of the organic solvent. After all of the organic solvent was 

evaporated, the film was hydrated with the aqueous phase containing 80 mM of 
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calcein in 0.3 N sodium hydroxide. The resultant liposomes were monitored under a 

light microscope. The liposomal preparation was further diluted with the uptake 

medium to the desired concentrations. The calcein-loaded liposomes were freshly 

prepared and used within 24 hours. 

5.2.2 Effect of liposome concentration on the accumulation of calcein in 

Caco-2 cells (Araya Lukanawonakul, 2005; Ing-orn 

Prasanchaimontri, 2009) 

The uptake experiment was performed in a similar manner to the experiments 

in Section 3. Calcein solutions at comparable concentrations were used as controls. 

Briefly, Caco-2 cells were pre-incubated with the uptake medium at 37°C for 30 

minutes. After the pre-incubation period, the uptake medium was removed. Caco-2 

cells were further incubated with either calcein solution or calcein-loaded liposomes 

for 120 minutes. The concentrations of calcein used in this experiment were 20, 80, 

and 140 µM for both calcein solutions and calcein-loaded liposome preparations. At 

the end of the incubation time, Caco-2 cells were washed 4 times with ice-cold PBS 

(0.5 ml/well). Caco-2 cells were lyzed with 0.3 N sodium hydroxide containing 1% 

Triton X-100. The resultant solution was further assayed for calcein contents. Calcein 

in 0.3 N sodium hydroxide containing 1% Triton X-100 at various concentrations was 

used to construct the standard calibration line. The extents of calcein accumulation in 

Caco-2 cells from calcein solution and calcein-loaded liposomes were compared. 

5.2.3 Preparation of calcein AM-loaded liposomes 

Calcein AM-loaded liposome preparation was prepared by the conventional 

film hydration method. Alpha-tocopherol (0.1 mol %) was used as antioxidant in the 

preparation. Briefly, SPC (35 mg/ml) and calcein AM (2.5 nmol/ml) were dissolved 

in chloroform in a round bottom flask attached to the rotary evaporator. Chloroform in 

the round bottom flask was evaporated, resulting in thin film of mixture of SPC and 

calcein AM. The thin film was kept under vacuum for at least 2 hours to eliminate all 

traces of the organic solvent. After all of the organic solvent was evaporated, the film 

was hydrated with the mSIF as the aqueous phase. The liposomes were examined 

routinely under a light microscope. The calcein AM-loaded liposomes were extruded 

through a 100 nm polycarbonate membrane to reduce the liposome size to 

approximately 100 nm. 
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5.2.4 Effect of size distribution profile on the accumulation of calcein 

AM in Caco-2 cells 

The uptake experiment was carried out in a similar manner to the 

experiments in Section 3. The uptake of calcein AM from the calcein AM solution, 

the calcein AM-loaded liposomes, and the extruded calcein AM-loaded liposome was 

compared. Briefly, Caco-2 cells were pre-incubated with the uptake medium at 37°C 

for 30 minutes. After the pre-incubation period, the uptake medium was removed. 

Caco-2 cells were further incubated with the calcein AM solution, the calcein AM-

loaded liposomes or the extruded calcein AM-loaded liposomes for 90 minutes. The 

concentration of calcein AM used in this experiment was 25 nM. At the end of the 

incubation time, Caco-2 cells were washed 4 times with ice-cold PBS (0.5 ml/well). 

Caco-2 cells were lyzed with 0.3 N sodium hydroxide containing 1% Triton X-100. 

The resultant solution was further assayed for extents of calcein accumulated in Caco-

2 cells. Calcein in 0.3 N sodium hydroxide containing 1% Triton X-100 at various 

concentrations was used to construct the standard calibration line. The extents of 

calcein accumulation in Caco-2 cells from the calcein AM solution, the calcein AM-

loaded liposomes, and the extruded calcein AM-loaded liposome were compared. 

6. Effects of proliposome systems on the accumulation of P-gp substrates in 

Caco-2 cells 

The objective of this study was to assess whether the selected proliposome 

systems could enhance the intracellular accumulation of the model P-gp substrates, 

calcein AM and acyclovir. The solution of either calcein AM or acyclovir was used as 

the control. The results from the preliminary experiment showed that all formulations 

used in the uptake experiments did not affect the viability of Caco-2 cells. The cell 

viability was higher than 90% of the control in all cases (see Appendix G). 

6.1 Uptake of calcein AM from proliposome systems 

For calcein AM, the experiment was carried out by comparing the uptake of 

the calcein AM solution, the extruded calcein AM-loaded liposomes, and the calcein 

AM-loaded proliposomes, with and without CHO.  

Calcein AM-loaded liposomes were prepared by the conventional film-

hydration method followed by extrusion, as described in Section 5.2.3, at the total 
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lipid of 35 mg/ml. The calcein AM-loaded proliposome preparations were pre-

hydrated in the mSIF, pH 6.8, at 37°C with continuous shaking at 75 rpm on an 

orbital shaker for 60 minutes. Homogeneous dispersions of calcein AM-loaded 

liposomes were generated.  

In the uptake experiment, the extruded calcein AM-loaded liposome 

preparation was diluted with the uptake medium to yield 0.35 mg/ml of lipid. Calcein 

AM-loaded proliposomes was hydrated with mSIF and further diluted with DMEM to 

yield the comparable concentrations of the lipid and calcein AM in the uptake 

medium. This resulted in the test formulations being in the same uptake medium. The 

total lipid concentration of all liposome preparations was 0.35 mg/ml. The 

concentration of calcein AM was 25 nM. The uptake experiments were carried out as 

described in Section 3.  

6.2 Uptake of acyclovir from proliposome systems 

The experiment was conducted in a similar manner to that of calcein AM-

loaded proliposomes. The acyclovir solution, the extruded acyclovir-loaded 

liposomes, and the two proliposome formulations (with and without CHO) were 

compared. The total lipid concentration of the extruded acyclovir-loaded liposomes 

and the proliposome formulations was 0.35 mg/ml. The concentration of acyclovir 

used in the uptake experiment was 250 µg /ml (ca 1 mM) (Palmberger et al., 2008). 

Acyclovir-loaded liposomes were also prepared by the conventional film hydration 

method at 0.7 mg/ml of total lipid. Briefly, the thin film of SPC was prepared. The 

solution of 2mM acyclovir in mSIF was added to hydrate the film, resulting in 

acyclovir-loaded liposomes. In the uptake experiment, the extruded acyclovir-loaded 

liposome preparation was diluted with an equal amount of DMEM to yield 0.35 

mg/ml of total lipid in the uptake medium. The acyclovir proliposome preparations 

were hydrated with mSIF and further diluted with DMEM to yield the required lipid 

and acyclovir concentrations in the uptake medium. The uptake experiment was 

carried out as described in Section 3 for 120 minutes. At the end of the incubation 

time, Caco-2 cells were washed four times with ice-cold PBS and lyzed with 1% 

Triton X-100 in PBS. The resultant mixture was centrifuged at 13000 rpm 

(Minispin®, Eppendorf, Germany) for 5 minutes. The supernatant was filtered through 

0.45 µm Nylon membrane filters. The concentration of acyclovir in the supernatant 
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was determined by the verified HPLC method with a UV detector (see Appendix H). 

The standard calibration line of acyclovir was constructed for each analytical run. The 

extents of acyclovir associated with the cells from the 4 treatments were compared. 

 

7. Statistical analysis 

The experiments were performed at least in triplicate. The data were 

presented as means ± SEM (standard error of mean) or means ± SD (standard 

deviation). If the data showed the homogeneity of variances, the analysis of variance 

(ANOVA) was used at  = 0.05 to compare the treatment means. The Scheffe’s test 

was used as the post hoc multiple comparison test. Otherwise, Welch’s ANOVA was 

used at  = 0.05 to compare the treatment means followed by Dunnett’s T3 for the 

post hoc test (Kinnear and Gray, 2011). The statistical analysis was performed on the 

SPSS Statistics Base 17.0 for Windows (SPSS serial no.: 5068054). 

 



 

CHAPTER IV 

RESULTS AND DISCUSSION 

1. Preparation and characterization of proliposomes 

1.1. Determination of maximum phospholipid loading onto the sorbitol 

carrier 

The physical appearance and the surface morphology of blank proliposomes at 

various phospholipid:sorbitol ratios are shown in Figures 4 and 5, respectively.  

           

           

           

Figure 4: Physical appearances of (A) sorbitol particles and blank proliposomes 

containing (B) 0.35, (C) 0.31, (D) 0.26, (E) 0.22, and (F) 0.18 mmol of 

SPC/g of sorbitol 

A B 

C D 

E F 



36 

 

 

 

Figure 5: Electron micrographs of (A) sorbitol particles and blank proliposomes 

containing (B) 0.35, (C) 0.31, (D) 0.26, (E) 0.22, and (F) 0.18 mmol of 

SPC/g of sorbitol 

  

A B

C D

E F
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Blank proliposomes prepared with 0.35, 0.31, and 0.26 mmol of SPC/g of 

sorbitol resulted in the excess SPC (Figure 4, B-D). The excess SPC on the sorbitol 

particles caused the agglomeration of the particles. On the other hand, the appearance 

of blank proliposomes prepared with 0.22 and 0.18 mmol of SPC/g of sorbitol was 

comparatively similar to that of sorbitol particles (Figure 4, E-F).  

The surface morphology of proliposomes containing 0.35 and 0.31 mmol of 

SPC/g of sorbitol (Figure 5, B and C) was apparently different from that of sorbitol 

particles (Figure 5A). The surface morphology of proliposomes at other SPC to 

sorbitol ratios was, on the other hand, rather similar to that of sorbitol particles. These 

results corroborated the excess SPC deposition on the surface of the first two 

formulations. 

The flow properties of blank proliposomes with various amounts of SPC are 

shown in Table 3. The angle of repose is a characteristic related to interparticulate 

friction resulting in resistance to movement (Gustavo, 2005). The low angle of repose 

indicates free-flowing property of particles. 

Table 3: Angles of repose and bulk densities of sorbitol and blank proliposome 

formulations. Data are shown as mean ± SD*. 

Formulation SPC (mmol) / 

g of sorbitol 

Angle of repose 

(degrees ± SD*) 

Bulk density 

(g/cm3) 

Sorbitol - 34.09 ± 1.06 0.446 

Blank proliposomes    

I 0.35 Not available 0.350 

II 0.31 Not available 0.384 

III 0.26 33.90 ± 1.77 0.383 

IV 0.22 29.03 ± 1.87 0.472 

V 0.18 24.36 ± 1.00 0.578 

*From three measurements 

Angles of repose of proliposomes containing 0.35 and 0.31 mmol of SPC/g of 

sorbitol were not available because the excess SPC on sorbitol particles completely 

hindered the flow of these particles. The transition temperature of SPC being -15°C 

(Cevc, 1993), the phospholipid is in the semisolid state at room temperature. The 
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excess SPC melted and proliposome particles stuck together, resulting in 

agglomeration. Because of the severe agglomeration of proliposome particles, the 

particles could not pass through the funnel.  

The angles of repose of the other three proliposome preparations were similar 

to or less than that of sorbitol. Because of its hygroscopic property (Rowe et al., 

2006), sorbitol tended to agglomerate, resulting in a moderate angle of repose. The 

angle of repose of sorbitol in this study was in the range classified as “good” flow 

property according to the United States Pharmacopeia (The United States 

Pharmacopeia Convention, 2012). When SPC was adsorbed onto the surface of 

sorbitol, its relatively hydrophobic nature prevented the moisture from coming into 

direct contact with the sorbitol particles. Thus, agglomeration of proliposomes with 

appropriate amounts of SPC was minimal. 

The bulk density is a physical property related to particle size and packing. For 

hygroscopic substances, moisture sorption is generally associated with increased 

cohesiveness from inter-particle bridges, resulting in low bulk densities (Gustavo, 

2005). Sorbitol particles are hygroscopic and, therefore, have a relatively low bulk 

density. In the case of proliposomes, the bulk density tended to increase as the 

percentage of SPC in the proliposome formulations decreased. The higher bulk 

density could indicate lower degree of particle agglomeration, and thus, the desired 

flowability. 

The results from physical appearance, surface morphology, angle of repose, 

and bulk density all indicated that proliposomes containing 0.22 and 0.18 mmol/g of 

sorbitol were comparable or superior to sorbitol in terms of powder properties. 

However, from the physical appearance and flow properties, blank proliposomes 

containing 0.22 mmol of SPC/g of sorbitol still showed a tendency to agglomerate 

(Figure 4E and Table 3). Proliposomes containing 0.20 mmol of SPC/g of sorbitol 

were prepared. The physical appearance and electron micrograph of the formulation 

are shown in Figure 6. 
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When the blank proliposomes containing 0.20 mmol of SPC/g of sorbitol 

came into contact with deionized water, liposomes were formed (Figure 7). Figure 7B 

shows liposome budding from proliposome particles. The cryogenic scanning electron 

micrograph of the hydrated proliposome preparation also confirmed that liposomes 

were properly formed from the proliposomes (Figure 7C). 

 

     

 

 

Figure 7: Formation of liposomes from proliposome particles of (A) a proliposome 

particle before hydration (400), (B) liposome formation from the hydrated 

proliposome preparation (400), and (C) cryogenic electron micrograph of 

liposomes formed after complete hydration of the proliposome preparation 

(10,000) 
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Figure 9: Electron micrographs of blank proliposomes with the SPC:CHO 

ratios of (A) 1:0, (B) 1:0.25, (C) 1:0.5, and (D) 1:1 

The physical appearance and the electron micrographs of proliposomes with 

the SPC:CHO ratios of 1:0, 1:0.25, and 1:0.5 (Figure 9, A-C) were rather similar to 

those of sorbitol particles (Figures 4A and 5A). However, the physical appearance of 

proliposomes with SPC:CHO ratio of 1:1 showed some degree of agglomeration 

(Figure 8D). In addition, the electron micrograph of proliposomes with the SPC:CHO 

ratio of 1:1 was rather different from that of sorbitol particles. Needle-like crystals 

were clearly evident on the surface of proliposomes (Figure 9D). These structures 

suggested the deposition of excess CHO on the surface of proliposomes. 

The flow properties of proliposomes with various SPC:CHO ratios are 

presented in Table 4. 

  

A B

C D
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Table 4: Angles of repose and bulk densities of sorbitol and blank proliposomes 

containing various ratios of SPC:CHO. Data are shown as mean ± SD*. 

SPC:CHO 
Angle of repose 

(degrees±SD*) 

Bulk density 

(g/cm3) 

1:0 24.18 ± 1.20 0.501 

1:0.25 24.39 ± 0.06 0.502 

1:0.5 27.35 ±1.18 0.506 

1:1 31.61 ±1.09 0.501 

Sorbitol 34.09 ± 1.06 0.446 

*From three measurements 

The angles of repose of proliposomes in the first three formulations were less 

than that of sorbitol particles. When the CHO content reached 50 mol%, the angle of 

repose was much higher. The higher amount of CHO had a tendency to give the 

higher angle of repose, thus the poorer flow property. CHO melts at around 147-

150°C (Rowe et al., 2006). At room temperature, CHO is in the solid form, and thus 

should not cause the agglomeration of proliposomes. However, the higher angle of 

repose implies the interparticulate friction or resistance to movement between 

particles (The United States Pharmacopeia Convention, 2012). From the electron 

micrographs, the appearance of needle-like crystals deposited on the surface of 

proliposomes increased with the increasing CHO contents. The needle-like structure 

was clearly seen at 50 mol% of CHO content. Thus, it was possible that these needle-

like crystals could cause the interparticulate friction that resulted in the increased 

angle of repose. 

Formation of liposomes from proliposomes is a crucial step for the success of 

proliposome formulations. Upon hydration of those formulations with Ultrapure® 

water at 37°C, the liposome dispersions were obtained. Figure 10 shows the liposome 

dispersions from blank proliposome formulations with the SPC:CHO ratios of 1:0, 

1:0.25, 1:0.5, and 1:1 (from the left to right), respectively.  
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Figure 10: The resultant liposome dispersions from various proliposome preparations 

with the SPC:CHO ratios of 1:0, 1:0.25, 1:0.5, and 1:1, respectively 

Figure 10 shows that the formulations with the SPC:CHO ratios of 1:0.5 and 

1:1 could not be completely hydrated after 60 minutes at 37°C. White particles were 

evident in the resultant liposome dispersions. The appearance of these particles under 

a light microscope was consistent with the remnants of the lipid domain with an 

excess in CHO (Figure 11).  

    

Figure 11: Photographs of (A) a representation of the white particles seen in the 

resultant liposome dispersions and (B) partially hydrated CHO particles 

(200) 

1:0 1:0.25 1:0.5 1:1 

A B
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From the physical properties and the ease of liposome formation upon 

hydration, only proliposomes containing SPC:CHO at the molar ratios of 1:0 and 

1:0.25 were further used in this study. 

1.3. Characterization of P-gp substrate-loaded proliposomes 

To assure that the P-gp substrate-loaded proliposomes retained the required 

physical properties of the blank proliposomes, the bulk density and the angle of 

repose of both calcein AM and acyclovir-loaded proliposomes were determined. The 

results are shown in Table 5. 

Table 5: Angles of repose and bulk densities of P-gp substrate-loaded proliposomes. 

Data are shown as mean ± SD*. 

P-gp substrate SPC:CHO Angle of repose 

(degrees ± SD*) 

Bulk density 

(g/cm3) 

Calcein AM 1:0 25.56 ± 0.00 0.521 

1:0.25 22.61 ± 1.40 0.532 

Acyclovir 1:0 25.78 ± 1.35 0.462 

1:0.25 25.01 ± 1.35 0.504 

*From three measurements 

Calcein AM-loaded proliposomes without CHO showed a slightly higher 

angle of respose than that of the corresponding blank proliposomes. On the other 

hand, the calcein AM-loaded proliposomes at 1:0.25 SPC:CHO ratio displayed a 

lower angle of repose than the corresponding blank proliposomes. Both formulations 

of calcein AM-loaded proliposome particles could be classified as “excellent” with 

respect to the flow property based on the angle of repose (see Appendix I) (The 

United States Pharmacopeia Convention, 2012). The bulk densities of both calcein 

AM-loaded proliposomes were also better than those of the corresponding blank 

proliposome formulations.  

For acyclovir-loaded proliposomes, the angles of repose of both formulations 

were slightly higher than that of the corresponding blank formulations. The bulk 

density of acyclovir-loaded proliposomes without CHO was lower than that of the 
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corresponding blank proliposome formulation. The bulk density of acyclovir-loaded 

proliposomes at the 1:0.25 ratio of SPC:CHO were comparable to that of the 

corresponding blank proliposomes. 

The angles of repose and the bulk densities of all 4 formulations of calcein 

AM- and acyclovir-loaded proliposomes indicated the better flow properties of these 

formulations when compared to sorbitol. Thus, all these P-gp substrates-loaded 

proliposome formulations were used for further experiments. 

1.4 Stability of acyclovir-loaded proliposomes 

The purpose of this experiment was to investigate how long acyclovir-loaded 

proliposomes could be kept under the storage condition before being used in the 

uptake study. Acyclovir-loaded proliposomes with the SPC:CHO ratios of 1:0 and 

1:0.25 were prepared and evaluated for physical stability with respect to acyclovir 

entrapment efficiency of the resultant liposome dispersions (Yan-yu et al., 2006; Xu 

et al., 2009). A preliminary study indicated that the entrapment efficiency decreased 

more than 20% within a month. Thus the experiment was designed to evaluate the 

physical stability of acyclovir-loaded proliposomes over a period of two weeks. The 

results from three batches of each proliposome formulation are displayed in Figure 

12. 
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Figure 12: Entrapment efficiency data of hydrated acyclovir-loaded proliposomes at 

the SPC:CHO ratios of (A) 1:0 and (B) 1:0.25 at 0, 7, and 14 days of 

storage (n = 3, the data are presented as mean ± SEM) 

From the data, there was no statistically significant difference in the 

entrapment efficiency within 14 days of storage for both formulations. While an 

earlier work notes that proliposome preparation can be stable at room temperature for 

6 months (Xu et al., 2009), it was not the case here. Acyclovir-loaded proliposomes 

could be kept under N2 at -20°C, protected from light, for less than one month. It was 

possible that the method used for proliposome preparation had a profound effect on 

the stability of proliposomes. Vinpocetine-loaded proliposomes, prepared by the 

slurry method, were reported to be stable at room temperature for 6 months (Xu et al., 

2009). The total time for preparation of vinpocetine-loaded proliposomes was only 

around 20 minutes, while the acyclovir-loaded proliposomes prepared by film 

deposition on carriers in our laboratory took around 2 hours. The longer preparation 
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process could expose the phospholipid to the unfavorable environment (relatively 

high temperature with some light exposure) that was detrimental to SPC integrity. 

Thus, the stability of acyclovir-loaded proliposomes was compromised. As a result, 

all acyclovir-loaded proliposome preparations were used within a few days after 

preparation.  

2. Effect of the mSIF medium on P-gp function 

In this study, proliposomes were developed to use as delivery systems for the 

oral route. Thus, the simulated intestinal fluid, TS (SIF) (The United States 

Pharmacopeia Convention, 2012) was first selected to be used as the hydrating 

medium and the uptake medium. Unfortunately, the result from the preliminary 

experiment showed that the use of the SIF as the uptake medium resulted in the 

detachment of the cells from the culture plates. Therefore, a modified medium was 

used instead. The monobasic potassium phosphate, the main composition of the SIF 

was replaced with the biological buffer HEPES at an equal concentration (Perrin and 

Dempsey, 1974). However, HEPES can also have an effect on P-gp function by 

increasing the ATPase activity (Luo et al., 2010). The P-gp function was thus 

evaluated when the mSIF was used as the uptake medium. The serum-free DMEM 

was used as the control medium. 

The accumulation of the fluorescent P-gp substrate rhodamine 123 in Caco-2 

cells with and without verapamil was monitored and expressed as the reverse ratio. 

The reverse ratio was defined here as the ratio between the concentrations of the P-gp 

substrate accumulated in the cells in the presence and the absence of the P-gp 

inhibitor. The results are shown in Table 6.  
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Table 6: Intracellular accumulation of rhodamine 123 in Caco-2 cells. Data are 

shown as mean ± SD. 

Uptake 

medium 

Intracellular accumulation of 

rhodamine 123 (ng/ml) 

Reverse ratio 

Without verapamil With verapamil 

DMEM 35.41 ± 3.01 82.57 ± 4.99 2.33 

mSIF 93.90 ± 5.57 131.44 ± 6.59 1.40 

The reverse ratio with the serum-free DMEM was 1.66 fold of that with mSIF, 

indicating that the components in the mSIF could obscure the function of P-gp. 

Besides, the osmolality of the mSIF was only 89 mosmol per kg, which was well 

below the recommended values (260-320 mosmol per kg) for cell culture in general 

practice (Freshney, 2005). Thus, the serum-free DMEM was mixed at various 

concentrations with the mSIF and further evaluated to be selected as the uptake 

medium.  

3. Selection of the uptake medium 

The reverse ratios of rhodamine 123 uptake in the mixtures of mSIF and 

DMEM at various ratios are shown in Table 7. 

Table 7: Reverse ratios of rhodamine 123 uptake from various compositions of the 

uptake medium 

mSIF:DMEM

Intracellular accumulation of 

rhodamine 123 (ng/ml) 
Reverse ratio 

Osmolality 

(mosmol/kg)without 

verapamil 

with verapamil 

0:100 34.65 ± 0.40 72.06 ± 1.16 2.08 311 

25:75 37.04 ± 0.33 67.69 ± 1.95 1.83 277 

50:50 35.47 ± 0.29 68.16 ± 1.78 1.92 210 

75:25 38.28 ± 0.49 66.60 ± 1.60 1.74 152 
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The reverse ratio of rhodamine 123 uptake into the cells of 1.5 has been 

accepted as an indication of P-gp function (Zastre et al., 2002). The data in Table 7 

indicated that the mSIF could be used in the uptake medium at concentrations up to 

75% since the reverse ratios were still greater than 1.5. However, at 75% mSIF, the 

osmolality of the medium was still much lower than the recommended values. The 

osmolality at 50% mSIF was still lower than that recommended for the cultivation of 

animal cells. However, at higher concentration of the serum-free DMEM, the 

hydration of proliposomes was extremely difficult. In addition, all the uptake 

experiments with Caco-2 cells in this study were carried out within a relative short 

period of time. The incubation time used for each experiment was 2.5 hours at most. 

Thus, the composition of the uptake medium consisting of 50% mSIF in serum-free 

DMEM was selected as the uptake medium in all uptake experiments. 

4. Verification of Caco-2 cells 

4.1. Verification of P-gp function 

The uptake of calcein AM and rhodamine 123 has been commonly used to 

evaluate the function of P-gp (Utoguchi et al., 2000; Zastre et al., 2002). Verification 

of the P-gp function was routinely monitored in every uptake experiment. The means 

and SD of the reverse ratios from the uptake experiments are shown in Table 8. 

Table 8: Reverse ratios of calcein AM and rhodamine 123 with different P-gp 

inhibitors 

P-gp substrate P-gp inhibitor Reverse ratio (mean ± SD)* 

calcein AM verapamil 1.52 ± 0.24 

cyclosporine A 2.26 ± 0.34 

rhodamine 123 verapamil 1.60 ± 0.17 

cyclosporine A 1.71 ± 0.10 

* The data were from 3-6 experiments. 

The reverse ratios from the uptake experiments were close to or higher than 

1.5 in all experiments with both P-gp substrates. These numbers are in consistent with 

the previous reports on P-gp function with uptake studies (Eneroth et al., 2001; Zastre 
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et al., 2002; Ing-orn Prasanchaimontri, 2009). Inhibition with cyclosporine A tended 

to give higher reverse ratios when compared to those inhibited with verapamil. Thus, 

under the present culture condition, Caco-2 cells adequately exhibited the required P-

gp function. 

4.2. Verification of enhanced accumulation of fluorescent markers in Caco-2 

cells via liposome delivery  

4.2.1. Effect of liposome concentration on the accumulation of calcein in 

Caco-2 cells 

To verify that Caco-2 cells used in this study were capable of liposome uptake, 

calcein was used as the aqueous marker for liposomes. Figure 13 shows the 

accumulation of calcein in Caco-2 cells from calcein solution and calcein-loaded 

liposomes at various concentrations.  

 

Figure 13: Intracellular accumulation of calcein from calcein solution and calcein-

loaded liposomes at various liposome concentrations, expressed as the 

equivalent calcein concentration. The lipid concentrations were 0.0125-

0.085 mg/ml. Data are shown as mean ± SEM. 

The expected mechanism of liposome uptake by living cells is usually by 

endocytosis, which is a saturable process (Straubinger et al., 1983; Sahay, Alakhova, 

and Kabanov, 2010). In this present study, the profile of calcein uptake tapered off 

with increasing concentrations of calcein-loaded liposomes. On the contrary, the 
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calcein solution gave a linear calcein uptake pattern with increasing calcein 

concentrations. The calcein accumulation in Caco-2 cells was higher from the 

liposomes than from the solution at all corresponding concentrations. The statistically 

significant differences were seen at the equivalent calcein concentrations of 80 and 

140 µM (p < 0.05). These results were consistent with endocytosis as the uptake 

mechanism. It is worth noting that much higher uptake values were seen with 

liposomes despite the size heterogeneity of the preparation. These results indicated 

that Caco-2 cells used in this study were capable of taking up liposomes by a pattern 

consistent with endocytosis. This process was more efficient than the simple diffusion 

of the fluorescent calcein marker. 

4.2.2. Effect of size distribution profile on the accumulation of calcein 

AM in Caco-2 cells 

In this study, blank proliposomes gave liposomes with size heterogeneity, 

ranging from less than 100 nm to around 10 µm (see Appendix J). The aim of this 

experiment was to investigate the ability of the Caco-2 cells to uptake liposomes with 

the difference in size distribution profiles since the hydration of proliposomes would 

result in the heterogeneity in the size of liposome vesicles. In addition, most of the 

studies evaluating cellular uptake of liposomes were usually done using liposomes 

with controlled sizes (Anderson et al., 2000; Goren et al., 2000; Li et al., 2011; Song 

et al., 2011). The uptake of calcein AM from solution, liposomes prepared by the film 

hydration method, and liposomes extruded through 100-nm polycarbonate membranes 

was compared (Figure 14). 
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Figure 14: Intracellular accumulation of 25 nM calcein AM from solution, calcein 

AM-loaded liposomes, and calcein AM-loaded extruded liposomes. The 

lipid concentration was 0.35 mg/ml in both liposome formulations. Data 

are shown as mean ± SEM (n = 3). 

* p < 0.05, compared with calcein AM solution 

The intracellular accumulation of calcein AM from the liposomes and the 

extruded liposomes was significantly higher than that of the solution (p < 0.05). 

However, there was no statistical difference between the uptake of calcein AM from 

the calcein AM-loaded liposomes and the extruded calcein AM-loaded liposomes. 

From the preliminary study, the particle size of the extruded liposomes was around 

120 nm (see Appendix J). On the other hand, the particle size of the unextruded 

liposomes prepared from the film hydration method is known to be heterogeneous. 

The size range of unextruded liposomes prepared by this method can vary from 

nanometers to several micrometers (Mui and Hope, 2007). However, in a previous 

study with liposomes in bone marrow macrophages, the increase in liposome size 

resulted in the decrease in the uptake of liposomes (Allen et al., 1991). The 

discrepancy could be attributed partly to the difference in the uptake mechanisms 

(endocytosis versus phagocytosis) between the two types of the cells (Caco-2 cells 

versus macrophages). In this present study, the difference in size distribution profiles 

did not affect the uptake of liposomes by Caco-2 cells under the conditions used. In 
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addition, both liposome systems could efficiently enhance the intracellular 

accumulation of calcein AM when compared with the solution. The results indicated 

that it was plausible for Caco-2 cells to take up liposomes with size heterogeneity, 

which were expected to form after the hydration of proliposome preparations. 

5. Effects of proliposome systems on the accumulation of P-gp substrates in 

Caco-2 cells 

5.1. Uptake of calcein AM from proliposome systems 

In this study, it was hypothesized that proliposome systems could enhance the 

intracellular accumulation of the hydrophobic P-gp substrate calcein AM. The result 

from the previous experiment showed that the liposome systems could enhance the 

intracellular accumulation of calcein AM regardless of size distribution. Reports with 

respect to the role of liposomes in overcoming the function of the efflux transporter P-

gp are numerous (Huwyler et al., 2002; Sadava, Coleman, and Kane, 2002; Mamot et 

al., 2003). However, there was no study that directly assessed this overcoming effect 

of proliposome delivery systems. Most studies with proliposomes were directed to 

both hydrophobic and hydrophilic drugs that are not P-gp substrates such as salmon 

calcitonin (Song et al., 2005), silymarin (Yan-Yu et al., 2006), cromolyn sodium 

(Deshmukh et al., 2008), and vinpocetine (Xu et al., 2009). In this present study, the 

extents of calcein AM uptake from the extruded calcein AM-loaded liposomes and the 

calcein AM-loaded proliposomes were compared. The calcein AM solution was used 

as the control. The results of the liposome and proliposome preparations without CHO 

are shown in Figure 15.  
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Figure 15: Intracellular accumulation of 25 nM calcein AM from solution, calcein 

AM-loaded liposomes (extruded), and calcein AM-loaded proliposomes. 

The liposome and proliposome preparations were those without CHO 

(total lipid = 0.35 mg/ml). Data are shown as mean ± SEM (n = 6). 

*p < 0.05, compared with the calcein AM solution 

The intracellular accumulation of calcein AM from both the extruded 

liposomes and hydrated proliposomes was significantly higher than that of the 

solution (p < 0.05). However, there was no statistical difference between the uptake 

from the extruded liposomes and the proliposomes. These results indicated that the 

proliposome preparation was at least as efficient as the extruded liposomes in 

delivering the hydrophobic P-gp substrate into Caco-2 cells. When the ease of 

preparation and handling was considered, the proliposome system would be more 

practical for further development. Though the stability of proliposomes would still be 

a problem, it would also be possible to improve the stability by selecting a more 

favorable method of preparation. Some other methods of proliposome preparation 

with much better product stability have been reported (Xu et al., 2009). 

Figure 16 displays the intracellular accumulation of calcein AM from the 

calcein AM solution and the resultant liposomes formed from the calcein AM-loaded 

proliposome preparations containing either no CHO or 20 mol% of CHO. The calcein 
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AM accumulation from the resultant liposomes with and without CHO was 

significantly higher than that of the solution (p < 0.05). In addition, the calcein AM 

accumulation from proliposomes with 20 mol% of CHO was also significantly higher 

than that from the proliposomes without CHO. Proliposomes could enhance the 

accumulations of calcein AM in Caco-2 cells for 2.16 and 2.55 fold for the 

preparation without CHO and with 20 mol% of CHO, respectively.  

 

Figure 16: Intracellular accumulation of 25 nM calcein AM from the solution and the 

calcein AM-loaded proliposome preparations without CHO and with 20 

mol% of CHO (total lipid = 0.35 mg/ml). Data are shown as mean ± SEM 

(n = 6). 

    *p < 0.05, compared with calcein AM solution 

**p < 0.05, compared with calcein AM-loaded proliposomes without  

                  CHO (SPC:CHO 1:0) 
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2009), and vinpocetine (Xu et al., 2009). This present finding is consistent with these 

previous studies. The mechanism by which proliposomes increase the absorption of 

these hydrophobic drugs is proposed to be the vesicle transport via endocytosis along 

with the increase in drug dissolution (Hiremath et al., 2009; Janga et al., 2011; Xu et 
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al., 2009; Yan-yu et al., 2009). Increased lymphatic transport is also speculated (Xu et 

al, 2009). 

The calcein AM-loaded proliposomes containing CHO could better enhance 

the intracellular accumulation of calcein in Caco-2 cells. Incorporation of CHO into 

the bilayer of liposomes affects the membrane fluidity. Above the transition 

temperature of phosphatidylcholine (around -15°C in this case), CHO incorporated 

into the membrane of liposomes results in condensing of the phospholipid bilayer and 

decreasing the membrane fluidity (New, 1989). In a previous study, the incorporation 

of CHO into liposomal bilayers resulted in retention of the P-gp substrate rhodamine 

123 within the cells better than the liposome preparation without CHO (Kang et al., 

2009). The authors reasoned that the enhanced liposome membrane integrity retarded 

the release of rhodamine 123 from the vesicles, thus preventing the substrate to 

interact with P-gp. However, this scenario would be applied only to rhodamine 123, 

which is a relatively hydrophilic P-gp substrate. An alternative explanation would be 

needed for more hydrophobic compounds such as calcein AM. In a previous study, 

CHO was found to increase P-gp-mediated ATP hydrolysis, resulting in inhibition of 

the function of the transporter (Wang et al., 2000). This might explain in part the 

better result seen with the proliposomes containing 20 mol% of CHO. 

5.2. Uptake of acyclovir from proliposome systems 

Several studies have indicated that acyclovir is a substrate of P-gp (De Vrueh 

et al., 1998; Salama et al, 2004; Zhao-Gang et al., 2004; Palmberger et al., 2008). 

Acyclovir was selected as a model hydrophilic P-gp substrate in this present study 

because the drug is in the BCS class III (Lindenberg et al., 2004), where permeability 

usually limits drug absorption. The bioavailability of acyclovir is only 15-30% (Lacy 

et al., 2005). Thus, if proliposomes could circumvent P-gp and/or increase the uptake 

of the drug via vesicular transport, the effect would be more unambiguously seen. 

Acyclovir is not a substrate for the CYP 450 enzymes (U.S. FDA, 2012). The poor 

permeability from its hydrophilicity (Lindenberg et al., 2004) along with the drug 

efflux by P-gp (De Vrueh et al., 1998; Salama, et al., 2004; Palmberger et al.,, 2008) 

contributes largely to acyclovir low bioavailability.  
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When the concentration of proliposomes was varied such that acyclovir 

concentration range from 0.54-1.05 mM, the uptake of acyclovir increased as the 

concentration increased up to 0.88 mM (Figure 17). However, when the uptake from 

acyclovir proliposomes was compared with that from the solution at the 

corresponding concentration acyclovir of 1.0 mM, no difference in the uptake of these 

preparations was seen, regardless of the proliposome CHO content (Figure 18). This 

was also the case with the extruded acyclovir-loaded liposomes (Figure 19). These 

results indicated that proliposomes, as well as liposomes, could neither circumvent the 

P-gp efflux nor increase the uptake of acyclovir via vesicular transport at the 

concentration used. 

 

Figure 17: Intracellular accumulation of acyclovir from acyclovir-loaded 

proliposomes at various proliposome concentrations corresponding to 

SPC concentrations of 0.19, 0.24, 0.31, and 0.37 mg/ml, respectively. 

Data are shown as mean ± SD.  
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Figure 18: Intracellular accumulation of acyclovir (1 mM) from solution and the 

proliposomes with the SPC:CHO ratios of 1:0 and 1:0.25, respectively. 

The lipid concentration used in the experiment was 0.35 mg/ml. Data are 

shown as mean ± SEM (n = 3). 

 

Figure 19: Intracellular accumulation of 1 mM acyclovir from the solution and the 

extruded liposomes (0.35 mg of SPC/ml). Data are shown as mean ± 

SEM. 
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 The results seen with acyclovir could be explained partly by the low 

entrapment efficiency (EE) of the resultant liposomes formed from proliposomes after 

hydration. The EE values of the resultant acyclovir liposomes with and without CHO 

were 3.71 ± 0.42 and 3.84 ± 0.07% at the total lipid concentration 0.35 mg/ml, 

respectively. The increased uptake of hydrophilic compounds via endocytosis was 

evident with calcein liposomes despite the even lower lipid concentrations (see Figure 

13). The most probable explanation for the enhancement in calcein uptake seen with 

liposomes would be the high entrapment of calcein in the liposome preparation used 

in this study. The calcein liposomes were hydrated with a rather concentrated calcein 

solution (80 mM). Upon dilution by almost a thousand fold for the uptake study, most 

calcein in the liposome preparation would be that entrapped in the vesicles. Thus, 

vesicle uptake via endocytosis resulted in the high extent of calcein in the cells. In 

addition, calcein is a highly hydrophilic compound. Log P of calcein is -5.02 (Gillet et 

al., 2011). The permeability by passive diffusion via the transcellular route is usually 

low for highly hydrophilic compound (Kerns and Di, 2008). The calcein uptake by 

passive diffusion through the cell membrane was inefficient in Caco-2 cells (see 

Figure 13). Thus, endocytosis of liposomes had a profound effect on calcein uptake. 

However, the high entrapment efficiency of hydrophilic compounds would be 

difficult to achieve with proliposomes. The process of in situ liposome formation 

would be a constraint on high drug entrapment since drug loading in proliposomes 

was also limited. More evidence where proliposomes were not beneficial for 

hydrophilic compounds was seen in a previous research on salmon calcitonin (Song et 

al., 2005). The authors found no increase in the delivery of salmon calcitonin from 

proliposomes without an absorption enhancer in rats. 

 To corroborate these results further, additional experiments were carried out. 

In every experiment, the presence of P-gp was verified using rhodamine 123 as the P-

gp substrate. When cyclosporine A was used as the P-gp inhibitor, the average reverse 

ratio of rhodamine 123 was 1.70 ± 0.10 in the experiments with acyclovir. However, 

when acyclovir solution was tested in the presence of the P-gp inhibitor verapamil at 

100 µM, the reverse ratio was close to 1 (Figure 20). A similar result was also seen 

when cyclosporine A was used (Figure 21). 
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Figure 20: Intracellular accumulation of 1 mM acyclovir with and without 100 µM 

verapamil. Data are shown as mean ± SEM (n = 3). 

 

 

Figure 21: Intracellular accumulation of 1 mM acyclovir with and without 5 µM 

cyclosporine A. Data are shown as mean ± SD  

The results with acyclovir solution in the presence of P-gp inhibitors suggested 

that the effect of P-gp efflux on acyclovir uptake was undermined despite its being a 

P-gp substrate (Salama et al., 2004; Palmberger et al., 2007).  
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Troutman and Thakker (2003) found that the addition of GW918, a P-gp 

inhibitor, had a profound effect on the secretory, but not the absorptive, permeability 

of the P-gp substrates rhodamine 123 and doxorubicin. The authors further proposed 

that these P-gp substrates were taken up into the cells via carrier-mediated 

transporters on the basolateral membrane. This scenario was contradictory to the 

results seen with acyclovir in this present study, though other influx transporters for 

acyclovir might also be involved. Acyclovir is taken up into cells by OCT1 (Takeda et 

al., 2002) and ENT proteins (Franco et al., 2008). Both proteins are expressed in 

Caco-2 cells (Hayeshi et al., 2008). Verapamil is a known inhibitor of OCT1 (Lee and 

Kim, 2004). Theoretically, it was possible that the effect of verapamil on the efflux 

transporter was counter-balanced by its effect on the influx transporters. However, 

further scientific evidence is needed to support this proposition. In addition, there is 

no evidence at the moment that cyclosporine A can inhibit any of these influx 

transporters. Thus, some other unknown mechanisms must have been responsible.  

.  



 

CHAPTER V 

CONCLUSIONS 

 In this study, the feasibility of proliposomes as delivery systems for P-gp 

substrates via the oral route was accessed. The effects of proliposome compositions 

on physical properties of proliposomes and the resultant liposomes formed after 

hydration of the proliposomes were evaluated. Calcein AM and acyclovir were used 

as the model hydrophobic and hydrophilic P-gp substrates, respectively. The use of 

proliposome delivery systems to improve the accumulation of the model P-gp 

substrates in Caco-2 cells was also investigated. 

 Proliposomes were prepared by film deposition on carriers. In order to prepare 

proliposomes with acceptable flow properties, the ratio of SPC to the carrier sorbitol 

was titrated. The maximum SPC that could be loaded onto one gram of the sorbitol 

particles was 0.20 mmol for blank proliposomes. At this ratio, the surface morphology 

of the proliposomes was similar to that of the sorbitol particles. The flow properties 

with respect to the angle of repose and the bulk density were better than those of the 

carrier. Upon contact with the aqueous phase, liposomes rapidly formed from the 

proliposomes. CHO was conveniently included in the proliposome formulation at 20 

mol% without alteration in the ease and completeness of the hydration process.  

 Inclusion of the model P-gp substrates did not impose any apparent adverse 

effects on the proliposomes. All formulations of P-gp substrate-loaded proliposomes 

still displayed better flow properties than those of sorbitol. However, the results of 

this present study indicated that the stability of these proliposome formulations could 

be problematic despite their storage under relatively stringent conditions.  

 To evaluate the role of proliposomes in promoting the absorption of P-gp 

substrates, the uptake studies were carried out in Caco-2 cells. The cells were verified 

to manifest sufficient P-gp function as well as the ability to take up efficiently the 

vesicles with heterogeneity in size. The uptake of calcein AM into Caco-2 cells from 

calcein AM-loaded proliposomes was more efficient that the uptake from solution. 

The degree of calcein AM uptake from proliposomes was comparable to that from the 

extruded liposomes. Thus, proliposomes seemed to be a feasible means of delivering 

hydrophobic P-gp substrates to Caco-2 cells. On the other hand, no advantage of 
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proliposomes over the solution was seen with the hydrophilic P-gp substrate 

acyclovir. This result could be only partly explained by the low entrapment of the 

drug. It was worth noting that, despite the verification of P-gp function in every 

experiment, verapamil and cyclosporine A failed to increase the accumulation of 

acyclovir when the drug was exposed to the cells as a solution. It was likely that other 

transporters might be involved in acyclovir uptake, which could confound the effect 

of the P-gp inhibitors. This finding still needs further clarification beyond the aims of 

this present study.  

 In conclusion, the overall results of this study indicated that it was plausible to 

use proliposomes to increase the cellular uptake of hydrophobic P-gp substrates. On 

the contrary, the advantage of proliposomes for hydrophilic P-gp substrates was not as 

convincing. To develop successful proliposome systems for hydrophilic compounds, 

it would be necessary to increase drug entrapment in the resultant liposomes after the 

hydration of proliposomes. This could be done by a number of strategies such as by 

means of surface charge interaction. However, since P-gp substrates vary widely in 

their structures, it would not be possible to design a universal proliposome system. 

Thus, further formulation development should be carefully designed to accommodate 

each of P-gp substrate of interest. 

In order to further develop proliposomes for drug delivery via the oral route, 

the problem with stability has to be addressed. Shortening the processing time would 

be one of the strategies to improve proliposome stability. Other shortcomings, for 

example degradation by the stomach acid, could be overcome by the use of 

pharmaceutical technology such as the enteric coating. 
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APPENDIX A 

Particle sizes of sorbitol particles and sorbitol-acyclovir particles 

Table A1: Particle sizes of sorbitol particles and sorbitol-acyclovir particles used as 

carrier for preparation of proliposomes 

Particle size (µm) 
Sorbitol (%) Sorbitol-acyclovir (%) 

< 150 24.74, 24.69 21.41, 23.35 

150-425 75.26, 75.31 78.59, 76.65 

 

 

APPENDIX B 

Modified simulated intestinal fluid (mSIF) 

Modified simulated intestinal fluid 

HEPES 11.92 g 

NaOH 0.30 g 

NaCl 0.43 g 

adjust pH to 6.8 with NaOH  

Water to 1000 ml 
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(C) Assay method 

 

 

 

Figure C1: A representation of standard calibration lines for phosphatidylcholine 

determination (y = 2.4701x-0.0017, R2=0.9985) 
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2. Linearity 

Data of the working standard acyclovir at various concentrations and the 

corresponding absorbance intensities are shown in Table D1. The plot of a calibration 

line is depicted in Figure D2. The plot shows good linearity with R2 in the range of 

0.9999-1.0000. 

Table D1: Data for the calibration lines of acyclovir in Ultrapure® water by the UV 

spectrophotometric method 

Concentration 

(µg/ml) 

Absorbance 
Mean SD %CV 

Set 1 Set 2 Set 3 

4 0.2295 0.2294 0.2276 0.2288 0.0011 0.48 

7 0.3991 0.3936 0.3949 0.3959 0.0029 0.73 

10 0.5675 0.5648 0.5635 0.5653 0.0020 0.35 

13 0.7333 0.7321 0.7311 0.7322 0.0011 0.15 

16 0.8983 0.8944 0.8978 0.8968 0.0021 0.23 

R2 1.0000 0.9999 1.0000 1.0000 - - 

 

 

Figure D2: A representation of the calibration lines of acyclovir in 

Ultrapure water® by the UV spectrophotometric method 
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3. Accuracy 

The percentages of analytical recovery of acyclovir are shown in Tables D2 

and D3. The percentages of analytical recovery of acyclovir are in the acceptable 

range (±10%) indicating that this method could be used for acyclovir analysis at all 

concentrations within the studied range with satisfactory accuracy. 

Table D2: The percentages of analytical recovery of acyclovir in Ultrapure® water by 

the UV spectrophotometric method (SPC:CHO ratio of 1:0) 

Concentration 

(µg/ml) 

Analytical recovery (%) 

Mean ± SD 1:0 of SPC:CHO 

1 2 3 

5 101.54 100.75 101.13 101.14 ± 0.40 

8 98.86 99.24 98.74 98.95 ± 0.26 

11 99.72 100.58 99.44 99.91 ± 0.59 

14 98.82 98.99 98.90 98.90 ± 0.09 

 

Table D3: The percentages of analytical recovery of acyclovir in Ultrapure® water by 

the UV spectrophotometric method (SPC:CHO ratio of 1:0.25) 

Concentration 

(µg/ml) 

Analytical recovery (%) 

Mean ± SD 1:0.25 of SPC:CHO 

1 2 3 

5 98.77 101.06 99.71 99.85 ± 1.15 

8 98.27 97.61 99.02 98.30 ± 0.70 

11 100.17 99.40 98.32 99.29 ± 0.93 

14 98.91 100.09 98.01 99.00 ± 1.04 
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4. Precision 

The precision of acyclovir analyzed by the UV spectrophotometric method 

were determined for both the within run precision and the between run precision as 

illustrated in Tables D4 and D5. The coefficient of variation values were 0.24-1.41 

and 0.10-0.89, respectively. The coefficient of variation of an analytical method 

should generally be less than 2%. Therefore, the UV spectrophotometric method was 

sufficiently precise for the quantitative analysis of acyclovir in the concentration 

range studied. 

Table D4: Data of the within run precision of acyclovir in Ultrapure® water by the 

UV spectrophometric method 

Concentration 

(µg/ml) 

Concentration (µg/ml) 
Mean ± SD %CV 

1 2 3 

5 5.26 5.27 5.39 5.30 ± 0.08 1.41 

8 8.42 8.45 8.52 8.46 ± 0.05 0.62 

11 11.68 11.74 11.70 11.71 ± 0.03 0.26 

14 14.80 14.84 14.77 14.80 ± 0.04 0.24 

 

Table D5: Data of the between run precision of acyclovir in Ultrapure® water by the 

UV spectrophometric method 

Concentration 

(µg/ml) 

Concentration (µg/ml) 
Mean ± SD %CV 

1 2 3 

5 5.26 5.27 5.33 5.28 ± 0.04 0.75 

8 8.42 8.44 8.51 8.46 ± 0.05 0.55 

11 11.68 11.57 11.78 11.68 ± 0.10 0.89 

14 14.80 14.78 14.77 14.78 ± 0.01 0.10 
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APPENDIX E 

Standard calibration lines for calcein and rhodamin123 

 

 

Figure E1: A representation of the standard calibration lines for calcein in 0.3 N 

sodium hydroxide containing 1% Triton X-100 (with cells) 

 

 

Figure E2: A representation of the standard calibration lines for rhodamine 123 in 

PBS containing 1% Triton X-100 (without cells) 
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APPENDIX F 

Standard calibration lines of calcein and rhodamin123  

in the presence and the absence of cells 

 

Figure F1: The standard calibration lines of calcein in 0.3 N sodium hydroxide 

containing 1% Triton X-100, in the presence and the absence of the 

Caco-2 cell lysates 

 

Figure F2: The standard calibration lines of rhodamine 123 in PBS containing 1% 

Triton X-100, in the presence and the absence of the Caco-2 cells lysates. 

The actual standard calibration lines used in the uptake studies were 

constructed in the range of 20-100 ng/ml only. 

Without cells:  y = 1900.613x-14989.266 R2 = 0.996 

With cells (1): y = 1766.841x-16190.219 R2 = 0.999 

With cells (2): y = 1852.670x-19811.237 R2 = 0.993 

With cells (3): y = 1702.036x-12566.025 R2 = 0.997 

y = 422.601x + 2,678.500
R² = 0.994

y = 626.999x + 851.500
R² = 0.9920

1000
2000
3000
4000
5000
6000
7000
8000
9000

10000

0 5 10 15

F
lu

or
es

ce
n

t 
in

te
n

si
ty

Calcein conc. (ng/ml)

With cells

Wihtout 
cells

0

100000

200000

300000

400000

500000

600000

0 100 200 300

F
lu

or
es

ce
n

t 
in

te
n

si
ty

Rhodamine 123 conc. (ng/ml)

Without cells

With cells (1)

With cells (2)

With cells (3)



89 

APPENDIX G 

Cell viability determined at the end of the uptake experiments 

 

 

Figure G1: Viability of the cells by the MTT assay after exposure to various test 

solutions/dispersions. The conditions used were the same as those used 

in the uptake experiments. Data are shown as mean ± SD. 
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APPENDIX H 

Validation and verification of the assay method for acyclovir  

determination by HPLC 

Analysis of acyclovir by high performance liquid chromatographic (HPLC) 

method (The United States Pharmacopoeia Convention, 2012) 

Validation of acyclovir assay method (LC-10, Shimadzu, Japan) 

 In this study, the suspension of the digested cells was centrifuged at 13,000 

rpm (Minispin®, Eppendorf, Germany) for 5 minutes. The supernatant was filtered 

through a 0.45 µm of Nylon membrane and further injected in to the HLPC system, 

which was equipped with the 254 nm UV-detector. The column used in this study was 

C-18 with the column length of 15 mm. The mobile phase was the 0.1% glacial acetic 

acid in water and the flow rate was 2 ml/minute. The conditions used in this study 

were validated on the LC-10 series (Shimadzu, Japan) and further verified on the 

1100 series (Agilent, Germany). The working standard of acyclovir was 99.2% in 

purity.  

1. Specificity 

Figure H1 shows typical chromatograms of the working standard of acyclovir, 

with and without cell lysates, in 1% Triton X-100 in PBS. The retention time of 

acyclovir was at 12.718 and 12.823 minutes in the absence and in the presence of cell 

lysates, respectively. 
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2. Linearity 

Data of concentrations and corresponding peak areas of the acyclovir working 

standard are shown in Table H1. A representation plot of the standard calibration lines 

is depicted in Figure H2. The plot shows acceptable linearity with R2 in the range of 

0.9985-0.9990. 

Table H1: Data for the calibration lines of acyclovir in 1% Triton X-100 in PBS by 

the HPLC method 

Concentration 

(µg/ml) 

Peak area (mAUs) 
Mean SD %CV 

Set 1 Set 2 Set 3 

1.0 28910 28396 28239 28515.00 350.97 1.23 

1.6 47759 47656 47035 47483.33 391.67 0.82 

2.2 61684 62274 61933 61963.67 296.19 0.48 

2.8 82501 83060 82520 82693.67 317.40 0.38 

3.4 99426 99332 99646 99468.00 161.16 0.16 

4.0 116390 116300 116785 116491.67 257.99 0.22 

R2 0.9985 0.9987 0.9990 0.9988 - - 

 

 

Figure H2: A representation of the calibration lines of acyclovir in 1% 

Triton X-100 in PBS, pH 7.4, by the HPLC method 
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3. Accuracy 

The percentages of analytical recovery of acyclovir are shown in Table H2. 

The percentages of analytical recovery of acyclovir are in the acceptable range 

(±10%) indicating that this method could be used for acyclovir analysis at all 

concentrations within the studied range with satisfactory accuracy. 

Table H2: The percentages of analytical recovery of acyclovir in 1% Triton X-100 in 

PBS, in the presence of Caco-2 cell lysates, by the HPLC method 

Concentration 

(µg/ml) 

Analytical recovery (%) 
Mean ± SD 

1 2 3 

1.3 100.75 99.58 92.42 97.58 ± 4.51 

2.5 96.00 94.65 92.87 94.51 ± 1.57 

3.7 95.48 97.05 93.30 95.27 ± 1.88 

 

4. Precision 

The precision of acyclovir analyzed by the HPLC method were determined for 

both the within run precision and the between run precision as illustrated in Tables H3 

and H4. The coefficient of variation values were 0.16-1.03 and 0.12-1.11, 

respectively. The coefficient of variation of an analytical method should generally be 

less than 2%. Therefore, the HPLC method was sufficiently precise for the 

quantitative analysis of acyclovir in the concentration range studied. 

Table H3: Data of the within run precision of acyclovir in 1% Triton X-100 in PBS 

by the HPLC method 

Concentration 

(µg/ml) 

Concentration (µg/ml) 
Mean ± SD %CV 

1 2 3 

1.3 1.41 1.38 1.41 1.40 ± 0.01 1.03 

2.5 2.64 2.64 2.64 2.64 ± 0.00 0.16 

3.7 3.98 3.95 3.96 3.96 ± 0.01 0.30 
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Table H4: Data of the between run precision of acyclovir in 1% Triton X-100 in PBS 

by the HPLC method 

Concentration 

(µg/ml) 

Concentration (µg/ml) 
Mean ± SD %CV 

1 2 3 

1.3 1.38 1.39 1.41 1.39 ± 0.02 1.11 

2.5 2.64 2.63 2.64 2.63 ± 0.00 0.18 

3.7 3.96 3.95 3.96 3.96 ± 0.00 0.12 

 

Verification of acyclovir determination method  

(The 1100 series, Agilent, Germany) 

1. Accuracy 

The accuracy of the analytical method on the 1100 series was further verified 

because the LC-10 series was out of order and the assay had to be done on a different 

instrument. The percentages of analytical recovery of acyclovir are shown in Table 

H5. The percentages of analytical recovery of acyclovir are in the acceptable range (± 

10%) indicating that this method could be used for acyclovir analysis at all 

concentrations within the studied range with satisfactory accuracy. 

Table H5: The percentages of analytical recovery of acyclovir in 1% Triton X-100 in 

PBS, in the presence of Caco-2 cell lysates, by the HPLC method 

Concentration 

(µg/ml) 

Analytical recovery (%) 
Mean ± SD 

1 2 3 

1.3 86.88 89.50 102.15 92.84 ± 8.16 

2.5 83.67 95.85 95.02 91.51 ± 6.80 

3.7 88.49 94.37 97.00 93.29 ± 4.36 
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2. Precision 

The within run precision of acyclovir was also verified by the HPLC method 

as illustrated in Table H6. The coefficient of variation values was as 0.10-0.95. The 

coefficient of variation of an analytical method should generally be less than 2%. 

Therefore, the HPLC method was sufficiently precise for the quantitative analysis of 

acyclovir in the concentration range studied. 

Table H6: Data of the within run precision of acyclovir in 1% Triton X-100 in PBS 

by the HPLC method 

Concentration 

(µg/ml) 

Concentration (µg/ml) 
Mean ± SD %CV 

1 2 3 

1.3 1.37 1.38 1.38 1.38 ± 0.01 0.39 

2.5 2.54 2.59 2.58 2.57 ± 0.02 0.95 

3.7 3.84 3.84 3.83 3.84 ± 0.00 0.10 
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APPENDIX I 

Flow properties and corresponding angles of repose 

(The United States Pharmacopoeia Convention, 2012) 

 

Table I1: Flow properties and corresponding angles of repose (The United States 

Pharmacopoeia Convention, 2012) 

Flow property Angle of repose (degrees) 

Excellent 25-30 

Good 31-35 

Fair  aid not needed 36-40 

Passable  may hang up 41-45 

Poor  must agitate, vibrate 46-55 

Very poor 56-65 

Very, very poor > 66 
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APPENDIX J 

Particle size distributions of the extruded liposomes  

and of the resultant liposomes formed from the blank proliposomes 

  
Figure J1: Particle size distribution of the extruded liposomes (Zetasizer Nano ZS, 

Malvern, UK) 

TableJ1: Mean particle size of the extruded liposomes from three measurements 

Measurement time Particle size (nm) 

1 121.4 

2 122.5 

3 123.1 

Mean ± SD 122.33 ± 0.86 

 

 

Figure J2: Particle size distribution of the resultant liposomes from the blank 

proliposomes (Microtrac UPA® Nikkiso, Japan; measurement range: 

0.0008–6.5μm) 
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APPENDIX K 

Analytical recoveries of acyclovir and SPC in entrapment efficiency 
determination 

Table K1: Analytical recovery of acyclovir in entrapment efficiency determination 

SPC:CHO day 

Analytical recovery* (%) 

(mean ± SD) 

supernatant pellet total 

1:0 

0 83.86 ± 3.03 4.37 ±0.84 88.24 ± 3.35 

7 85.37 ± 1.82 4.37 ± 0.10 89.74 ± 1.92 

14 86.60 ± 4.60 4.43 ± 0.19 91.03 ± 4.57 

1:0.25 

0 80.32 ± 1.29 4.10 ± 0.37 84.42 ± 1.63 

7 88.54 ± 4.09 4.31 ± 0.71 92.86 ± 4.67 

14 84.86 ± 2.96 5.26 ± 0.62 90.12 ± 2.36 

* Based on the calculated amount of acyclovir in the corresponding proliposome 
preparation 

 

Table K2: Analytical recovery of SPC in entrapment efficiency determination 

SPC:CHO day 

Analytical recovery* (%) 

(mean ± SD) 

supernatant pellet total 

1:0 

0 1.14 ± 0.27 81.81 ± 14.68 82.95 ± 14.89 

7 0.02 ± 0.03 81.01 ± 10.38 81.01 ± 10.38 

14 1.73 ± 0.80 81.61 ± 7.51 83.34 ± 8.01 

1:0.25 

0 1.00 ± 0.20 70.61 ± 2.06 80.61 ± 1.91 

7 3.18 ± 4.36 92.28 ± 2.68 95.46 ±6.92 

14 0.12 ± 0.20 89.64 ± 4.64 89.75 ± 4.64 

* Based on the calculated amount of SPC in the corresponding proliposome 
preparation 
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