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ABSTRACT

ALPHIA JONES
Microparticulate Drug Delivery Systems for the Treatment o f Drug Resistant 
Melanoma
(Under the direction of Martin J. D ’Souza, PhD)

Anticancer drug delivery continues to be plagued by problems such as multidrug 

resistance, decreased intratumoral drug concentrations, and drug toxicity to normal 

tissues. It is o f interest to scientists to improve upon the delivery o f these compounds in 

order to decrease or eliminate such problems. The development o f more novel drug 

delivery technology shows promising results in the treatment o f cancer. One approach is 

the use o f microparticulate drug delivery systems. In this system the anticancer drug is 

encapsulated within a polymer matrix, and gives a slower release o f the anticancer drug 

over time. This in turn may increase the intratumoral drug concentrations, reverse 

multidrug resistance, and decrease drug toxicity to normal tissues.

The main objective of this work was to formulate microspheres o f the anticancer 

agent doxorubicin and the p-glycoprotein inhibitor verapamil, and deliver them to drug 

resistant melanoma tumor cells, in efforts to reverse multidrug resistance. After 

microsphere development, in vitro studies were performed to evaluate formulation 

characteristics such as particle size, content analysis, stability studies, and release 

profiles. These studies were performed in order to evaluate whether or not the formulated 

microspheres were suitable for delivery to the drug resistant tumor cells.

xiii
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After delivery o f microspheres and solution to drug resistant melanoma tumor 

cells, intracellular doxorubicin concentrations were measured to compare the uptake and 

percentage of doxorubicin efflux after both treatments. Cytotoxicity studies followed, to 

test which treatment caused greatest cytotoxicity. Pharmacokinetic studies were then 

performed in rats to compare the kinetics o f doxorubicin after dosing with doxorubicin 

solution vs. doxorubicin microspheres.

Intracellular doxorubicin concentrations were higher in drug resistant tumor cells 

treated with microspheres as opposed to solution, and efflux o f doxorubicin from the 

tumor cell was inhibited. Greater cytotoxic effects were seen in tumor cells treated with 

doxorubicin microspheres vs. solution up to and after three days. Pharmacokinetic studies 

in rats revealed a plasma-level time curve indicative o f a two-compartment model, and 

showed prolonged half-life o f doxorubicin, greater AUC, and increased plasma 

concentrations o f doxorubicin in rats after 8 and 24 hours from the use o f doxorubicin 

microspheres.
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CHAPTER 1 

INTRODUCTION 

Multidrug resistance (MDR), characterized by the overexpression of p- 

glycoprotein and the efflux of anticancer drugs from tumor cells, continues to be a major 

factor in the efficacy o f cancer chemotherapy. MDR occurs when tumor cells are exposed 

to antineoplastic agents over a long period o f time, and secondary to this develops 

resistance to the antitumor agent. Resistance to one drug often implies resistance to a 

series of different compounds leaving the clinician with few therapeutic options (Lehne, 

2000). MDR is linked to the overexpression of the multidrug transporter p-glycoprotein, 

and is often associated with poor overall prognosis and response to chemotherapy. This 

membrane bound glycoprotein acts as an efflux pump and expels anti-tumor compounds 

from the cytoplasmic space by an active transport process.

Since anticancer drugs are neither targeted nor specific to the tumor cells, targeted 

and controlled drug delivery has been studied in an attempt to increase drug exposure to 

the tumor. Microparticulate drug delivery systems or microspheres may be used in the 

place of free dmg, giving a slower release o f the drug into the tumor. Tumor cells are 

nonprofessional phagocytic cells, which can take up microparticles and release the drug 

locally into tumor cells. Previous studies in our lab have shown the phagocytic capability 

of tumor cells, demonstrating that without any stimulation, such as with 

lipopolysaccharide, the tumor cells phagocytose microparticles (Jin, 2004). Use of 

microsphere dosage forms containing antineoplastic agents may lower unwanted side

1
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effects due to the reduced exposure of drugs to unnecessary organs, and also lower the 

dose requirements to that of the conventionally administered dosage forms.

Compounds known as chemosensitizers, (P-glycoprotein inhibitors, or MDR 

reversers), reverse multidrug resistance in vitro, resulting in decreased drug efflux and 

increased cellular drug accumulation. One of the approaches towards modulation of 

multidrug resistance in tumor cells involves the use of these chemosensitizers which can 

compete with antineoplastic agents at the Pgp pump inhibiting the efflux mechanism, and 

thereby increase the accumulation of antineoplastic agents within cancer cells. One study 

showed that the concomitant delivery of verapamil with vinblastine loaded ionic 

polysaccharide microspheres led to a 6-7 fold increase in the uptake of vinblastine( Liu et 

al., 1999). This shows that microspheres may increase local drug concentrations within 

the tumor, and thus enhance the therapeutic efficacy while reducing systemic side effects.

Biodegradable polymers such as PLGA and albumin have been used for 

microsphere encapsulation matrices, and have been found to be relatively non-toxic and 

biocompatible. Serum albumin is a major plasma protein constituent, and albumin 

microspheres are readily metabolized in the body. The rate and extent of drug release 

from microspheres is dependent on the microsphere matrix, particle size, extent of 

crosslinking, and physiochemical properties of the drug.

Among the numerous methods for incorporating drugs into microspheres our 

group focuses on preparation of microspheres by the spray-drying process. Spray-drying 

produces highly dispersed powders from a fluid feed by evaporating the solvent. This is 

achieved by mixing a heated gas with an atomized fluid of high surface-to-mass ratio of 

droplets, ideally o f equal size, within a drying chamber, causing the solvent to evaporate
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uniformly and quickly through direct contact. It gives particle sizes around 5 microns, 

with high product yields and encapsulation efficiencies.

Overall Project Objectives:

To formulate, study in vitro characteristics, and deliver microparticles of the 

antitumor compound doxorubicin and the p-glycoprotein inhibitor verapamil to drug 

resistant melanoma tumor cells. It is proposed that the use o f microspheres may be an 

enhanced therapy for multidrug resistant tumors, in efforts to reverse multidrug resistance 

and decrease drug toxicity associated with chemotherapeutic drugs. Using microspheres 

for simultaneous delivery o f both antitumor agents and p-glycoprotein inhibitors to tumor 

sites could increase the local antitumor drug concentration in the tumor cell by binding to 

and blocking the ATP pump, decreasing the efflux of the drug out o f the cell. This in turn 

may aid in giving better therapeutic efficacy in the treatment of cancer.

Specific Aims

Specific Aim #1: To develop doxorubicin resistant B 16 melanoma tumor cells, 

and evaluate drug resistance, in vitro.

Specific Aim #2: To formulate and evaluate doxorubicin loaded, and verapamil 

loaded bovine serum albumin microspheres, in vitro.

Specific Aim #3: In vitro investigation o f the cytotoxic effects of doxorubicin 

microspheres, and doxorubicin microspheres in combination with verapamil 

microspheres vs. solution forms, on drug resistant melanoma cells.

Specific Aim # 4: In vitro investigation o f the cytotoxic effects of doxorubicin solution 

vs. microspheres on human microvascular endothelial cells and drug resistant melanoma 

cells.
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Specific Aim # 5: To determine the effect of microencapsulation on doxombicin 

pharmacokinetics, in vivo.
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CHAPTER 2 

LITERATURE REVIEW 

Cancer: An Introductory Note 

Cancer is a vast medical problem, and has now become one o f the major causes of 

mortality in the U.S. next to heart disease. It is diagnosed each year in one in every 250 

men and one in every 300 women. The incidence rises steeply with age so that, over the 

age of 60, three in every 100 men develop the disease each year. The disease is very 

costly to treat usually requiring extensive hospital care. The most common types of 

cancer are lung, breast, skin, gut, and prostate (Souhami et al., 2005). However, with this 

said relative survival rates for certain cancers such as prostate, colon, and breast have 

increased in the U.S. from 50% in 1974 to 1976, to 53% in 1983 to 1985, and reaching 

64% in 1995 to 2000. This is mainly due in part to technological advances in the 

treatment of cancer as well as increased awareness, and education on healthier lifestyle 

choices.

Cancers are characterized by uncontrolled cell division of a malignant clone, 

generally from a single primary site. Metastatic spread with wide dissemination is a 

common (but not invariable) feature o f many cancers, and some types of cancers are 

associated with rapid and widespread dissemination. Some tumors very rarely 

metastasize beyond the primary site, with the critical implication that local tumor control, 

whether by surgery, radiotherapy or a combination of the two, is likely to lead to a cure 

(Tobias et ah, 1991).

5
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The behavior of cancer cells varies widely, due to their heterogeneity. They may 

be described as belonging to one of three compartments, and the proportion of cells in 

each department varies from tumor to tumor with respect to time and type of cancer. The 

proportion of cells in a cell cycle is referred to as the growth fraction. Many tumors are 

relatively slow growing with a low growth fraction, so a large number of the cells die 

naturally. The interval between malignant transformation of a single cell and the 

detection o f a clinically apparent tumor may be months or years depending on the growth 

rate of the tumor.

The main methods for treating cancer include surgery, radiotherapy, 

immunotherapy, and chemotherapy. Development of drugs to treat cancer has been a long 

sought after goal of medicine. Anticancer drugs can be classified according to whether 

they mainly effect cells actively in cycle (cell specific) or cells not actively in cycle 

(cycle non-specific); and, if  cycle specific, whether activity is confined to one or more 

phases (phase-specific). So, the sensitivity of tumor cells to anticancer drugs is increased 

if  a large proportion of the cells are proceeding through the cycle at the time of exposure 

to the drug (Tobias, 1991). Many thousands of compounds have been screened for 

anticancer effects and an increasing number o f useful new drugs have been developed.

Chemotherapy can be applied to both localized and metastasized cancers. One 

disappointing aspect of new drug development however, has been an ability to design 

drugs whose mode of action and effectiveness can be predicted. Although anticancer 

drugs are effective in destroying neoplastic cells, they usually have damaging effects to 

normal cells, particularly the rapidly proliferating ones of the gastrointestinal tract and 

bone marrow (Zee-Cheng et al., 1989). Therefore, since cancer chemotherapy is limited
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by the toxicity of drugs to normal tissues, cancer drugs are neither targeted nor specific to 

cancer cells. Although there have been real advances in our understanding of 

chemotherapy we are far from developing an ideal drug -  one which is cytotoxic only to 

cancer cells. Current drugs lack this specificity, although their effect on normal tissues 

varies widely. Therefore, many research efforts are being focused on developing an ideal 

drug and on improved delivery of anticancer drugs to tumor tissues in humans.

Malignant Melanoma 

Malignant melanoma is the most feared of all skin cancers, with a far more 

aggressive and unpredicatable pattern of behavior than the other tumors, and a much 

higher mortality (Tobias et al., 1991). It is a tumor o f the pigment-producing cells o f the 

skin, in which the malignancy quickly metastasizes to distant organs. Pigment cells or 

melanocytes are located in the dermis or skin and supply the skin’s color. Melanocytes 

are also found in the eyes, ears, GI tract, leptomeninges, and oral and genital mucous 

membranes. Melanoma accounts for only 4% of all skin cancers, however, it causes the 

greatest number of skin cancer-related deaths worldwide. Early detection of thin 

cutaneous melanoma is the best means of reducing mortality (Swetter, 2006).

It has been suggested that the main causative factor o f malignant melanoma is 

exposure to ultraviolet (UV) radiation. However, there are other causative risk factors 

that exist such as changing mole patterns, having fair skin, previous history or family 

history of melanoma, and occurrence of blistering sunburns as a child.

The most common sign and symptom of malignant melanoma is the appearance 

of an abnormal mole or the changing of an existing mole. Variation in color and/or an 

increase in diameter, height, or asymmetry of borders of a pigmented lesion are noted by
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more than 80% of patients with melanoma at the time of diagnosis. Symptoms such as 

bleeding, itching, ulceration, and pain in a pigmented lesion are less common but warrant 

an evaluation. (Swetter, 2006).

There are four pathologic types of cutaneous melanoma each with a characteristic 

growth pattern. (1) Superficial spreading melanoma is the most common type, accounting 

for 70% of all cases. This type typically arises from a pre-existing nevus and expands in a 

radial fashion before it enters a vertical growth phase. (2) Nodular melanoma, a more 

aggressive tumor, accounts for approximately 15 to 30% of cases. This lesion arises de 

novo from normal skin and has no radial growth phase. It is found more commonly in 

males. (3) Lentigo maligna melanoma accounts for less than 10% of cases. This type of 

lesion is found more commonly in females and the elderly population. The lesions are 

typically large and flat, follow an indolent growth course, and rarely metastasize.(4) 

Acrallentiginous melanoma also accounts for less than 10% of lesions, but occurs in a 

higher proportion (35 to 60%) of nonwhite patients (Silberman, 2006 ).

Metastasis of Malignant Melanoma

The process o f cancer metastasis consists o f a long series of sequential, 

interrelated steps (Figure 1), each of which is rate limiting. After the initial transforming 

event, growth of neoplastic cells must be progressive.
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Figure 1: Diagram depicting the pathogenesis of melanoma metastasis.

The process o f metastasis is sequential and requires the completion o f several 

highly selective steps. Extensive vascularization (angiogenesis) must occur if a tumor 

mass is to exceed 2 mm in diameter (Folkman, 1986). The synthesis and secretion of
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several angiogenic factors play a key role in establishing a capillary network from the 

surrounding host tissue (Folkman, 1987). Invasion o f the host stroma by some tumor cells 

occurs by several nonmutually exclusive mechanisms (Liotta, 1986). Thin-walled 

venules, like lymphatic channels, are easily penetrated by tumor cells and provide the 

most common pathways for tumor cell entry into the circulation. Detachment and 

embolization of small tumor-cell aggregates occur next, and the vast majority of 

circulating tumor cells are destroyed rapidly. Tumor cells that survive the circulation 

must be trapped in the capillary beds of organs. Extravasation follows next, probably by 

the same mechanisms that influence initial invasion, and development of vascularization 

and proliferation within the organ parenchyma completes the metastatic process. Tumor 

cells can invade host stroma, penetrate blood vessels, and enter the circulation to produce 

additional metastases, the so-called "metastasis of metastases." The outcome of the 

process depends on the interaction between the intrinsic properties o f the tumor cells and 

the various host factors, which can vary among different patients.

Spread of melanoma occurs via three major routes; local extension, lymphatic 

involvement and blood-borne metastases. It can present with metastatic disease many 

years after its initial appearance, involving such distant sites as lungs, liver, distant areas 

of the skin, and brain. It may also metastasize to sites rarely involved by secondary 

tumors, such as the spleen and bowel wall (Tobias et al., 1991). When a diagnosis of 

melanoma, a critical question is whether or not the cancer is localized or has spread to 

regional lymph nodes and distant organs. Most deaths from melanoma are due to 

metastases that are resistant to conventional therapies. A major obstacle to therapy of 

metastases is tumor-cell biologic heterogeneity. By the time a diagnosis is established,
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melanomas contain multiple cell populations characterized by diverse growth rates, 

karyotypes, cell-surface properties, antigenicity, immunogenicity, invasion, metastasis, 

and sensitivity to cytotoxic drugs or biologic agents. An understanding of the 

mechanisms that regulate pathogenesis of metastasis will lead to the ability to design 

more effective therapies for malignant melanoma.

Radiotherapy is widely used in the management of primary skin cancer and is 

given in a variety of ways. In malignant melanoma, few primary lesions are so large that 

surgical resection is not possible, especially since the advent o f vascularized 

myocutaneous grafts which provide cover even for large defects. For large or recurrent 

melanoma, a combination of surgical resection and interstitial irradiation may offer the 

best chance of local control. In malignant melanoma chemotherapy has been extensively 

tested. A number of agents show promising effects however, are short-lived. Vindesine 

has a 20% response rate and few adverse effects. Dacarbazine, doxorubicin, and 

cyclophosphamide show similar results, but have greater adverse effects. Despite 

substantial toxicity from the drugs, whether alone or in combination, useful responses are 

sometimes seen, and often tend to be short-lived. Unfortunately after invasion of 

metastasis, there is the occurrence of uncontrolled growth o f metastases resistant to 

chemotherapy, and more destruction o f normal tissue. Hence, the development of 

multidrug resistance becomes a major problem.

B16 Melanoma Tumor Cells

B16 melanoma tumor cells are a murine malignant melanoma cell line. This cell 

line is highly proliferating, and many different strain types are available including the 

highly metastatic B16-F10, B16BL-6N and BL-6N/C-4H hybrid lines, and the drug
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resistant B 16VDXR cell line. Much work has been done on this cell line including 

research on metastasis for a number of years. One study by Fidler et al., showed that 

melanoma cells must survive in circulation in order to produce metastasis. By using 

radiolabeled mouse B16 melanoma cells, they found that less than 0.1% of the tumor 

cells survived to produce metastasis (1970). The focus of this research work will be on 

drug resistance using murine B16 melanoma cells.

Figure 2: B16 melanoma cells in culture
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Multidrug Resistance

The phenomenon o f resistance of tumors to chemically unrelated anticancer 

drugs, termed multidrug resistance, represents the most formidable challenge to the field 

of oncology. Multidrug (MDR) resistance occurs when tumor cells are exposed to anti

neoplastic agents over a long period of time, and secondary to this, develops resistance to 

the antitumor agent. The cells which develop a resistance against a single anti-cancer 

agent may simultaneously acquire cross-resistance to a spectrum of drugs sharing neither 

a common target nor a common structure. MDR leaves the clinician with few treatment 

options, and a sinister prognosis. Multidrug resistance can be present at the time of 

diagnosis, or can be acquired after initial treatment and remission of a cancer. Many 

cancers such as gastrointestinal, and renal are largely unresponsive to chemotherapy, and 

thus have a high degree of intrinsic multidrug resistance, whereas some cancers such as 

leukemias respond to treatment initially but then develop drug resistance over the time 

course of treatment.

P-glvconrotein

One important mechanism o f MDR involves the multidrug transporter, P- 

glycoprotein (Pgp), which confers upon cells the ability to resist lethal doses of certain 

cytotoxic drug by pumping the drugs out o f the cells by an efflux mechanism and thus, 

reducing their cytotoxicity (Lehne, 2000). Figure 3 shows the structure o f P-glycoprotein. 

It is a 170kD protein belonging to the ATP binding cassette (ABC) family o f transporter 

molecules.
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Figure 3: Structure of P-glycoprotein

Pgp is a phosphorylated and glycosylated protein 1280 amino acids long, which intersects 

the plasma membrane and consists of two homologous halves, each of which contains six 

hydrophobic domains and a hydrophilic nucleotide binding fold (Lehne, 2000). It also has 

two adenosine triphosphate (ATP) binding folds located intracellularly. These two ATP
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binding folds exhibit ATpase activity and anticancer drugs are effluxed out of the cell 

membrane by this ATP driven process. Activation may be regulated through 

phosphorylation by protein kinase C. Pgp genes from hamster, mouse, and human have 

been cloned and sequenced, and Pgp homologues have been identified in several other 

species. It is found to be encoded by a small multigene family (mdr class I, II, and III).

All three isoforms are present in rodents, while humans express only the Class I and III 

isoforms. Transfection studies have demonstrated that the class I and II isoforms can 

confer MDR, while the class III isoform is a phosphatidylcholine translocase, or flippase, 

responsible for export of this phospholipid into the bile (Sharom, 1997).

It is now well-established that P-glycoprotein is a direct, ATP-dependent 

multidrug transporter. Studies have shown this to be evident after the ability of purified 

Pgp, when reconstituted into proteoliposomes, to perform ATP-dependent transport of 

such compounds as Hoechst 33342, vinblastine, and colchicines (Shapiro et al., 1998). It 

has been found that numerous unrelated neutral or lipophilic organic compounds are 

transported by Pgp. Compounds knowns as chemosensitizers, (P-glycoprotein inhibitors, 

MDR reversors or modulators) reverse multidrug resistance in vitro, resulting in 

decreased drug efflux and increased cellular drug accumulation. Compounds known as 

substrates show the ability to upregulate Pgp, therefore resulting in increased drug efflux 

and decreased cellular drug accumulation. Pgp ATPase activity can be stimulated by the 

addition of these compounds. The ATPase activity profdes are often biphasic with 

stimulation at low drug concentrations, and inhibition at higher concentrations. Studies of 

structure-activity relationships have been done to classify different compounds into either 

categories o f Pgp inhibitors or Pgp substrates. Compounds may be grouped into seven
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classes based on structural features: calcium or sodium channel blockers, calmodulin 

antagonists, PKCIs, flavonoid and steroidal compounds, indole alkaloids and polycyclic 

compounds, cyclic peptides, and macrolide compounds (Wang et al., 2003). It has been 

shown that ABC transporters bind and hydrolyse ATP, and couple the energy of ATP 

hydrolysis with the translocation o f substrates by an unknown mechanism (Wang et al., 

2003).

Figure 4 shows the model o f the transport function of P-glycoprotein illustrating 

removal o f drugs directly from the plasma membrane either as uncharged drug diffusing 

through the membrane or as positively charged drug embedded in the inner leaflet o f the 

plasma membrane (Lehne, 2000). The compounds bind to P-glycoprotein situated within 

the plasma membrane. They are then effluxed into the extracellular medium where 

accumulation of the compound occurs, hence, a decreased accumulation o f the compound 

intracellularly. Pgp removes cytotoxic drugs and many commonly used pharmaceuticals 

from the lipid bilayer. Its broad substrate specificity presumably reflects a large, 

polymorphous drug-binding domain or domains within the transmembrane segments. The 

transmembrane regions bind hydrophobic drug substrates which are charged or 

uncharged, and will more than likely be transported directly from the lipid bilayer. The 

two ATP hydrolysis events are needed to transport one drug molecule, however, the 

hydrolysis events do not occur simultaneously. Binding o f a substrate to one o f the 

transmembrane regions stimulates the ATPase activity of Pgp, causing conformational 

changes. This in turn releases a substrate to either the outer leaflet of the membrane, or 

the extracellular space (Gottesman et al., 2002). Although Pgp along with the efflux 

mechanism is one o f the main reasons for a decrease in anticancer drug accumulation
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intracellularly, other factors have been shown to contribute to multi drug resistance. 

Multidrug resistance can occur from activation o f coordinately regulated detoxifying 

systems, such as DNA repair and the cytochrome P450 mixed-function oxidases. It can 

also occur from defective apoptotic pathways, and can be mediated by reduced drug 

uptake.

Extracellular medium

Plasma M embrane

Cytoplasm

Figure 4: Efflux mechanism o f P-glycoprotein
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Anti-Cancer Drug Delivery 

Anticancer drugs gain access to solid tumors via the circulatory system and must 

penetrate the tissue to kill cancer cells (Primeau et al., 2005). Most of these drugs are 

currently still being administered in a solution dosage form, given intravenously. Doses 

are typically high, and unfortunately may result in exposure o f normal tissues to these 

drugs resulting in severe side effects, as anticancer agents are neither targeted nor specific 

to tumor sites. Therefore, chemotherapy is limited by the toxicity of drugs to normal 

tissues, especially when high doses are used. Today, however, anticancer drugs are more 

tolerable than before, and the common side effects usually associated with chemotherapy, 

such as nausea, vomiting, hair loss, and depleted immune system, aren’t as frequently 

seen. The drug delivery industry must take a slightly different approach to the application 

of its technologies to anticancer agents, compared with its approach to most other 

therapeutic areas. Because of the serious nature of the disease, patients are more prepared 

to accept a significant treatment-related impact on their quality of life (Furness, 2005). 

Therefore, drug delivery technologies which achieve therapeutic concentrations at the 

tumor site, while avoiding high systemic levels is favorable over technologies which 

focus on ease of use devices, increased patient compliance systems, and more acceptable 

routes of administration. Scientists are working and some advances have been made in 

producing more effective drug delivery systems for anticancer drugs. Several of the 

advances in treatment have come about through application of the drug delivery 

technology, specifically, technologies that target the active compound to tumors rather 

than healthy tissue. Research is being done in this area to increase the availability o f drug 

for tumor uptake by using such options as:
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1) Delayed release preparations, such as microspheres, for long-lasting action

2) Using liposome-entrapped drugs for prolonged effect and reducing toxicity

3) Administering inert, non-toxic prodrugs for specific activation at the tumor site

4) Delivering antibody-mediated drugs

5) Conjugating site-specific carriers to direct the drug to the tumor target 

Microspheres

Microspheres are spherical particles in the micrometer range, ideally less than 

125 pm, engineered for the delivery of drugs over an extended period o f time. 

Microspheres have been prepared using biodegradable and nonbiodegradable polymers 

such as polystyrene. Biodegradable polymers can be classified as either synthetic or 

natural polymers. Some examples include polylactic acid (PLA), poly-lactide co 

glycolide (PLGA), poly-orthoesters, poly-amino-acids, polypeptides, proteins,and 

polysaccharides.

Drug release from microspheres is primarily by diffusion or surface bioerosion of 

the matrix. The rate and extent o f drug release from microspheres is dependent upon the 

extent of crosslinking, particle size, polymer matrice, and the physiochemical properties 

of the drug. Larger microspheres generally release encapsulated compounds more slowly 

and over longer periods of time. Smaller particles, on the other hand, can be made to 

release their drug load only after the matrice has dissolved to the point of rupture. 

Therefore, by varying the shell size and thickness, the time delay for drug release can be 

controlled. Control o f the release rates can also be achieved by selecting the appropriate 

lactide: glycolide ratio, the polymer molecular mass, and drug loading levels (Banga, 

2006). Microsphere formulations can be optimized to target various organs of the body in
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efforts to achieve greater therapeutic efficacy to the organ of interest thus reducing 

unwanted effects to other tissues.

There are numerous methods for preparing microspheres. Methods include oil-in- 

water emulsions (o/w), water-in-oil emulsions (w/o), complex coacervation, solvent 

evaporation, nebulization method and spray drying to name a few. These methods use 

either heat crosslinking or chemical crosslinking for stabilization. A study by Ando et al. 

designed a new microsphere preparation method to encapsulate DNA, called the 

cryopreparation method. Using this method the aqueous phase o f the primary emulsion 

containing the plasmid DNA is frozen and then subjected to homogenization. They 

hypothesized since there is no shear stress inside the solid, freezing the aqueous phase of 

the primary emulsion would help to preserve the supercoiled plasmid DNA during 

formation of the secondary emulsion. The results showed that the supercoiled DNA 

content increased from 39% to over 85%, and the encapsulation efficiency increased 

from 23% to over 85%, as compared with previous methods (1999).

Spray-drying is a newer technique for microsphere preparation. It is a widely used 

method in the pharmaceutical industry and has been investigated by several researchers 

as a method for formulating biodegradable microparticles, however studies attempting to 

encapsulate anticancer agents in biodegradable microparticles using this technique are not 

found in the literature. Spray drying produces highly dispersed powders from a fluid feed 

by evaporating the solvent. This is achieved by mixing a heated gas with an atomized 

(sprayed) fluid of high surface-to-mass ratio o f droplets, ideally of equal size, within a 

vessel (drying chamber). The solvent is evaporated uniformly and quickly through this 

direct contact. Spray drying can be used in a wide range o f applications where the
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production of free-flowing powder is required. This process typically gives microsphere 

particle sizes around 5 microns or less, high product yields and high encapsulation 

efficiencies. Other significant advantages include having no residual surfactant on the 

surface of the microparticles, no external aqueous phase that can act as a sink for the 

drug, and no surfactant present in the formulation. Parameters that can affect 

microparticle size and morphology are temperature, pressure (air used for drying), nozzle 

diameter, air/solution volume mixture, andpolymer/drug concentrations. Gentamicin 

loaded PLGA microspheres were prepared via the spray-drying method, and were used to 

target Brucella abortus-infected J774 monocyte-macrophages. Particle sizes for the 

microspheres were approximately 4 microns, which was adequate for uptake into the cell. 

The study concluded that the microspheres significantly reduced intracellular bacterial 

loads as opposed to the solution form of gentamicin (Gander et al., 2004).

Albumin as a Microsphere Matrix

Nondegradable polymers may be used to make microspheres. However, it is of 

most interest to form microspheres using polymers which are biodegradable, 

biocompatible, and nontoxic. For nonbiodegradable microparticles to be useful in drug 

delivery the active agents must be adsorbed onto the surface of the particles. Such solid 

particles have been used in specific treatments o f embolization to block the blood flow to 

cancer tissue.

Biodegradable polymers such as polylactide-co-glycolide (PLGA) have been 

used extensively for microsphere preparation. However, natural polymers such as gelatin, 

starch, and serum albumin may also be used, and are starting to receive much attention.
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Serum albumin is a natural water soluble polymer that is biocompatible, 

biodegradable, and nontoxic. Albumin is 67,000 kD, and is a major plasma protein 

constituent (55% of total plasma protein). It consists of a single strand o f 580 amino 

acids, and has an isoelectric point of 4.7. Albumin alone does not provide sustained 

release properties. It needs to be stabilized with crosslinking agents in order to achieve 

this and this is included in the formulation process. Drug release from an albumin matrix 

generally follows a biphasic pattern with an initial fast rate of release followed by a 

slower first order release. Microspheres of albumin are readily metabolized in the body, 

with the extent dependent upon on particle size and extent of crosslinking.

Microsphere Delivery of Anticancer Drugs

Over the past decade, microspheres prepared using biodegradable polymers, such 

as poly-lactide and poly-lactide-coglycolide, received much interest as carriers for 

chemotherapy (Okada, 1995). They provide a useful and practical means of maximizing 

the efficacy o f antineoplastic drugs by providing adequate concentrations o f drug directly 

to the tumor. They also have the potential to achieve a suitable duration of drug release 

for predefined periods of time ranging from days to months, preventing local recurrence 

of the tumor (Ehrhart, 1999). Microspheres may be used in the place of free drug, or drug 

in solution. They may reduce systemic exposure, and due to the slow release, maintain 

high intratumoral drug concentrations. Studies by Lie et al. showed that the intratumoral 

delivery of sulfopropyl dextran microspheres containing doxorubicin delayed tumor 

growth in mice by 34%, and also reduced systemic toxicity (2003). Doxorubicin has 

been encapsulated in a wide range o f microparticles prepared from albumin, albumin- 

dextran sulfate, fibrinogen, and poly(lactic acid). Methods mainly used are W/O
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emulsion, O/W emulsion, and ion-exchange. Encapsulation efficiencies and drug loading 

are generally low by these types of encapsulation methods. Hydrophobic anticancer 

agents such as taxol, aclacinomycin, camptothecin, and related analogs have been 

successively encapsulated in PLAGA microparticles with high efficiency. The maximum 

amount of drug encapsulated in the microparticles typically depends on its solubility in 

the organic solvent used in the formulation.

The process of microsphere uptake into tumor cells is by phagocytosis. 

Phagocytosis is an important part of the human body’s defense mechanism. Cells of this 

system play a major role in the ingestion and uptake o f particles such as microspheres. 

Tumor cells are nonprofessional phagocytic cells, which can take up microparticles and 

release the drug locally into tumor cells. Nonprofessional phagocytic cells include 

epithelial cells, endothelial cells, and tumor cells. Previous studies by Jin et. al., have 

shown the phagocytic capability of tumor cells, demonstrating that without any 

stimulation, such as with lipopolysaccharide, tumor cells phagocytose microparticles 

(2004). Cells which are called professional phagocytic cells include monocytes, 

macrophages, dendritic cells, and neutrophils. The main difference between these two 

types of phagocytic cells is that professional cells have a higher uptake capacity, in terms 

of microparticles. Other factors such as particle size and concentration, and cell saturation 

may affect the uptake capability of different cells. A study by Aukunuru and Kompella 

investigated the influence of particle concentration and size on the uptake capability o f a 

human retinal pigment epithelial cell line. Results showed that the cells could internalize 

nano- and micro-particles through non saturable mechanisms, with the uptake increasing
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with decreasing particle size. In addition, cellular energy depletion did not alter the 

nanoparticle uptake, and partly reduced the uptake of the microparticles (2002).

Doxorubicin

Doxorubicin is an anthracycline antibiotic first isolated from the bacterium 

Streptomyces peucetius in the early 1960’s. It is a Class I anthracycline antibiotic which 

means it blocks RNA and DNA synthesis equally, and is used for a wide variety of 

cancers. The primary mechanism by which doxorubicin causes cell death is:

• Intercalation: Doxorubicin intercalates between adjacent nucleotides along

the DNA forming a tight DNA-drug interaction. This interaction disrupts

DNA synthesis and transcription.

• Enzyme inhibition: Doxorubicin binds and inhibits topoisomerase II, a key

enzyme involved in DNA synthesis.

• Metabolism of the drug also generates oxygen free radicals which damage

DNA and prevent DNA synthesis.

Adverse Effects

Studies have shown that doxorubicin causes cardiac toxicity. The 

cardiotoxicity that results from administering doxorubicin is thought to result 

primarily from the generation of damaging free oxygen radicals but might be partly 

due to the inhibition o f topoisomerase II. The free oxygen radicals cause the 

peroxidation of lipid membranes and inhibit mitochondrial respiration. They also 

induce calcium release in the heart by altering the calcium sensitivity o f a calcium 

release channel called the ryanodine receptor. Myocardial tissue also lacks an
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enzyme that destroys free radicals, and is therefore more susceptible than other body 

tissues.

Drug resistance to Doxorubicin

Primary and secondary resistance to doxorubicin is a major clinical problem 

that has not been resolved. Resistance to doxorubicin occurs through multiple 

mechanisms. An increase in the activity of the multidrug resistance gene (MDR-1) is 

a significant problem. The MDR-1 protein is also known as P-glycoprotein, and as 

previously discussed, is a transmembrane pump that causes drug efflux and reduced 

drug accumulation within cells. Decreased expression of topisomerase II or 

mutations that reduce the binding of the enzyme with doxorubicin lower the 

effectiveness of the drug. Also, increased expression of antioxidants such as 

glutathione and glutathione-dependent proteins causes an increase in glutathione 

peroxidase activity and a reduction in drug activity. In order to address the 

association of enhanced drug efflux with the multidrug-resistant (MDR) phenotype, 

Coley et al., studied the cellular pharmacokinetics of anthracyclines in two different 

Pgp-positive MDR cell lines. Both doxorubicin and daunorubicin were accumulated 

to a lesser extent and effluxed at a higher rate by MDR cells than by their drug 

sensitive counterparts (1993).
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Figure 5: Structure of Doxorubicin
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Verapamil

Verapamil is an L-type calcium-channel blocker, and is classified as an 

antiarrythymic. Its primary use is for the reduction of blood pressure in hypertensive 

patients. It is a potent vasodilator o f coronary vessels, which increases coronary blood 

flow, and reduces coronary vasospasm. It is also a vasodilator of peripheral vessels, and 

this effect reduces peripheral resistance.

Verapamil has also been identified as a P-glycoprotein inhibitor. Since the 

discovery o f verapamil’s ability to reverse Pgp mediated drug resistance, a lot o f research 

work has been devoted to the investigation of drug binding sites and the mechanism by 

which various modulators inhibit Pgp function. It was found that verapamil can both 

stimulate (if the pump is inactive) and inhibit (if actively pumping) the activity of Pgp, 

and that verapamil binds reversibly to Pgp and inhibits the binding of many 

chemotherapeutic agents as well as other modulators to Pgp, indicating that verapamil 

acts through the mechanism o f competitive inhibition on Pgp binding (Wang et al., 2003). 

Other evidence shows that verapamil is a Pgp antagonists which is transported itself, and 

is widely thought that Pgp antagonism occurs through competition with substrates for 

drug transport. Other evidence suggests that there are different categories o f substrates 

due to multiple binding sites or to a complex binding site with different regions of 

interaction.

Multidmg-resistant cells have been characterized by reduced accumulation of 

Rhodamine 123. Lautier et al., addressed the question of whether R123 could compete 

with substrates or inhibitors (vinblastine, colchicines, verapamil) o f P-glycoprotein
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overexpressed cells. Verapamil caused a dose-dependent increase in R123 accumulation, 

establishing the fact that it inhibits the Pgp efflux pump (1994).

Figure 6: Structure of Verapamil
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Pharmacokinetics

Limiting circulating half-life, rapid metabolism, and poor intrinsic tissue 

permeability are all anticancer drug properties which limit effectiveness. The study of 

pharmacokinetics is not only valuable for the understanding of the effects of anticancer 

drugs on the body, but is also useful in locating the distribution o f drugs to various tumor 

sites o f the body. Efforts to increase the availability of drugs for tumor uptake, such as 

delaying the release preparations, administration o f prodrugs, use o f liposomes, and 

delivery of antibody-mediated drugs, rely heavily on pharmacokinetics. The information 

gathered has become an important tool in both research and clinical studies. The 

pharmacokinetic aspect takes into consideration the study of the rate of change of drug 

concentration in vivo, which relates to drug dose, frequency, and route o f administration 

to drug concentration time relationship in the body. The pharmacokinetic relationship can 

be examined through studies of drug absorption, distribution, biotransformation, and 

elimination (Zee-Cheng, 1989).

Pharmacokinetic studies have affected drug delivery for cancer therapy in several 

ways, for example:

• Drug distribution shows that the penetration o f drug into the tissues 

can be used for the treatment of tumors in those specific areas.

• Effectiveness of therapy can be predicted.

• The studies can show the concentration of drug in the lipid portions or 

inaccessible tissues such as brain.

• They can aid in understanding therapeutic and toxic levels of the drug.
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• Bioavailability studies of orally administered anticancer drugs have led 

to the development of parenteral formulations of these drugs.

• They provide information on delayed plasma elimination of anticancer 

drugs from patients with renal or hepatic dysfunction.

Arnold et al. studied the effects o f repetitive administration of doxorubicin-containing 

liposomes on plasma pharmacokinetics and drug distribution in a rat brain tumor model.

It was shown that nanoparticulate drug carriers, such as liposomes, can alter the 

pharmacology of encapsulated agents and offer a means to overcome some hindrances to 

effective therapy. The plasma half-life o f drug from the liposomes was increased 

significantly. Also, deposition in the liver and spleen was decreased, and peak 

concentrations o f doxorubicin in the heart were 3-fold lower after treatment with the 

liposomes compared with free doxorubicin (2005). Marked differences in the 

pharmacokinetics of doxorubicin have been observed for sterically stabilized liposomal 

doxorubicin compared with free drug. Alterations in doxorubicin circulation half-life and 

biodistribution along with overall tumor exposure to drug are believed to be responsible 

for the increased antitumor efficacy and reduced toxicity in animal models (Siegal et al., 

1995).
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DEVELOPMENT OF DRUG RESISTANT B16 MELANOMA TUMOR CELLS

Introduction

In order to modulate drug resistance, and observe whether reversal can be 

achieved it is necessary to perform studies using tumor cells which are drug resistant. 

Doxorubicin is a chemotherapeutic agent used in the treatment o f a wide variety of 

cancers. It has also been classified as a well-known P-glycoprotein substrate. Tumor cells 

grown in the presence o f this agent at low concentrations will exhibit signs of drug 

resistance after a period of time. B16 melanoma tumor cells were used, and grown in the 

presence of doxorubicin over several weeks. Various in vitro studies were performed to 

test whether or not cells exhibited drug resistance.

Specific Aims

1) To develop tumor cells which are drug resistant to doxorubicin

2) To test in vitro drug resistance of these particular tumor cells

Materials and Methods

The B16 murine melanoma cell line was originally supplied by Dr. P. Desai at 

Northeast Louisiana University (Monroe, LA). Female C57BL/6 mice were purchased 

from Charles River Laboratories (Wilmington, MA). Doxorubicin, Rhodamine 123, 

Verapamil, Cyclosporine A, Nifedipine, Diltiazem, Acridine Orange, RPMI-1640 media, 

MTT, and all buffer supplies were purchased from Sigma Chemical Company, St. Louis, 

MO. Cell culture media supplies (L-glutamine, Newborn calf serum, Penicillin G) were
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2
purchased from Invitrogen, Carlsbad, CA. Cell culture flasks (75 cm ) and all other 

supplies were purchased from Fisher Scientific, Norcross, GA.

Induction of Melanoma Tumors in Mice for Growth of B16 melanoma cells 

Animals

Female C57BL6 mice were housed in appropriate cages in groups of 2 under 

standard laboratory conditions (room temperature, 22 ± 3 °C; 50 ± 5% humidity; air 

changes 10 times/hour; light/dark cycle 12 hours/12 hours. All animals had access to food 

and water ad libitum.

B16 cells previously frozen at -80 were thawed, and passage was done in C57BL6 

mice (n=6) to obtain a fresh tumor cell line. Mice were anesthetized with ketamine (100 

mg/kg) and xylazine (lOmg/kg). 1 x 106 cells in ,4ml normal saline was injected 

subcutaneously between the ears of each mouse. When the tumor size reached 

approximately .5-1 cm, around 21 days, tumors were extracted from each mouse, using a 

12cc syringe and 18g needle. Extracted cells were suspended in RPMI-1640 media (5-10 

cc), supplemented with 10% newborn calf serum, 5% L-glutamine, and 5% penicillin-G. 

Cells were then placed in tissue culture flasks and incubated in a 5% humidified CO2 

incubator for 4-6 hours to allow for cell attachment. After 4-6 hours cells were gently 

washed with media to remove excess tumor debris, and fresh media was added. Cells 

were maintained as monolayers at 37°C in a humidified 5% CO2 incubator, and 

subcultured after growth to 95% confluency with trypsin and EDTA solution.

To develop drug resistant tumor cells, cells were grown in the presence of 

doxorubicin, at a starting concentration of 5ng/ml. The concentration of doxorubicin was 

increased by lOng/ml every week up to 420ng/ml. Cells were maintained at this
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concentration for approximately 8 weeks. To test for drug resistance in vitro experiments 

were performed.

Effect of P-glycoprotein Inhibitors on the Cytotoxicity of B16 Cells

Compounds known as p-glycoprotein inhibitors reverse drug resistance in vitro, 

resulting in decreased drug efflux and increased cellular drug accumulation. The purpose 

of this experiment was to test p-glycoprotein inhibition by using known p-glycoprotein 

inhibitors to block the efflux mechanism, and thereby allow greater uptake of the 

anticancer agent doxorubicin into the tumor cells. Cells which are drug resistant express 

p-glycoprotein, therefore it is proposed that adding these inhibitors will block the efflux 

of doxorubicin out o f the cell, increase the concentration o f doxorubicin within the tumor 

cell, hence greater cytotoxic effects to the cells.

Nontreated B16 (Dox-sensitive) cells and B16 cells treated with weeks of 

doxorubicin (B16DR) were each grown in 48 well plates at 1 x 105 cells/ml, and allowed 

to attach. Seven days prior to initiation of any experiment doxorubicin containing cell 

culture media was replaced with doxorubicin free cell culture media. Cells were treated 

with various p-glycoprotein inhibitors for 1 hour. P-glycoprotein inhibitors used were 

diltiazem (lOpM), acridine orange (10pM), nifedipine (lO pM ), verapamil (22pM), and 

cyclosporine A (lOpg/ml). Doxorubicin was added after 1 hour at ,5pg/ml. Cells were 

incubated for three days. On day three MTT assay was used to measure cell viability. 

MTT Assay

MTT is a colorimetric assay method used to determine the number of viable cells. 

When MTT (3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide) is added to 

cell culture, viable cells will metabolize MTT to a dark blue formazon crystal. The color
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intensity of the formazon crystal is directly proportional to the number o f viable cells. 

This can be quantified by measuring the absorbance of the color intensity at 550-590 nm 

on an ELISA plate reader.

A solution of 5mg/ml MTT dissolved in PBS was made, and then filter sterilized.

5 hours before the end of the 3 day incubation period 40pl of MTT solution was added to 

each well containing cells. Plates were incubated in a CO2 incubator at 37°C for 5 hours. 

Media was then removed, and 400pl of DMSO was added to each well. Crystals were 

thoroughly dissolved by pipetting up and down. Plates were read on a biorad microplate 

reader at an absorbance o f 550nm.

Data Analysis

All data are presented as means ± SD of 6 independent measurements. Statistical 

significance of the observed differences in treated vs. control cell cultures was 

determined using analysis of variance (ANOVA) and values with p < .05 were considered 

significant and are denoted with an *.

Standard Curve B16 Melanoma Cells

To make a standard curve o f B16 melanoma cells, B16 melanoma cells were 

grown to confluency in a cell culture flask. Cells were trypsinized to detach from flask 

bottom. After centrifuging for 10 minutes at 1000G, cells were resuspended in RPMI- 

1640 media and counted with the use of a hemocytometer, and coulter counter. 1.5 X 106 

cells were counted. Serial dilutions were made in RPMI-1640 media and seeded in a 24 

well plate. Cells were allowed to attach overnight, approximately 15 hours. 60pi 5mg/ml 

MTT (filter sterilized in PBS) was added to each well. The plate was incubated for 5
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hours. Formazon crystals were dissolved with DMSO, the plate was incubated in a CO 

incubator (37°C) for 5 minutes, and then read at 550 nm on a biorad microplate reader.

Results and Discussion 

Table 1 shows a comparison o f percent cell survival from the different treatments 

on B16 (Dox.-sensitive) and B16 (Dox.-Resistant) cells. As a result o f using the p- 

glycoprotein inhibitors in combination with doxorubicin, there was a significant 

difference in cytotoxic effects to the B 16 cells previously treated with doxorubicin, when 

compared to using only doxorubicin solution alone, as shown in figure 7. Diltiazem 

increased cell toxicity by 57%, verapamil by 61%, nifedipine by 63%, cyclosporine A by 

51%, and acridine orange by 22%. This demonstrates these particular cells are expressing 

p-glycoprotein and are exhibiting signs of drug resistance. Represented in figure 8, Dox- 

sensitive cells showed no significant difference in cell toxicity in the cells pretreated with 

p-glycoprotein inhibitors compared to cells treated with doxorubicin alone. Percent 

toxicity was no greater than 20% with the use of the p-glycoprotein inhibitors compared 

to doxorubicin treatment alone. This experiment shows how p-glycoprotein inhibitors can 

modulate drug resistance in vitro, resulting in decreased drug efflux, and increased 

cellular drug accumulation. For both experiments the standard curve of B16 melanoma 

cells, shown in figure 9, was used to calculate the actual number o f cells survived to 

determine the actual percent of cell survival.
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Table 1: Percent cell survival of tumor cells after different treatments with p-glycoprotein 
inhibitors

Treatment
Groups

% Cell Survival 
B16 (Dox-Sensitive)

% Cell Survival 
B16DR (Dox- 

Resistant)

SEM
B16DR

SEM
B16

Control 
Cells w/o 
treatment

100 100 2.73 2.99

Doxorubicin 41 51 4.11 3.58

Dox. + Diltiazem 35 22 1.98 4.51

Dox. + A.O. 39 40 3.29 2.92

Dox. + Vpl 36 20 2.22 4.86

Dox. + Nifedipine 37 19 3.51 2.25

Dox. + CsA 33 25 2.59 2.67
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Figure 7: Cytotoxicity o f doxorubicin and doxorubicin + Pgp inhibitors on B16DR 
(Dox-resistant) cells. * p<0.05, compared to doxorubicin tx alone. With the use of 
p-glycoprotein inhibitors, less doxorubicin was effluxed from the tumor cell thereby 
allowing doxorubicin to exert greater cytotoxic effects.
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Figure 8: Cytotoxicity o f doxorubicin and doxorubicin + Pgp inhibitors on B16 
(Dox-sensitive) cells. There were no significant differences in cytotoxic effects 
observed after p-glycoprotein inhibitor treatments compared to doxorubicin tx 
alone on B16 (Dox-sensitive) cells, because these cells are not expressing 
p- glycoprotein.
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Figure 9: Standard curve of B16 melanoma cells for cell count approximation
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Multidrug Resistance Direct Dye Efflux Assay

Although multiple mechanisms mediate multidrag resistance, the first mediator of 

multi drag resistance to be characterized at the molecular level was MDR1, also known as 

P-glycoprotein (Pgp) and ABCB1 (Gottesman et al., 2002). MDR1 mediates resistance to 

various classes of chemotherapeutic agents, including vinca alkaloids, anthracyclines, 

paclitaxel and etoposide. Assessment o f activity o f MDR1, MRP1 and BCRP in cultured 

cells has been facilitated by the observation that several fluorescent small molecules, 

such as DiOC2, Rhodamine 123, and calcein AM, serve as substrates for MDR1 and its 

relatives.

The multidrag resistance direct dye efflux assay is designed to directly measure 

the functional activity of MDR1, also know as p-glycoprotein, by assaying for the ability 

of the cell to extrude fluorescent transport substrates of the protein. MDR cells have been 

characterized by a reduced accumulation of rhodamine 123 (R123), therefore it has been 

proposed to be a reliable marker for identifying MDR phenotype cells on the basis of 

reduced accumulation in resistant cells and o f inhibition o f R123 release by verapamil, 

and other known p-glycoprotein inhibitors such as vinblastine (Lautier, 1994). Dye efflux 

assays have proven to be instrumental in screening for compounds that inhibit activity of 

MDR1 and are thus likely to overcome MDR1-mediated multidrag resistance.

Materials and Methods

The assay method was a modification of the multidrag direct dye efflux assay 

(Chemicon International). RPMI-1640 media, BSA, Gentamicin Solution, Rhodamine 

123, Verapamil, and DMSO were purchased from Sigma Chemical Co., St. Louis, MO.
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Buffers

Cold Efflux Buffer: In a sterile field, a solution of RPMT 1640 media in sterile deionized 

water was prepared (1,000ml), and added to a sterile 1L bottle. 34.5 ml of a 30% solution 

of BSA in sterile water was then added. One ml o f gentamicin solution, lOOOx, was 

added to maintain sterility. The buffer was chilled on ice at least 2 hours before the start 

o f the assay.

Warmed Efflux Buffer: Consisted of the cold efflux buffer warmed to 37°C in a water 

bath at least one hour before use in the assay.

Rhodamine 123 Loading Buffer -  Before the start o f the assay, Rhodamine 123 in 

solution (DMSO) was diluted 1:100 in a desired amount of Cold Efflux Buffer. The 

solution was inverted 5-10 times to mix, protected from light, and kept on ice until 

adding to cells.

B16 cells previously treated with doxorubicin were grown in RPMI-1640 media. 

Cells were then counted with the use of a hemocytometer, and coulter counter. 

Approximately 2.5 X 105 cells/ml were needed for each test performed. Cells were then 

centrifuged at 200 x g for 5 minutes. The supernatant was discarded and cell pellet 

retained. The cell pellet was resuspended at 1 X 106 cells/ml in 5 ml cold Rhodamine 123 

Loading Buffer, and incubated for 1 hour. Cells were centrifuged at 200 x g for 5 min.

The pellet was resuspended in 2.5 ml cold efflux buffer per 106 cells. This step was done 

twice, as a washing step, after which cells were resuspended into different tubes for 3 

different treatments. Cells were then centrifuged at 200 x g for 5 min., and resuspended in 

the following media, at 1 ml per test containing 2.5 X 105 cells.

Treatment A: 37° C -  Warmed Efflux Buffer containing DMSO (Dimethylsulfoxide)
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Treatment B: 37° C -  Warmed Efflux Buffer containing verapamil (Pgp inhibitor) 

Treatment C: Ice-Cold Efflux Buffer

Tubes with treatment A and treatment B were transferred to a 37°C waterbath with 

adequate temperature control. Treatment C tube was kept on ice. The three tubes were 

incubated for 1 hour, after which 5ml of cold efflux buffer per test was added, and all 

three tubes immediately placed on ice for 5-10 minutes. They were then centrifuged for 5 

min. at 4°C, and resuspended in cold efflux buffer. Cell suspensions were dispensed into a 

96-well plate and measured in a fluorescence plate reader (Cytofluor 2300, Millipore) at 

an excitation wavelength o f 485 nm and an emission wavelength of 530 nm.

Results and Discussion 

The efflux activity of MDR1 is highly temperature sensitive. It functions 

optimally near 37°C, but is effectively inactive at 4°C. Conversely, cells incubated at 37°

C more readily efflux the dye and show reduced fluorescence, shown in figure 11. The 

results of the study showed that the cells treated with doxorubicin (termed B16DR) were 

drug resistant. Cells incubated in ice cold efflux buffer (4°C) exhibited high fluorescence, 

as MDR1 is inactive at low temperatures and cells retained the dye. Cells incubated at 

37°C with DMSO (diluent control) had low fluorescence, as MDR1 is active and cells 

effluxed the dye. Cells incubated at 37°C in the presence of verapamil, a specific MDR1 

inhibitor had higher fluorescence, as the verapamil competed with the dye for efflux by 

MDR1.

To quantitatively measure rhodamine 123 concentrations in cells, serial dilutions 

of rhodamine were prepared in efflux buffer. Samples were added to a 96 well plate, and 

read on a fluorescence plate reader (Cytofluor 2300, Millipore) at an excitation
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wavelength of 485nm and an emission wavelength of 530 nm. A standard curve of 

rhodamine 123 in efflux buffer is shown in figure 10. Intracellular rhodamine 123 

concentrations are shown in table 2.

Standard Curve Rhodamine 123 y 2™7q̂ ' 078

800

700

w 600  

8 500
if)
g> 400  
o
3  300  

L L
200

100

0 0.000005 0.00001 0 .000015 0.00002 0.000025 0.00003 0.000035

Concentration (ug/ml)

Figure 10: Standard curve rhodamine 123 in efflux buffer
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Table 2: Fluorescence intensity o f each treatment group and R123 concentrations 
within the tumor cells

Fluorescence 
Tx A

Fluorescence 
Tx B

Fluorescence 
Tx C

R123 
Cone. 
Tx A

R123 
Cone. 
Tx B

R123 
Cone. 
Tx C

16 103 267
-3.00E-

06
4.46E-

07
8.00E-

06

19 105 261
-3.75E-

06
5.46E-

07
8.34E-

06

11 102 254
-4.10E-

06
3.96E-

07
7.99E-

06

24 101 249
-3.50E-

06
3.46E-

07
7.74E-

06

23 103 254
-3.50E-

06
4.46E-

07
7.99E-

06

11 106 241
-4.10E-

06
5.96E-

07
7.34E-

06
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Multidrug Resistance Efflux Assay on B16DR Melanoma Cells

Ice Cold Efflux

37°C
Warmed Efflux 
Buffer + Verapamil

37°C
Warmed Efflux 
Buffer + DMSO

TX A TX B TX C

Figure 11: Multidrug resistance efflux assay showing fluorescence intensity of 
each treatment group. The efflux activity of MDR1 is highly temperature 
sensitive. It functions optimally near 37°C, but is effectively inactive at 4°C. 
Therefore, cells incubated at 37° C more readily efflux the dye and show reduced 
fluorescence, and cells incubated at 4°C retain the dye as evidenced by higher 
fluorescence.
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Dose Response of Doxorubicin on the Cytotoxicity of B16 and B16DR cells 

The aim o f this study was to compare the cytotoxic effects of different 

concentrations of doxorubicin on B16 (Dox-Sensitive) vs. B16DR (Dox-Resistant) cells. 

It is proposed if cells are resistant to doxorubicin, higher doses will be needed to see cell 

death.

B16 and B16DR cells were plated in 48 well plates, and allowed to attach. They 

were then exposed to different concentrations of doxorubicin from 50ng/cc to 50,000 

ng/cc. Previous studies have shown an ED50 is 500ng/cc (Gajjar, 1997). On day three of 

treatment MTT assay was done to measure cell viability. Survival curves obtained from 

the cytotoxicity assays can be further analyzed by constructing the median effect plots to 

determine IC50 values o f doxorubicin when treated on B16 (dox-sensitive) cells, and B16 

(dox-resistant) cells. The IC50 value for a drug is defined as the drug concentration that 

reduces the survival of cells with respect to its control by 50% (Chou & Talalay, 1984). 

The median effect analysis facilitates the linearization of the dose response curve to 

calculate the IC50 values as described by the following equation by Chou and Talalay:

Log (Fa/Fu) = m log (D) -  m (log) (Dm)

Where:

Fa: Fraction o f the cell population dead 

Fu: Fraction o f the cell population survived 

D: Dose of the drug 

Dm: Dose required for 50% cell kill

M: Hill co-efficient which determines the sigmoidicity of the curve
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The dose required for 50% cell death (IC5 0) can thus be obtained by plotting a 

graph of log (Fa/Fu) vs. Log(D). The x-intercept corresponds to the IC 50 value. The 

resistance index can be calculated from the IC50 values by using the equation:

RI = IC50 value B16 (Dx. Resistant)/ IC50  value B16DR (Dx. Sensitive)

Results and Discussions 

The results indicated that it takes greater concentrations o f doxorubicin to cause 

cell death in B16 cells which are drug resistant vs. cells which are not drug resistant. 

Shown in figure 12 and table 3, there is no significant difference in percent cell survival 

at concentration 50ng/cc. However at concentration lOOng/cc to 50,000ng/cc there is a 

significant difference in percent cell survival between the two cell types. There is greater 

than a two-fold difference in percent cell survival of drug resistant cells treated with 

doxorubicin concentrations of 500ng/cc, 5,000ng/cc, and 50,000ng/cc. B16 cells which 

are sensitive to doxorubicin had near 0% cell survival with treatment o f doxorubicin 

concentration 50,000ng/cc. The median effect analysis is shown in table 4. The median 

effect plots generated from the median effect analysis are shown in figure 13. The IC50 

value of doxombicin on B16 (Dox.Sensitive) cells was 500ng/cc, and B16DR (Dox. 

Resistant) was close to 50,000ng/cc. These results indicated a resistance index o f 100.
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Table 3: Percent cell survival o f B16 vs. B16DR from treatment with different 
concentrations of doxorubicin

Dx. Cone, 
(ng/ml)

B16 % 
Cell 

Survival SD

B16DR 
% Cell 

Survival SD p-value
Control 100 0.012 100 0.051 1.000
50ng/cc 76 0.498 82 0.648 .668
100ng/cc 48 1.03 72 0.422 .035
200ng/cc 35 0.392 66 0.345 .021
500ng/cc 20 0.227 52 0.623 .024

5000ng/cc 6 1.6 34 0.268 .037
50000ng/cc 1 0.32 15 0.206 .047

Table 4: Median effect analysis for B16 vs. B16DR with use o f different 
concentrations o f doxorubicin

Dx.
Cone.
(ng/ml)

Log
Dx.

Cone.
B16

Fa/Fu
B16

Log(Fa/Fu)
B16DR
Fa/Fu

B16DR
Log(Fa/Fu)

50 1.47 0.316 -0.5 0.219 -0.65956
100 2 1.08 0.033 0.389 -0.41005
200 2.3 1.86 0.27 0.515 -0.28819
500 2.7 4 0.6 0.923 -0.0348

5000 3.7 15.3 1.18 1.5 0.29
50000 4.7 99 2 2.88 0.77
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C y to to x ic ity  O f B 16  v s .  B 16 DR w ith  U se  o f  D o x o ru b ic in

120

100

B 16
B16D R

n
control 50ng/cc

D o x o ru b ic in  C o n c e n tra t io n
p < .05

Figure 12: Dose Response: Cytotoxicity of doxorubicin on B16 vs. B16DR cells. 
There is no significant difference in percent cell survival at concentration 50ng/cc. 
Flowever at concentration lOOng/cc to 50,000ng/cc there is a significant 
difference in percent cell survival between the two cell types.
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-* -B 1 6 D RM edian Effect P lot of D oxorubicin  D ose R e sp o n se  C urve

Log Dx. C o n cen tra tio n  (ng/cc)

Figure 13: Median effect plot o f doxorubicin dose response curve of B16 
vs. B16DR cells to show IC50  values. The IC 50 value o f doxorubicin on B16 
(Dox.Sensitive) cells was 500ng/cc, and B16DR (Dox. Resistant) was close 
to 50,000ng/cc, showing close to 1,000 fold difference in doxorubicin 
concentration needed to cause 50% cell death.
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Conclusions

After growing B16 melanoma tumor cells in the presence of increasing 

concentrations of doxorubicin, cells became resistant to the drug. This was indicated by 

testing with the use of various p-glycoprotein inhibitors. The pretreatment with p- 

glycoprotein inhibitors significantly increased doxorubicin concentrations within the cell 

as evidenced by the increased toxicity to the tumor cells. Tumor cells not pretreated with 

p-glycoprotein inhibitors did not show a significant difference in toxicity after treated 

with doxorubicin, as these cells do not express p-glycoprotein. The multidrug resistance 

direct dye assay was used to measure the functional activity of P-glycoprotein. It showed 

at a low temperature, retention of the fluorescent dye rhodamine 123 within the tumor 

cell, as evidenced by the higher level of fluorescent intensity. At a higher temperature, 

rhodamine 123 was effluxed from the tumor cell. The addition of a selective p- 

glycoprotein inhibitor, verapamil, competitively blocked the efflux of rhodamine and 

increased the concentration of the dye within the cell. This assay gave positive results 

that the B 16 cells tested were overexpressing P-glycoprotein and were characteristic of 

multidrug resistant cells. A dose response curve and median effect plot were generated 

showing percent cell survival from different concentrations of doxorubicin and IC50 

values of doxorubicin for B16 and B16DR cells. IC50 values were 500ng/cc and 

49,900ng/cc respectively. Drug resistant cells had 100-fold resistance index to 

doxorubicin as compared to doxorubicin sensitive cells.
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CHAPTER 4

FORMULATION OF DOXORUBICIN LOADED AND VERAPAMIL LOADED 

BOVINE SERUM ALBUMIN MICROSPHERES, AND IN  VITRO 

CHARACTERIZATION 

Introduction

Doxorubicin is an anticancer agent belonging to the family of anthracyclines. It is 

given for many different types of cancers. It is also considered a substrate for p- 

glycoprotein, and is one o f the anticancer agents which contributes to increased multidrug 

resistance. Some of the side effects of doxorubicin include nausea, vomiting, hair loss, 

and bone marrow suppression. Prolonged use of doxorubicin has been shown to cause 

cardiotoxicity. Improved delivery options such as sustained release preparations, which 

release the drug at a slower controlled rate over time may be used to circumvent 

problems associated with the use o f this anticancer agent.

Verapamil is a calcium channel blocker and known p-glycoprotein inhibitor. It is 

proposed that encapsulating this drug and giving it simultaneously with doxorubicin may 

further decrease problems associated with doxorubicin use such as multidrug resistance. 

Microsphere preparations of verapamil given in conjunction with microsphere 

preparations of doxorubicin should release both drugs into the tumor cell at a slower rate 

over time, after being phagocytosed by the tumor cell due to its particulate nature. This in 

turn may inhibit efflux of doxorubicin out o f the tumor cell, thus increasing cytotoxic 

effects to the cell, and decreasing toxicity to normal tissues.

52
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Specific Aims

1. To formulate doxorubicin microspheres and verapamil microspheres in BSA 

using the spray-drying method.

2. To evaluate in vitro characterization of microspheres to include:

a. Particle size analysis

b. Content analysis

c. Zeta potential

d. FTIR Spectroscopy

e. Drug release profiles

Materials and Methods 

BSA, doxorubicin, verapamil, sodium bisulfite, and trypsin were purchased from 

Sigma Chemical Company (St. Louis, MO). Glutaraldehyde and 1-butanol were 

purchased from Fisher Scientific Company, Norcross, GA. The Buchi-191 Mini Spray 

Dryer was purchased from Brinkman Instruments.

Doxorubicin/BSA Solution Preparation (Solution Crosslink Method)

To make a 5% solution of BSA/Drug, 4.95g BSA was added to 75 ml of 

deionized water. Glutaraldehyde (1%) was added drop wise, with continuous stirring for 

14 hours. This step was done because albumin is free of sustained release properties 

alone, and needs to be crosslinked for stabilization in suspension. After this time period 

sodium bisulfite (.00625%) was added in order to neutralize any free amine groups. 

D oxorubicin HCL, 50mg in 25ml deionized water, w as added dropw ise to the crosslinked 

BSA solution with constant stirring. This resulted in the formation o f a 5% BSA/Drug
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solution with 1% drug loading. The solution was then spray-dried using a Buchi-191 

benchtop mini spray dryer (figure 14).

Sprav-Drver Method

Figure 14: Buchi-191 mini spray dryer

The fluid nozzle atomized the solution at a pump setting of 5%. Filtered air was 

aspirated at 95%. The inlet and outlet temperature settings were 120° and 82° 

respectively. Microspheres moved through the chambers in cyclonic motion and the fine 

powder formed was deposited into the collection chamber. The microsphere powder was 

dried for 1 hour, after which the product was collected.

Surface Crosslinked Microsphere Formulations

Albumin microspheres may also be prepared by spray drying with the 

crosslinking step done after the spray drying process. This is called the surface 

crosslinking method. One additional BSA/Doxorubicin formulation was produced, and
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crosslinked with various concentrations of glutaraldehyde, after the spray-drying process. 

As above a 5% solution BS A/Doxorubicin was mixed, with drug loading 1%. Spray dryer 

settings were kept the same as above. The fine powder was collected and suspended in 50 

ml o f 1- butanol and crosslinked with 1, 2, and 4% glutaraldehyde for 1 hour. The cross- 

linked microspheres were filtered through a 0.45pm membrane and dried overnight at 

37°C.

Verapamil/BSA Solution Preparation

To make a 5% solution o f BS A/Verapamil, 4.85g BSA was added to 90ml 

deionized water. The solution was crosslinked with 1% glutaraldehyde for 14 hours with 

continuous stirring (solution crosslink method). For a theoretical drug loading o f 3% 

Verapamil HCL, 150mg in 10 ml deionized water, was added dropwise to the 

precrosslinked BSA solution with constant stirring. For theoretical drug loading of 1%,

50 mg of verapamil in 25 ml deionized water was added to 4.95g precrosslinked BSA in 

75 ml deionized water. Each BS A/Verapamil solution mixture was spray-dried. Spray 

dryer settings were as follows: Pump: 5%, Aspiration: 95%, inlet temperature: 120°C, 

outlet temperature: 80°C.

Particle Size Analysis

One milligram of microspheres from each spray-dried batch was suspended in 

100 ml sterile deionized water. Each suspension was vortexed. Twenty milliliters o f each 

suspension was transferred into a dram vial and the microsphere particle sizes were 

determined using a Spectrex Laser Particle Counter (figure 15).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

Figure 15: Spectrex Laser Particle Counter 

Content Analysis

Microspheres (5 mg) were weighed out and crushed in a mortar and pestle. One 

milliliter o f deionized water was added and contents were placed in a dialysis bag 

molecular weight cutoff 12,000-14,OOOkd for doxorubicin microspheres, and molecular 

weight cutoff 6,000-8,OOOkd for verapamil microspheres. The dialysis membranes were 

each placed in a dissolution basket (Pharmatest, USP I), in PBS solution, and allowed to 

rotate. Samples were taken after 1 hour. Analysis o f the samples were done by UV 

Spectrophotometry (Perkin-Elmer). Concentrations o f doxorubicin and verapamil were 

determined from a standard curve of each compound in PBS.

Drug Loading and Encapsulation Efficiency

Encapsulation efficiency calculations were done in order to evaluate the 

percentage o f actual drug within the microsphere matrix compared to the theoretical drug 

content that was already known. Encapsulation efficiency was determined by dividing the 

percentage of actual drug content to theoretic drug content in a certain amount of
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microspheres. Drug loading was calculated by dividing the percentage of the weight of 

actual drug content in an amount of microspheres to the weight of that amount of 

microspheres.

Expected Drug Loading =

Amount of drug used (mg)
Amount o f drug (mg) + Amount of BSA (mg) * 100%

Actual drug loading =

Amount o f drug in microspheres (mg)
Total wt. o f microspheres (mg) * 100%

Encapsulation Efficiency =

Actual % drug loading 
Expected % drug loading * 100%

Zeta Potential

Since one o f the most difficult problems in the pharmaceutical industry is the 

preparation of physically stable dispersions o f a drug in a suitable suspension vehicle, it 

is important to measure physicochemical properties such as zeta potential. A stable 

dispersion is one in which the particles are completely deflocculated. An effective 

method for producing a colloidally stable dispersion system can best be devised after the 

conditions o f maximum dispersion are established by means of electrophoretic mobility 

measurements. The stability of parenteral and oral drugs in aqueous suspensions affects 

both dosage requirements and shelf life. Caking tendencies of pharmaceutical 

suspensions may also be studied with the aid of electrophoretic measurements.
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Zeta potential is a measure of the magnitude of the repulsion or attraction between 

particles. The larger the repulsive forces between particles, the less likely they will be to 

come close together and form an aggregate. If  all the particles in suspension have largely 

negative or positive zeta potential, then they will tend to repel each other and there is no 

tendency to flocculate. However, if the particles have low zeta potential values then there 

is no force to prevent the particles from flocculating and coming together. Particles with 

zeta potentials more positive than +30mV and more negative than -30mV are normally 

considered to be stable. Zeta potential measurement brings detailed insight into the 

dispersion mechanism and is the key to electrostatic dispersion control. It can be used to 

test the suspendability properties of the microsphere formulations, and is an important 

tool in stability testing. To measure the zeta potential a sample of microspheres from each 

batch was dispersed in solution (PBS, ph 7.3). A sample was loaded into a cuvette with 

integrated gold electrodes, and measurements were done using a Malvern Zetasizer 

(figure 16). When the particles are dispersed in the liquid they are introduced into a 

horizontal cell with electrodes at either end. When a potential is applied to the electrodes, 

particles with a negative zeta potential will migrate towards the positive electrode and 

vice-versa. The velocity of the particles is measured using laser Doppler electrophoresis.
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Figure 16: Malvern Zetasizer

FTIR Spectroscopy

Fourier Transformed Infrared Spectroscopy (FTIR), is used to measure the 

chemical structure of many polymer based encapsulation materials, and can be a means to 

measure stability o f proteins after the microencapsulation process. Also, it can be used to 

test whether polymer and drug are compatible, and assess the extent of polymer drug 

interaction at the molecular level. Shifts in characteristic peaks o f both polymer and drug 

are an indicator that some interaction exists between the polymer and the drug. The 

principle o f an IR spectrometer, is an IR source emits radiation, which is reduced in 

strength as it passes through the sample. The reduction is frequency dependent, 

corresponding to the excited molecular vibrations. The residual radiation is measured 

with a detector and electronically converted into a spectrum. The basic principle of FTIR
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is the simultaneous collection of data frequencies in the IR spectrum, thus eliminating the 

time required for scanning through the different frequencies (Hesse et. al., 1997).

A pure sample of verapamil HCL (99%, solid), and doxorubicin (>97%, solid) 

was analyzed on a Perkin Elmer FTIR Spectrophotometer. Samples o f blank BSA 

microspheres, doxorubicin microspheres, and verapamil microspheres were then 

analyzed.

In Vitro Release Profiles

Release studies for each microsphere formulation were done using dissolution 

apparatus 1 (rotating basket method). The rotating basket method consists o f a cylindrical 

basket held by a motor shaft. The basket holds the sample and rotates in a round flask 

containing the dissolution medium. The flask is immersed in a constant-temperature bath 

set at 37°C. The rotating speed and the position o f the basket should meet specific 

requirements set forth in the current USP, typically 100 rpm. A diagram of a dissolution 

apparatus, USP I, is shown in figure 17.
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-  Basket Shaft

Sam pling Point

Vessel

- Basket

Figure 17: Diagram of dissolution set-up, rotating basket method (Apparatus 1)

Doxorubicin Release in PBS

Doxorubicin release studies were performed in a Pharmatest Dissolution 

Apparatus USP I. Doxorubicin microspheres (50mg) were added to dialysis membranes 

(n=6), MW cutoff 12,000-14,000 kd. The dialysis membranes were then placed in the 

dissolution baskets, and lowered into the dissolution media containing phosphate 

buffered saline (PBS), pH 7.34. The baskets rotated at constant speed in the dissolution 

media at 37°C. Samples were taken at various time points from the dissolution media. 

Analysis was done on a Perkin-Elmer UV Spectrophotometer at wavelength 490 nm. 

Concentrations of doxorubicin were determined from a standard curve of doxorubicin in 

PBS.
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Doxorubicin Release in PBS + Trypsin

Doxorubicin microspheres (50 mg) were placed in dissolution baskets (n=6) 

(Distek Dissolution System 2100C). Each basket was lowered into the dissolution media, 

consisting of PBS, pH 7.34, and 0.025% Trypsin. The apparatus rotated at constant speed 

at 37°C. Samples were taken at various time points from the dissolution media. Analysis 

was done on a perkin-elmer UV spectrophotometer at wavelength 490nm.

Verapamil Release in PBS

Verapamil release studies were done in a Pharmatest Dissolution Apparatus I, in 

PBS, ph 7.34, at 37°C. Thirty milligrams o f microspheres were added to dialysis 

membranes (n=6), MW cutoff 6,000-8,000kd. Dialysis membranes were added to each 

dissolution basket, and allowed to rotate at constant speed in the dissolution media. 

Samples were taken from the dissolution media at various time points, and analyzed with 

a UV spectrophotometer (Perkin Elmer), wavelength 278nm. Concentrations were 

determined from a standard curve of verapamil in PBS.

Verapamil Release in PBS + Trypsin

Verapamil microspheres (50 mg) were added to dialysis membranes, MW cutoff 

6,000-8,000 kd (n=6) and placed in each dissolution basket. A Distek Dissolution System 

2100C was used. Each basket was lowered into the dissolution media, consisting of PBS, 

ph 7.34, and 0.025% trypsin. The apparatus rotated at constant speed at 37°C. Samples 

were taken at various time points from the dissolution media. Analysis was done on a UV 

spectrophotometer (Perkin Elmer) at wavelength 278nm.
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Results and Discussion 

The spray drying process of microsphere formation gave a uniform powder, with 

spherical particles ranging from 4-6 microns. This is an ideal size to be engulfed by 

macrophages and nonprofessional phagocytic cells like tumor cells. This size will also be 

more suitable for microsphere uptake in in vivo studies. Table 5 lists particle sizes, and 

shows content analysis data for each formulation produced. Product yields were 45% to 

62% for each formulation. Content analysis for doxorubicin microspheres revealed an 

encapsulation efficiency of 79% for pre-crosslinked microspheres and 85% for 

microspheres cross-linked post spray drying. The encapsulation efficiency for verapamil 

microspheres was 74% with 1% drug loading, and 80% with 3% drug loading. The high 

measurements for encapsulation efficiencies are good and means that more drug was 

loaded within the micropshere than was lost, therefore, more drug would be available for 

delivery. Zeta potential measurements showed a zeta potential of -25 to -32 for verapamil 

microspheres, and -37 to -40 for doxorubicin microspheres, and are shown in table 6, and 

figures 18-21. Zeta potential values more negative than 30 are generally considered 

stable. Both microsphere suspensions measured were stable, however doxorubicin 

microsphere measurements showed that they had greater stability in suspension than the 

verapamil microspheres. FTIR spectrums are shown in figures 22-26, and table 7. 

Spectrums shown, revealed no major shifts in characteristic peaks of verapamil and 

doxorubicin after the microencapsulation process. Both drugs showed a presence of 

functional groups within the albumin matrix after the spray drying process. This suggests 

that there was no significant amount of interaction between drug and matrix which could 

cause problems in the release process. The NH 2 stretching peak for doxorubicin at 3344.5
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cm '1 did, however, shift downward after microencapsulation with albumin (figure 24). 

This suggests that there may be some interaction between the drug and polymer. 

Doxorubicin has been shown to be highly protein bound, so using albumin as a matrix 

has the potential for problems. Using sodium bisulfite aided in neutralizing the free amine 

group, therefore reducing the tendency for an interaction.

Table 5: Table of particle sizes and content analysis

form ulation Product yields f.ncapsulntiori efficiency Mean particle size pm

Doxorubicin MS 

(surface crosslinked)
45.2 % 79 % 4.68 + 1.55

Doxorubicin MS 

(solution crosslinked)
48.6 % 85 % 4.91 +1.2

Verapamil MS 

3% Drug Loading 62.2% 74 % 5.05 + 2.11

Verapamil MS 

1 % Drug Loading 54% 80% 4.23i_1.02
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Table 6: Table o f zeta potential measurements of doxorubicin and verapamil 
microspheres

Measurement of Zeta Potential 
(pre X-linked MS) ZP (mV) pH

Doxorubicin MS -40.9 7.3

Doxorubicin MS -29.67 7.3

Doxorubicin MS -37.72 7.3

Verapamil MS -32.44 7.3

Verapamil MS -29.12 7.3

Verapamil MS -24.62 7.3
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Figure 18: Zeta potential phase plot of doxorubicin microspheres

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



67

Z e ta  Potential Distribution

250000

200000

CO
Cl
o

150000

<r>
c .
<D 100000
C

50000

0

,

i  i
j  I

I  i
. . . . . . . . . . . . . . . . . . j . . . ! . . . . . . . . . . . .

..... LA...
---------- - - - - - - - - - - - - - - - - 1 H \ -------------------------------- i - - - - - - - - - - - - - - - - i

-200 -100 0
Z e ta  Potential (mV)

100 200

Record 70: DxMS Record 71: DxMS Record 72: DxMS

Figure 19: Zeta potential distribution of doxorubicin microspheres

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

a.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6

Time (s)

Record 67: VplMS  Record 68: VplMS_________ Record 69: VplMSj

Figure 20: Zeta potential phase plot of verapamil microspheres
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Figure 22: FTIR spectrum of blank BSA Microspheres.
Amide I and II bands show absorptions at 1646 and 1531 c m 1.
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Figure 23: FTIR spectrum of free doxorubicin.
Absorption bands are shown representing different functional 
groups characteristic of doxombicin structure
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Figure 24: FTIR spectrum of BSA/Doxorubicin Microspheres. 
After the microencapsulation process doxorubicin showed a 
presence within the BSA matrix, with minimal interaction due to 
the fact there were no major shifts in peaks.
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Figure 25: FTIR spectrum for free verapamil.
Absorption bands are shown representing different functional groups 
characteristic o f verapamil structure.
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Figure 26: FTIR spectrum of BSA/Verapamil Microspheres 
After the microencapsulation process verapamil was present within 
the microsphere matrix and there were no characteristic shifts in peaks, 
to signify instability within the BSA matrix.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

Table 7: IR Absorptions of characteristic bands.
Some characteristic bands representing different functional groups from each 
of the compounds (BSA, doxorubicin, verapamil) show absorptions in these 
different areas listed in the table.

BSA Amide I 

Amide II

1646.75

1531.56

Verapamil -O-CH3

-C-OH

N-CH3

2850-2810

1250-1000

2820-2780

Doxorubicin NH2 Stretching

R-C=0

OH

-Cj-OH

3300-3400

3000-2500

1150-1040
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Figure 28 shows the release profile of doxorubicin microspheres crosslinked by 

the surface crosslinking method with 1%, 2%, and 4% glutaraldehyde. Corresponding 

doxorubicin release concentrations are listed in table 8, which were obtained from a 

standard curve of doxorubicin (figure 27). Figure 33 shows the effect o f glutaraldehyde 

crosslinking on burst release. Burst release was higher with 1% glutaraldehyde 

crosslinking, 12%, in the first hour and percent cumulative release over 72 hours was 

82%. Burst release for 2%, and 4% crosslinking were 11% and 0% in 1 hour, and percent 

cumulative release over 72 hours was 76% and 62% respectively. Doxorubicin 

microspheres crosslinked by the solution method with 1% glutaraldehyde showed 7% 

burst release in the first hour and 100% doxorubicin release over 72 hours (figure 29, 

table 9). This formulation was chosen as the ideal one because it gave a more even 

pattern o f sustained release, and less burst release. Although surface crosslinking with 4% 

glutaraldehyde did show 0% burst release in the first hour, it is best to use a formulation 

with the least amount o f glutaraldehyde possible, because high concentrations of 

glutaraldehyde are toxic. The solution crosslinking method showed a significant decrease 

in burst release compared to surface crosslinking with 1% glutaraldehyde. The higuchi 

plot in figure 30 shows percent cumulative release doxorubicin vs. square root time. A 

linear profile with R2 of .99 shows that the doxorubicin release is primarily by diffusion. 

The release profile from doxorubicin microspheres with the addition of a degradation 

enzyme, trypsin, showed 100% release of doxorubicin in 12 hours as opposed to 72 hours 

with no degradation enzymes present (figure 31). The higuchi plot in PBS/Trypsin shows 

a linear profile with R2 o f .98 (figure 32).
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Release profiles of verapamil are shown in figures 35 and 36. Corresponding 

verapamil release concentrations are summarized in tables 10 and 11. Release 

concentrations of verapamil were determined from a standard curve (figure 34). 

Verapamil microspheres were prepared by the solution crosslinking method, with a drug 

loading of 1% and 3%. With a drug loading of 1%, 100% verapamil was released in 72 

hours, and with drug loading 3%, 100% verapamil was released in 120 hours. Burst 

release was 4% with 1% drug loading, and 0% with 3% drug loading. Microspheres with 

a higher drug loading of verapamil may be more suitable to use if  verapamil is being used 

as a p-glycoprotein inhibitor, which in this case it is. This is because a more sustained 

release profile over a longer time period may help to reduce the efflux of doxorubicin 

from tumor cells. The release profile o f verapamil in trypsin shows 100% release of 

verapamil in 10-12 hours with 1% drug loading, and 100% up to 72 hours, with 3% drug 

loading (figure 37). This showed that an increase in drug loading gave a better release 

profile of verapamil in trypsin, thus this formulation was chosen for in vitro studies. The 

higuchi plots in figures 38 and 39 show linear profiles in PBS and PBS/Trypsin, with R2 

of .99. This shows verapamil is being released primarily by diffusion.
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Figure 27: Standard curve of doxorubicin in PBS
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Table 8: Concentration and cumulative % release at different time points of 
doxorubicin from BSA microspheres crosslinked by the surface crosslink method

1% Glutaraldehyde X-link
Time (h) Cone % Cum Std. Dev.

0.5 1.02 2 0.109
1 5.22 12 0.113
2 10.5 25 0.186
4 14.7 35 0.222
8 16.38 39 0.128

24 19.32 46 0.131
48 23.52 56 0.254
72 34.44 82 1.22
2% Glutaraldehyde X-Link

Time (h) Cone. % Cum. Std. Dev.
0.5 0 0 0.125
1 4.5 10.7 0.123
2 6.3 15 0.207
4 10.5 25 0.226
8 13.6 32 0.138

24 16.15 38 0.14
48 21.25 50 0.687
72 32.3 76 0.533
4% Glutaraldehyde X-Link

Time (h) Cone. % Cum. Std. Dev.
0.5 0 0 1.02
1 0 0 0.29
2 0 0 0.135
4 6.375 15 0.127
8 12.32 29 0.302

24 13.18 31 0.245
48 17 40 0.253
72 26.35 62 0.121
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Table 9: Concentration and cumulative % release o f doxorubicin at different time points 
from solution-crosslinked microspheres in PBS & PBS + Trypsin

Time(h)
Cone
(ug/ml)

Cum. 
%release 
In PBS Std.Dev.

Time
(h)

Cone.
(ug/ml)

Cum. % 
Release 
PBS+Trypsin

Std.
Dev.

0.5 0 0 0 0.5 0 0 0

1 3 7 0.169 1 .029 .07 0.157

2 6.33 15 0.188 2 15.725 37 1.02

4 11.5 27 0.103 4 31.45 74 1.22

8 18.99 45 0.107 8 38.675 91 0.355

24 29.1 69 0.031 24 42.2 99.3 1.56

48 37.8 90 0.055 48 42.2 99.3 1.22

72 42 98.8 0.266 72 42.2 99.3 .95
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Figure 28: Percent cumulative release o f doxorubicin vs. time from BSA 
microspheres crosslinked by the surface crosslink method, in PBS 
Percent cumulative release over 72 hours was 82% from 1% glutaraldehyde 
crosslinking, 76% from 2% crosslinking, and 62% from 4% crosslinking.
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Figure 29: Percent cumulative release doxorubicin vs. time from solution 
crosslinked BSA microspheres, in PBS 
Doxorubicin release was 100% in 72 hours
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Figure 30: Higuchi plot of doxorubicin release from BSA microspheres in PBS 
Fifty percent o f doxorubicin is released in approximately 8-10 hours. The linear 
profile shows release is primarily by diffusion.
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Figure 31: Percent cumulative release doxorubicin vs. time in PBS + Trypsin 
100% of doxorubicin was released in approximately 12 hours.
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Figure 32: Fliguchi plot o f doxorubicin release from BSA microspheres in PBS + 
Trypsin
Fifty percent of doxorubicin is released in 4 hours. The linear profile shows 
release is primarily by diffusion
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Effect of Glutaraldehyde Crosslinking on Burst Release

% Burst Release 6

Surface X-Link 1% S urface X-Link 2% S urface X-Link 4% Solution X-Link 1%

Figure 33: Effect of glutaraldehyde crosslinking on burst release from 
BSA/Doxorubicin microspheres
Burst release was approximately 11-12% from surface X-linking with 
1 and 2% glutaraldehyde, and 0% with the use of 4% in the first hour of 
release. From the solution X-linking method burst release was 7% in the 
first hour.
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Figure 34: Standard curve verapamil in PBS
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Table 10: Summary o f concentration and % cumulative release verapamil vs. time from 
BSA microspheres in PBS, 1% drug loading, and 3% drug loading

Verapamil 
1 % Drug 
Loading Cone.

(ug/ml)
% Cum. 
Release Std. Dev.Time (h)

0.5 0 0 0.128
1 1.7 4 1.2
2 8.925 21 1.06
4 19.975 47 0.928
8 30.6 72 0.666

24 35.275 83 0.784
48 39.95 94 1.73
72 42 100 1.52

Verapamil 
3% Drug 
Loading Cone.

(ug/ml)
% Cum. 
Release Std. Dev.Time (h)

0.5 0 0 0.522
1 0 0 0.355
2 13.4 12 0.056
4 25.7 23 0.089
8 35.9 32 0.124

24 41.5 37 0.166
48 47 42 0.673
72 50 45 1.7
96 76 86 0.92
120 98.7 88 1.89
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Table 11: Summary of concentration and % cumulative release verapamil vs. time 
from BSA microspheres in PBS + Trypsin, 1% drug loading, and 3% drug loading

Verapamil 
1 % Drug 
Loading

Conc.(ug/ml)
% Cum. 
Release

Std.
Dev.Time (h)

0.5 0 0 0
1 0 0 0
2 9.775 23 0.251
4 23.375 55 1.22
8 36.125 85 1.05
12 41.225 97 0.562
24 41.69 98.1 0.796
48 42.1 99 0.644
72 42.1 99 0.32

Verapamil 
3% Drug 
Loading

Cone, (ug/ml)
% Cum. 
Release

Std.
Dev.Time (h)

0.5 0 0 0.92
1 0 0 1.22
2 10.2 9 0.078
4 22.9 20 1.3
8 35.6 32 1.8

24 42.9 39 1.52
48 67.6 61 0.643
72 109.2 98 0.785
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Figure 35: Percent cumulative release verapamil vs. time from BSA microspheres, 
1% drug loading
100% of verapamil is released in 72 hours.
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Figure 36: Percent cumulative release verapamil vs. time from BSA microspheres, 
3% drug loading
Verapamil is released over a period of 120 hours, with 40% being released in 72 
hours. After this time period there is a large increase in the amount of verapamil 
released (approximately 50%), resulting in 100% verapamil release in 120 hours.
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Figure 37: Percent cumulative release verapamil from BSA microspheres in 
Trypsin + PBS
The release profile o f verapamil in trypsin shows 100% release o f verapamil in 
10-12 hours with 1% drug loading, and 100% up to 72 hours, with 3% drug 
loading.
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Figure 38: Higuchi plot o f verapamil release from BSA microspheres in PBS 
Fifty percent of verapamil is released in 4 hours. The linear plot shows verapamil 
is being released by diffusion (R2 o f .99)
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Figure 39: Higuchi plot o f verapamil release from BSA microspheres in PBS + 
Trypsin
Fifty percent o f verapamil is released in approximately 3 hours with the addition 
o f trypsin
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Conclusions

It was the aim of these studies to find suitable microparticle formulations of 

doxorubicin and verapamil for sustained delivery to drug resistant tumor cells. 

Microsphere particle sizes were 4-5 microns, which is an appropriate size for uptake in 

phagocytic cells. Since tumor cells are nonprofessional phagocytic cells, microspheres of 

this size will be phagocytosed, and the drug will be released within the tumor cell. Since 

anticancer drugs typically given in solution, are neither targeted nor specific to tumor 

cells, uptake within the cells is usually sporadic. The efflux of drugs from within the cell 

membrane from drug resistant cells adds another problem to the whole process.

Therefore, microspheres which may be engulfed by the tumor cells, releasing the drug at 

a slower rate is a way to combat these type of problems.

The spray drying method o f microparticle formation gave high product yields 

with encapsulation efficiencies greater than 70 and 80%. This method is also 

reproducible, and has been proven a better way to make micropsheres than in previous 

studies done in our lab. Microspheres crosslinked by the surface crosslinking method 

showed greater burst release with the exception of the higher concentration of 

glutaraldehyde, however it is not exceptable to use high concentrations of glutaraldehyde 

because it is toxic. Therefore, the solution crosslinking method which showed lower burst 

release using a small concentration o f glutaraldehyde was preferred. Stability studies by 

zeta potential showed that the formulations would be stable in suspension. FTIR revealed 

drug presence for both formulations after the spray drying process, and minimal 

interaction between the albumin matrix and the drug. Release studies for both 

formulations showed a sustained release profile. Drug release in PBS for both
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microsphere preparations was 100% in 72 hours, and drug release in the presence o f a 

degradation enzyme was 100% in 12 hours. This would be a better correlation for in vivo 

studies due to the fact that degradation enzymes are present in the blood.
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CHAPTER 5

MICROSPHERE UPTAKE AND MEASUREMENT OF DOXORUBICIN 

CONCENTRATION WITHIN DRUG RESISTANT CELLS,IN VITRO, AND

CYTOTOXICITY STUDIES 

Introduction

After the formulation of doxorubicin and verapamil microspheres, drug resistant 

melanoma tumor cells were treated with microspheres vs. solution form o f both drugs. 

The purpose of these experiments was to measure doxorubicin concentrations within the 

tumor cells after uptake o f microspheres vs. solution, and to also compare cytotoxic 

effects. It is proposed that since microspheres can give a slow release of a drug within 

tumor cells, concentrations over time will be higher. Higher concentrations of 

doxorubicin sustained within the tumor cell are more likely to cause greater toxic effects, 

and reversal of drug resistance. Verapamil, a selective p-glycoprotein inhibitor, was 

added in solution and microsphere form simultaneously with doxorubicin in order to 

counteract the efflux o f doxorubicin from the tumor cells. This was done to achieve 

higher concentrations of doxorubicin within the drug resistant melanoma cells.

Cytotoxicity studies were done on B16 Drug Resistant cells as well as Human 

Microvascular Endothelial Cells (HMECs) to compare cytotoxicity of doxorubicin 

solution vs. doxorubicin microspheres as it relates to the endothelium. Doxorubicin being 

highly cardiotoxic, causes damaging effects to the endothelium which in turn causes heart

97
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damage. Microspheres may be a useful drug delivery option, in that the slower release of 

doxorubicin in this case may create a more protective effect against cell damage.

Specific Aims

1) Measure doxorubicin concentrations within drug resistant B16 melanoma tumor 

cells after uptake of doxorubicin microspheres vs. solution

2) Measure doxorubicin concentrations within drug resistant melanoma cells after 

uptake of doxorubicin microspheres, and verapamil microspheres given 

simultaneously vs. doxorubicin solution and verapamil solution given 

simultaneously.

3) Evaluate cytotoxic effects of doxorubicin solution, doxorubicin microspheres, and 

the combination treatments o f dox/vpl microspheres, and dox/vpl solution on drug 

resistant B16 melanoma tumor cells.

4) Measure cytotoxic effects of doxorubicin solution vs. doxorubicin microspheres 

on human micro vascular endothelial cells (HMECs).

Materials and Methods 

B16 cells, cell culture supplies, and drug compounds previously stated. Human 

Microvascular Endothelial Cells were a gift from the Centers for Disease Control. 

Microsphere Uptake and Measurement of Doxorubicin Concentration within Drug 

Resistant Cells

B16DR cells were seeded in 24 well plates, at 1 x 106 cells/well (n=6 per time point), 

and allowed to attach overnight. Microspheres were sterilized with UV light 1 hour prior 

to experiment. Cells were treated with six different treatment groups as follows:

a) doxorubicin solution (20ug/ml) (DxSoln)
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b) doxorubicin solution (20ug/ml)/verapamil solution (22pM/ml) (DxSoln/VplSoln)

c) doxorubicin solution (20ug/ml)/verapamil microspheres (2mg/ml) 

(DxSoln/VplMS)

d) doxorubicin microspheres (DxMS) (2mg/ml)

e) doxorubicin microspheres (2mg/ml)/verapamil solution(22pM/ml)

(DxMS/V plSoln)

f) doxorubicin microspheres (2mg/ml)/verapamil microspheres(2mg/ml) 

(DxMS/VplMS)

Cells were incubated at 37° in a humidified CO2 incubator for 1 hour with each 

different treatment, to allow for uptake. Cells were washed twice with PBS, ph 7.34. At 

different time points, from 0 hour corresponding to 1 hour after uptake to 24 hours, cells 

were lysed with 1 ml of 1% Triton X solution, and incubated at 4°C for 1 hour. After the 

incubation period at each time point, each plate was placed on a shaker for 5 minutes, and 

then read on a biorad microplate reader at 490nm.

Results and Discussion 

The tumor cells exposed to solution treatments showed sporadic uptake with 

100% of doxorubicin measured within the cell at 2 hours. Figure 40, and table 12 

compares tumor cells treated with doxorubicin solution treatment vs. doxorubicin 

microspheres. Doxorubicin concentration for solution treated tumor cells increases to 

100% up to 2 hours. After 2 hours up to 4 hours, there is a sharp decrease in doxorubicin 

concentration measured within the cell. This is indicative of doxorubicin efflux from the 

cell membrane which is characteristic of multi drug resistant cells. At this point there is 

more doxorubicin being effluxed out of the tumor cell than being taken in, with 92% of
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the doxorubicin concentration measured within the cell being effluxed out. Tumor cells 

treated with doxorubicin microspheres showed more of a sustained release pattern, less 

efflux of doxorubicin out of the cell (66%), and higher concentrations of doxorubicin as 

opposed to the solution treatment which showed no increase in doxorubicin concentration 

after the efflux period at 8 hours. Therefore, with less efflux and sustained release noted 

in the microsphere treated cells, more doxorubicin stays within the cell as evidenced by 

the higher concentration at 8 hours.

Table 12: Doxorubicin concentrations in tumor cells at different time points, 
after doxorubicin solution treatment vs. microsphere treatment

Dx Cone.: Soln Tx (ug/ml)
Time (h)

0 1 2 4 8 24
9.5 11.52 21.79 9.78 12.69 5.43
9.1 7.4 21.23 8.12 10.45 8.91

9.21 10.67 20.46 10.08 11.82 6.9975
9.23 11.99 20.22 11.52 11.56 7
9.24 9.96 19.8 10.23 11.8 7.02
9.2 7.89 20.52 9.6 11.76 6.55

Ave: Ave: Ave: Ave: Ave: Ave:
9.236 9.994 20.502 10.076 11.702 6.9475

Std. Dev. Std. Dev. Std. Dev. Std. Dev. Std. Dev. Std. Dev.
0.1222231 1.7265447 0.6605795 1.00564 0.656787 1.0259677

Dx Cone. MS Tx (ug/ml)
Time (h)

0 1 2 4 8 24
8.2 11.71 12.67 10.2 12.81 7.33

7.85 9.41 11.29 9.66 14.81 8.97
8.02 11.88 11.83 11.62 13.56 8.22
8.22 11.22 10.78 9.88 14.02 7.5
7.8 11.25 11.62 8.94 13.02 7.99

8.01 11.34 11.44 7.89 13.62 8.33
Ave: Ave: Ave: Ave: Ave: Ave:
8.015 11.25 11.53 9.652 13.606 8.038

Std. Dev. Std. Dev. Std. Dev. Std. Dev. Std. Dev. Std. Dev.
0.1579745 0.8098442 0.576913 1.1420685 0.6575701 0.5444006

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C
on

ce
nt

ra
ti

on
 

D
x.

 (
ug

/m
l)

101

Measurement of Doxorubicin Cone, in Drug Resistant B16 Cells After 
Uptake of Microspheres vs. Solution

Dx. Sol'n

-Dx MS
20

15

T im e (h)

Figure 40: Measurement of doxorubicin concentration within tumor cells after 
doxorubicin microsphere uptake and doxorubicin solution uptake 
Up to 4 hours there are steady increases of doxorubicin (dx) concentration 
measured, from both treatments. After this, there is a sharp decline in dx 
concentration measured indicative o f drug efflux from the B16DR cells.
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% of Doxorubicin Efflux From Tum or Cells after 4 Hours

Dx Soln Dx MS

Figure 41: Comparison of doxorubicin efflux from tumor cells at 4 hours after 
treatment with doxorubicin microspheres vs doxorubicin solution 
92% of doxorubicin was effluxed from the tumor cell after 4 hours from 
the solution treatment compared to 66% from the microsphere treatment.
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Table 13 and figure 42 show doxorubicin concentration measurements after the 

treatments with doxorubicin solution alone compared to the combination treatments with 

verapamil solution and verapamil microspheres. The uptake patterns are similar with all 

three treatment groups. Figure 43 compares the percentage of doxorubicin efflux from the 

tumor cells after the different treatments. The percentage of doxorubicin efflux was 

lowest with the doxorubicin solution/verapamil solution treatment with 70%. Efflux 

noted from the doxorubicin solution/verapamil microsphere treatment was 74%. There 

was no significant difference in doxorubicin concentration measured after the efflux 

period at 8 hours.
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Table 13: Doxorubicin concentrations at different time points from DxSoln 
treatment and combination treatments of DxSoln/VplSoln, DxSoln/VplMS

Dx. C o n e .:  Dx. S o ln  Tx

Time (h)

0 1 2 4 8 24

9.5 11.52 21 .7 9 9.78 12.69 5.43

9.1 7.4 21 .2 3 8.12 10.45 8.91

9.21 10.67 20 .46 10.08 11.82 6 .9 9 7 5

9.23 11.99 20 .22 11.52 11.56 7

9.24 9.96 19.8 10.23 11.8 7.02

9.2 7.89 20 .52 9.6 11.76 6.55

Ave. Ave. Ave. Ave. Ave. Ave.

9.236 9.994 2 0 .5 0 2 10.076 11.702 6 .9475

SD SD SD SD SD SD

0 .122223 1 .726545 0 .6 6 0 5 8 1 .00564 0 .6 5 6 7 8 7 1 .025968

D x .C o n c .: D xSolnA / pi S o ln  Tx

Time (h)

0 1 2 4 8 24

11.45 11.23 16.45 13.92 12.62 9.66

10.6 12.05 17.1 12.88 12.39 10.01

10 .67935 11.45 16.29 11.78 12.58 11 .49457

10.19022 11.39 17.12 11.93 12.69 6 .9 2 9 3 4 8

10.95109 11.58 18.12 12.92 13.23 11.875

11 .05978 9.96 17 .63587 13.96 11.39 8 .1 7 9 3 4 8

Ave. Ave. Ave. Ave. Ave. Ave.

10.72011 11.204 17 .29147 12.755 12.479 9 .6 6 2 6 5 2

SD SD SD SD SD SD

0.39691 0 .6 42036 0 .6 3 6 3 6 0 .8 5 4 1 7 5 0 .5 5 2 6 2 2 1 .733876

Dx. C onc.:D xS o lnA 7p lM S  Tx

Time (h)

0 1 2 4 8 24

10.66 9.22 15.69 11.8 11.96 10.2

9.44 9.05 14.23 10.96 11.98 8.44

10.78 11.09 15.44 10.25 13.95 7.96

9.12 9.9 14.98 11.66 10.36 9.21

10.56 9.66 13.99 12.09 12 .09239 8.342391

8 .92 10.81 15.1 10.66 12 .09239 7.01

Ave. Ave. Ave. Ave. Ave. Ave.

9.886 10.119 14.894 11.208 12 .09296 8 .3 6 8 4 7 8

SD SD SD SD SD SD

0.7711 0 .7 62846 0.610881 0 .6 5 9 2 9 7 1 .039233 0 .9 9 5 9 4 2
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Figure 42: Measurement of doxorubicin concentration within tumor cells after 
doxorubicin solution uptake, and combination treatments of 
doxorubicin/verapamil solution, and doxorubicin solution/verapamil microspheres 
Shows uptake from each treatment with increasing concentrations o f dx 
measured up to 4 hours. After this time, efflux is noted from each of the three 
treatment groups. There are no significant differences in doxorubicin measured 
after the efflux period.
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% Efflux of Doxorubicin from Tumor Cells after 4 Hours wI Solution Treatments

100

m

40

10

DxS/VplMDxS/VpISDxS

Figure 43: Comparison o f doxorubicin efflux from tumor cells at 4 hours after 
treatment with Dx solution, Dx/Vpl solution, and Dx solution/Vpl microspheres 
The percentage o f doxorubicin efflux was lowest with the doxorubicin 
solution/verapamil solution treatment with 70%. Percent efflux noted from the 
doxorubicin solution/verapamil microsphere treatment was 74%.
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Figure 44 and table 14 show the measurement of doxorubicin concentration after 

uptake of doxorubicin microsphercs alone, and the combination treatments of 

doxorubicin microsphere/verapamil solution and doxorubicin microsphere/verapamil 

microspheres. A slower release o f doxorubicin is noted for each treatment group. As 

compared to the solution treatments there is less efflux of doxorubicin noted at 2 hours, 

with 66% from the doxorubicin microsphere treatment, 45% from doxorubicin 

microsphere/verapamil solution combination treatment, and 0% from the doxorubicin 

microsphere/verapamil microsphere treatment shown in figure 45. After the efflux period 

there is a significant increase in doxorubicin measured within the tumor cells for all three 

treatments, and 97% of doxorubicin released within the cell at 8 hours from the 

doxorubicin microsphere/ verapamil microsphere treatment.

Table 15 shows the halflife (T i/2) of doxorubicin after tumor cell treatments with 

doxorubicin solution, doxorubicin microspheres, and the combination treatments with 

verapamil. Doxorubicin half-life from microsphere treatments was longer, compared to 

treatments with doxorubicin solution. This is expected since the microspheres are a 

sustained release preparation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



108

Table 14: Doxorubicin concentrations at different time points from 
Dx MS, Dx MS/Vpl solution, and Dx MS/Vpl MS treatment

Dx. Cone.: DxMS Tx

Time (h)

0 1 2 4 8 24

8.2 11.71 12.67 10.2 12.81 7.33

7.85 9.41 11.29 9.66 14.81 8.97

8.02 11.88 11.83 11.62 13.56 8.22

8.22 11.22 10.78 9.88 14.02 7.5

7.8 11.25 11.62 8.94 13.02 7.99

8.01 11.34 11.44 7.89 13.62 8.33

Ave. Ave. Ave. Ave. Ave. Ave.

8.015 11.25 11.53 9.652 13.606 8.038

SD SD SD SD SD SD

0.157975 0.809844 0.576913 1.142069 0.65757 0.544401

Dx.Conc.: DxM S/VplSoln Tx

Time (h)

0 1 2 4 8 24

7.35 9.16 12.11 10.07 14.16 7.22

9.89 8.49 10.99 9.88 12.61 7.45

8.01 8.42 10.13 8.91 13.89 8.73

8.125 9.89 12.5 8.94 13.96 6.52

7.55 8.69 11.99 10.81 13.65 8.01

7.22 7.25 11.21 10.95 14.99 7.22

Ave. Ave. Ave. Ave. Ave. Ave.

8.02 8.65 11.48833 9.926667 13.87667 7.525

SD SD SD SD SD SD

0.981603 0.876105 0.875498 0.878332 0.772364 0.760125

Dx.Conc.: DxM S/VplM S Tx

Time (h)

0 1 2 4 8 24

7.58 8.63 12.92 11.05978 16.58 9.53

8.13 8.65 8.777174 9.809783 16.67 7.99

8.23 8.95 9.429348 10.55 16.47 8.777174

7.58 10.57 7.28 7.32 15.81 7.91

7.61 9.99 10.11 9.67 16.46 9.31

7.98 10.21 8.12 10.44 16.82 8.78

Ave. Ave. Ave. Ave. Ave. Ave.

7.851667 9.5 9.43942 9.808261 16.46833 8.716196

SD SD SD SD SD SD

0.297686 0.856855 1.970114 1.321071 0.349366 0.663322
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Figure 44: Measurement o f doxorubicin concentration within tumor cells after 
uptake of Dx MS , and combination treatments o f Dx MS/Vpl solution, and Dx 
MS/Vpl MS
For the DxMS/VplMS treatment there is a steady increase in dx concentration 
measured intracellularly, with 0% efflux o f dx noted.
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% Efflux of Doxorubicin from Tumor Cells after 4 Hours wI use of Microspheres

70-

60-

DxMS DxM/VpIS DxM/VplM

Figure 45: Comparison of doxorubicin efflux from tumor cells at 4 hours after 
treatment with Dx MS, Dx MS/Vpl solution, and Dx MS/Vpl MS 
Percent of doxombicin efflux was 66% after the DxMS treatment, 45% after the 
DxMS/VplS treatment and 0% for the DxMS/VplMS treatment
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Table 15: Half life (T Vi) of doxorubicin for the different treatment groups.

T V4 For Different Treatment Groups

Solution Treatments T 1/2 (h)
Doxorubicin Soln 19.8
Doxorubicin/Verapamil Soln 25
Doxorubicin solution/ Verapamil MS 26.6
Microsphere Treatments T 1/2 (h)
Doxorubicin MS 30.1
Doxorubicin MS/ Verapamil Soln 36.4
Doxorubicin MS/ Verapamil MS 40.7
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Cytotoxicity Studies

The purpose o f these studies was to compare cytotoxic effects of doxorubicin 

solution vs. doxorubicin microspheres, and to compare cytotoxic effects from the 

combination treatments on the drug resistant tumor cells. Since the previous study 

showed higher doxorubicin concentrations intracellularly from the microsphere 

treatments, it is expected that there will be greater cytotoxic effects on the tumor cells 

with the use of microspheres.

Methods

B 16DR cells (2 groups) were seeded in 24 well plates at 1 X 106 cells/ml (n=6), 

and allowed to attach overnight. Cells were treated with doxorubicin solution 

(20,000ng/ml), doxorubicin microspheres (2mg/ml), and blank BSA microspheres 

(2mg/ml). Cell viability, by MTT assay, was measured at various time points for one 

group o f B16DR cells, and at 72 hours only for the second group of B16DR cells.

B16DR cells were seeded again in 24 well plates and treated with the six different 

treatment groups at the concentrations previously stated. After 72 hours, MTT assay was 

performed to compare percent cell survival from all 6 treatment groups.

Results and Discussion 

After treatments with doxorubicin solution, doxorubicin microspheres, and the 

combination treatments, cytotoxicity studies were performed to evaluate % cell viability 

up to, and after 72 hours. When cytotoxicity was measured at different time points up to 

72 hours, shown by figure 46 and table 16, there was greater toxicity to cells treated with 

doxorubicin solution up to 8 hours, compared to cells treated with doxorubicin 

microspheres. Because of the slow release o f doxorubicin from the microsphere
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formulation, all drug does not release into the tumor cell at once. Doxorubicin 

concentrations within the cell are lower at this time as evidenced from the previous study 

measuring doxorubicin concentrations within the tumor cells. At 24 hours, tumor cell 

death is essentially equal with both treatments. As more doxorubicin is released from the 

microspheres there is an increase in cell death from the microsphere treated cells after 24 

hours. Figure 47 shows cytotoxicity measured after 72 hours. Percent cell survival was 

significantly lower in cells treated with doxorubicin microspheres. Analysis of variance 

(ANOVA) showed p< 0.05 between the two treatment groups, and control groups of 

tumor cells with no treatment, and cells treated with blank BSA microspheres. When 

compared to data measuring cytotoxicity at various time points up to 72 hours, there were 

no significant differences in percent cell survival from the cells treated with doxorubicin 

solution or cells treated with doxorubicin microspheres. Cells treated with blank BSA 

microspheres exhibited 100% and greater percent cell survival up to and at 72 hours. This 

shows that the BSA alone is not toxic to the tumor cells, and cell toxicity is attributed to 

doxorubicin release from the microspheres. Results from the cytotoxicity study 

performed with all six treatments are shown in figure 48. Results coincided with the 

previous cytotoxicity study done with only doxorubicin solution and doxorubicin 

microspheres. Cytotoxicity was greatest in cells treated with the doxorubicin 

microsphere/verapamil microsphere combination. There was no significant difference in 

percent cell survival between cells treated with the combination compared to cells treated 

with doxorubicin microspheres.
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Table 16: Table of % cell survival of B16DR cells measured up to and after 72 hours

% Cell Survival vs. Time up to 72 Hours

Time (h) B16DR(S) SD
B16DR
(MS) SD

B16DR 
(Blank MS) SD

0 100 1.5 100 1.27 100 0.789
2 90 0.99 100 1.33 100 1.22
4 87 0.782 99 0.089 100 0.156
8 82 1.66 95 0.075 100 2.2

24 65 2.1 63 0.856 103 2.6
48 47 0.689 40 1.46 105 1.54
72 45 0.722 31 0.22 106 0.999
%Cell Survival after 72 Hours

B16DR(S) B16DR (MS)
B16DR 

(Blank MS)
56 34 100
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Cytotoxicity of Doxorubicin Solution and Microspheres on B16DR cells vs. Time
— Dox.  S o ln  

D ox. MS 
—ifc -B lan k  MS

120
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40

60 70 800 10 20 30 40 50
Time (h)

Figure 46: Percent cell survival of B16DR cells after treatment with doxorubicin 
solution and microspheres up to 72 hours
There was greater toxicity to cells treated with doxorubicin solution up to 8 
hours, compared to cells treated with doxorubicin microspheres. At 24 hours, 
tumor cell death is essentially equal with both treatments. As more doxorubicin 
is released from the microspheres there is an increase in cell death from the 
microsphere treated cells after 24 hours.
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Cytotoxicity of Doxorubicin Solution vs. Microspheres on Drug Resistant Melanoma Cells

*  = p <0.05

Control Blank MS Soln MS

Figure 47: Cytotoxicity o f doxorubicin solution and microspheres on B16DR 
cells after 72 hours
Percent cell survival was significantly lower in cells treated with doxorubicin 
microspheres compared to solution.
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Figure 48: Cytotoxicity on B16DR cells after treatments with Dx solution, Dx 
MS, Dx Soln/Vpl Soln, Dx MS/ Vpl Soln, and Dx MS/Vpl MS 
Cytotoxicity was greatest in cells treated with the doxorubicin ms/verapamil ms 
combination. There was no significant difference in percent cell survival between 
cells treated with this combination compared to cells treated with doxorubicin 
microspheres alone.
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Cytotoxicity Studies on Endothelial Cells

Cytotoxicity studies were also done on human microvascular endothelial cells 

(HMECs) with the use of doxorubicin microspheres vs. solution. Cytotoxic effects on 

endothelial cell were compared to cytotoxic effects on B16 melanoma cells and B16 drug 

resistant melanoma cells (B16DR), after both treatments.

Doxorubicin is known for its endothelial toxicity. As a result o f toxicity to the 

endothelium, there is cardiotoxicity associated with the use of doxorubicin which has 

limited its application. Studies have shown that newer derivatives such as analogs and a 

liposomal preparation have been associated with a decrease in endothelial cell damage. 

Microspheres of doxorubicin were tested in endothelial cells to see whether or not the 

microencapsulated form of doxorubicin may be effective in this manner.

Materials and Methods 

Human Microvascular Endothelial Cells were a gift from the Centers for Disease Control. 

HMEC, B16, and B16DR cells were each seeded in 48 well plates at 1 X 105cells/ml, and 

allowed to attach. Cells were treated with 1ml doxorubicin solution (,02ug/ml), or 1ml 

doxorubicin microspheres (2mg/ml). At various time points from 0-24 hours, cells were 

washed with PBS, and viability measured with MTT assay.

Data Analysis

All data are presented as means ± SD of 6 independent measurements. Statistical 

significance of the observed differences in treated vs. control cell cultures was 

determined using analysis of variance (ANOVA) and values with p < .05 were considered 

significant and are denoted with an *.
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Results and Discussion 

Percent cell survival decreased in a time dependent manner after both treatments. 

At 4 hours, HMEC cell viability was 50% after treatment with doxorubicin solution as 

opposed to close to 100% with doxorubicin microsphere treatment shown in figure 49 

and table 17. After 72 hours, cell viability from the solution treatment was around 38% 

and cell viability for the microsphere treated group was steady at around 78%. These 

results were statistically significant. When compared to B 16 and B 16DR cells, HMECs 

treated with microspheres had greater percent viability over the course of 72 hours (figure 

50, table 18 & 19). The bar graph in figure 51 shows percent viability after 72 hours 

treatment, showing highest percent viability in HMEC cells treated with microspheres. 

There was no difference in percent viability o f HMEC cells treated with solution, and 

B16 and B16DR cells treated with solution and microspheres (figure 52). Treatment with 

doxorubicin microspheres maintained close to 80% viability of endothelial cells after 72 

hours, compared to the solution. The slower release of doxorubicin from microspheres 

may be a reason for the reduction in endothelial cell toxicity. This study suggests the use 

of microspheres may be a way to prevent damage to the endothelium and thus reduce 

cardiotoxicity associated with the use of doxorubicin.
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Table 17: Table of % cell survival from doxorubicin solution and 
doxorubicin microsphere treatment on HMECs up to 72 hours

% Cell Viability HM ECs

Time HMEC(S) SD HMEC(MS) SD

0 100 0.8 100 1.2

2 90 0.098 100 2.22

4 50 1.33 100 1.5

8 50 1.05 93 1.89

24 39 0.253 93 2.35

48 39 0.663 78 1.17

72 36 0.062 75 1.91

Table 18: Table o f % cell survival from doxorubicin solution and 
doxorubicin microsphere treatment on B16 cells up to 72 hours

% Cell Viability B16

Time B16(S) SD B16 (MS) SD

0 100 0.089 100 1.72

2 68 0.549 97 1.55

4 62 1.33 95 2.04

8 60 1.65 95 0.279

24 42 0.92 69 1.35

48 40 1.01 41 1.62

72 29 0.68 24 1.65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



121

Table 19: Table of % cell survival from doxorubicin solution and 
doxorubicin microsphere treatment on B16DR cells up to 72 hours

% Cell Viability B16DR

B16DR(S) SD B16DR SD

100 1.99 100 1.8

90 0.96 100 1.5

87 2.2 99 1.62

82 2.1 95 1.34

65 1.5 63 2.45

45 1.83 40 1.99

36 1.45 31 1.77
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HMEC w/ Dx SolnT o x ic ity  o f  D o x o ru b ic in  S o lu tio n  v s . M ic ro s p h e re s  o n  HM ECs
HMEC w/DxMS
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Figure 49: Cytotoxicity of doxorubicin solution vs. microspheres on 
HMECs up to 72 hours
At 4 hours, HMEC cell viability was 50% after treatment with doxorubicin 
solution as opposed to close to 100% with doxorubicin microsphere treatment. 
After 72 hours, cell viability from the solution treatment was around 38% and cell 
viability for the microsphere treated group was steady at around 78%.
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Toxicity of Doxorubicin Solution vs. Microspheres on HMEC and B16 Melanoma
Cells

120
-♦-HM EC w/Dx Soln 

HMEC w/Dx MS 
—̂ -B 16 w/Dx Soln 

B16 w/ Dx MS 
-*-B16DR w/Dx Soln 
-*-B16DRw/Dx MS

100

Dx =Doxorubicin

0 10 20 30 50 8040 60 70

Treatment Time (h)

Figure 50: Cytotoxicity of doxorubicin solution vs. microspheres on HMECs, 
B16, and B16DR cells up to 72 hours
Over the course of 72 hours, percent viability of HMECs treated with dx 
microspheres was greater compared to that of HMECs treated with dx solution 
and B16 and B16DR treated with dx solution or microspheres.
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Toxicity of Doxorubicin Solution vs. M icrospheres on HMECs after 72 hours
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Figure 51: Comparison o f percent cell viability after 72 hours treatment with 
doxorubicin solution and microspheres on HMECs

Control HMEC (S) HMEC(MS)
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120

100

Toxicity of Doxorubicin Solution vs. Microspheres on HMEC and B16 Cells After
72 hours

S =Doxorubicin Solution 
MS = Doxorubicin M icrospheres

*

l i l l
Control HMEC+S HMEC+MS B16+S B16+MS B16DR+S B16DR+MS

Figure 52: Comparison of % cell survival after 72 hours of doxorubicin solution 
treatment vs. microspheres o f FIMECS, B16, and B16DR cells 
After 72 hours of treatment the microsphere form o f doxorubicin maintained close 
to 80% viability of endothelial cells, compared to other cells treated with either 
microspheres or solution which showed significantly lower percent viability.
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Conclusions

The main purpose of the set of experiments performed in this chapter was to see if 

the use of microspheres for delivering the anticancer drug doxorubicin might be more 

effective than the solution form of doxorubicin. The experiment which measured 

doxombicin concentrations intracellularly, showed that the microsphere treatment could 

significantly reduce and inhibit the amount of drug effluxed from the cell membrane. 

This may be due to the fact that doxorubicin is released from the microspheres at a slower 

rate over time, causing a decrease in the amount o f doxorubicin effluxed from the cell. 

Multidrug resistance is one of the major reasons for failure of chemotherapy treatment. 

Microspheres may be a delivery option which can reduce and minimize problems 

associated with multidrug resistance. The cytotoxicity studies performed revealed greater 

toxicity to drug resistant tumor cells treated with doxorubicin microspheres. Cytotoxicity 

studies on endothelial cells showed the opposite effect after doxorubicin solution and 

microsphere treatments. Endothelial cell toxicity was greatest with doxombicin solution 

treatment vs. doxombicin microspheres. In the dmg resistant tumor cells doxombicin 

solution is effluxed from the cell membrane, decreasing the amount of doxombicin left 

within the cell available to cause cell death. Endothelial cells, on the other hand, which 

are not dmg resistant and not expressing P-glycoprotein will retain doxombicin solution 

within the cell and cause greater toxicity. Toxicity is decreased in endothelial cells treated 

with doxombicin microspheres, as the slower release o f doxombicin in small amounts 

over time reduces the extent of toxicity to the cell.
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CHAPTER 6

PHARMACOKINETICS OF DOXORUBICIN MICROSPHERES AND SOLUTION IN

RATS

Introduction

The in vitro studies thus far have shown that the encapsulation o f doxorubicin 

gives sustained release o f doxorubicin, increases intratumoral drug concentrations, 

decreases drug efflux from the cell membrane, and increases cytotoxic effects. This 

chapter will investigate the effect of microencapsulation on doxorubicin kinetics in rats.

Basic pharmacokinetics involves the quantitative study of various kinetic 

processes of drug disposition in the body, looking at drug absorption, distribution, and 

elimination. The study of pharmacokinetics involves both experimental and theoretical 

approaches. The experimental aspect involves developing biological sampling 

techniques, analytical methods for the measurement of drugs, and data collection. The 

theoretical aspect involves the development and use of pharmacokinetic models to 

interpret data, and predict drug disposition after drug administration. Pharmacokinetic 

studies play an important role in cancer chemotherapy, and can help in the understanding 

of mechanisms o f interaction among anticancer drugs which affect the therapeutic 

activity or toxic side effects. They are also useful in evaluating distribution o f different 

drug delivery approaches such as microspheres compared to more conventional forms of 

drug delivery like solutions for intravenous administration.

127
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Specific Aim

1) To evaluate the kinetics of free and encapsulated doxorubicin in rats.

Materials and Methods 

Sprague Dawley female rats were purchased from Harlan (Indianapolis, IN).

Study Design

A total o f 12 Sprague Dawley rats were used for the evaluation o f doxorubicin 

kinetics, 6 in the doxorubicin solution group, and 6 in the doxorubicin microsphere 

group. Female Sprague Dawley rats were housed in appropriate cages in groups of 2 

under standard laboratory conditions (room temperature, 22 ± 3 °C; 50 ± 5% humidity; 

air changes 10 times/hour; light/dark cycle 12 hours/12 hours. All animals had access to 

food and water ad libitum.

Group 1: 5mg/kg doxorubicin solution was administered to each rat by IP injection. Tail 

vein samples (400 pi) were obtained at 1, 2, 4, 8, 24, 48, and 72 hours post drug 

administration. To each blood sample 15 pi lOOOU/ml heparin was added, and plasma 

was obtained after high-speed centrifugation o f blood samples for 10 minutes.

Group 2: 5mg/kg doxorubicin microspheres in normal saline were administered to each 

rat by IP injection. Tail vein samples (400 pi) were obtained at 1, 2, 4, 8, 24, 48, and 72 

hours post drug administration. To each blood sample 15 pi lOOOU/ml heparin was 

added, and plasma was obtained after high-speed centrifugation of blood samples for 10 

minutes.

HPLC Analysis

Plasma samples were analyzed using a Waters HPLC system with a Fluorescent Detector 

(Shimadzu RF-551).
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Doxorubicin Extraction From Plasma

The method o f doxorubicin extraction was a modification o f that used by Zheng 

et al. (2001). Briefly, 100 ul of plasma was transferred into 1.5 ml eppendorf tubes. Each 

sample was analyzed in duplicates. 40 ul of internal standard (daunorubicin lOug/ml) was 

added to each of the samples and 200 ul of acetonitrile was added to precipitate plasma 

proteins. The samples were vortexed for 15 seconds and left standing at room 

temperature for 30 minutes. The samples were centrifuged at high speed for 10 minutes, 

after which the supernatant was transferred to HPLC vials for analysis. 100 ul o f samples 

and standards were injected into HPLC. Standards were prepared by spiking plasma with 

various concentrations o f doxorubicin solution.

A reversed phase isocratic HPLC analysis was used with the following conditions: 

Column ; Eclipse XDB-C18, 5um, 4.6 x 150mm.

Mobile Phase:30% Acetonitrile in 20mM Phosphate buffer (pH 3.0)

Flow rate : lml/min

Detector : Scanning Fluorescence Detector 

Excitation wavelength -  480 nm 

Emission wavelength -  550 nm 

Internal Standard: Daunorubicin 

Retention time: Doxorubicin -  1.5 min.

Daunorubicin -  4.5 min.

Data Analysis

All data are presented as means ± SD of 6 independent measurements. Statistical 

significance of the observed differences in solution treated vs. microsphere treated rats
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was determined using Student’s t test and values with p < .05 were considered significant 

and are denoted with an *.

Results and Discussion 

Measurement o f drug concentrations in the blood, serum, or plasma is the most 

direct way to assess pharmacokinetics of the drug in the body. Measuring plasma drug 

concentrations is significant because there is generally a correlation between 

pharmacologic effect and drug concentration in the blood at equilibrium. Serum or 

plasma is mainly used for the measurement of drug concentration. In this experiment 

plasma samples were obtained, for the measurement of doxorubicin concentration in rats. 

Plasma is obtained from the supernatant of centrifuged whole blood to which an 

anticoagulant, such as heparin, has been added. Plasma perfuses all the tissues of the 

body including the cellular elements in the blood. Assuming that a drug in the plasma is 

in dynamic equilibrium with the tissues, then, changes in the drug concentration in 

plasma will reflect changes in tissue drug concentrations (Shargel and Yu, 1999).

After analysis o f plasma samples, a semi-logarithmic plot of doxorubicin 

concentration vs. time was plotted. A semi-log plot of concentration vs. time yields a plot 

called the plasma level-time curve, which will determine what type of compartment 

model the data represents. Pharmacokinetic models may be used to represent drug 

distribution and elimination in the body, and ideally a model should mimic the 

physiologic processes in the body. A compartment represents the body as a series of 

systems, and is not a real physiologic region but a tissue or group of tissues that have 

similar blood flow and drug affinity. A model is a hypothesis using mathematical terms 

to concisely describe the quantitative relationships. Various mathematical models can be
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devised to simulate the rate processes of drug absorption, distribution, and elimination, 

which can then be developed into equations that describe drug concentrations in the body 

as a function of time.

Plasma analysis was performed via HPLC. Doxorubicin retention time was 1.5 

minutes, and the retention time for the internal standard daunorubicin was 4.5 minutes 

(figure 54). Concentrations of doxorubicin from rat plasma were determined from a 

standard curve (figures 55 & 56). The plasma level time curves originated, demonstrated 

in figures 57 -  62, show doxorubicin concentration vs. time, and Log concentration vs. 

time. Plasma concentrations of doxorubicin from the rats are shown in tables 20-24. The 

kinetic profiles of both doxombicin solution and microspheres in rats show that 

doxombicin appears to have exhibited a two-compartment model, even though curves 

look different. The microsphere plasma time curve shows a steady increase of 

doxombicin up to 10 hours, after which, a two-phase curve is evident demonstrating 

distribution and elimination. The initial absorption phase o f the curve is due to the release 

o f dmg on the microsphere surface into the central compartment from the IP cavity. 

Plasma concentrations of doxombicin are significantly higher from the microsphere 

dosage form compared to solution at 8 and 24 hours. After 8 hours in both groups 

elimination is predominant.

Many dmgs given in an intravenous bolus doses, or IP, demonstrate a plasma 

level-time curve that does not decline as a single exponential as in a first-order process. 

The curve for a drug following a two-compartment model shows the drug declining 

biexponentially as the sum of two first-order processes, distribution and elimination. The 

plasma level time curve for a two compartment model is divided into two parts, a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



distribution phase (a), and an elimination phase (p ). After the IP injection o f doxorubicin 

solution, doxorubicin rapidly equilibrated in the central compartment, then, the 

distribution phase of the curve represents the rapid decline of the doxorubicin from the 

central compartment into the tissue compartment. After equilibration, drug concentrations 

in both the central and tissue compartments decline more slowly representing a first order 

process during the elimination phase. Rate constants ki2 and k2 i represent the first order 

transfer constants for movement o f drug from compartment 1 (central) to compartment 2 

(peripheral), (k]2) , and from the peripheral to central (k2 i) compartments. These are the 

first-order rate constants that determine the rate of drug change in and out o f tissues._Kel 

is the overall elimination of drug from the system. Figure 53 shows a diagram of a two- 

compartment model.

k.21
k1 2 kel

Figure 53: Diagram of two-compartment model
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Thus, pharmacokinetic parameters for a two-compartment model determined by scientist 

computer program were a, (1, Ua, a 1/2 , and p 1/2 . These parameters can be derived from the 

equations:

Cp = A • e '“” + B » e ‘H

which describes the change in drug concentration in the blood and tissue with respect to 

time, a  and p are rate constants for the distribution and elimination phase respectively and 

depend on ki2 , k2 i, and k. Constants A and B can be obtained by graphical methods and 

are intercepts on the y axis for each exponential segment of the curve.

a  + p = kel + k l2  + k21

a  • p = kel • k21

D o s e » (a -k 2 1 )
V l ' ( a - p )

D o se« (k 2 1 -P )
V l « ( a - P )

Half-life can be calculated:

t ,/2 = ,693/k 

a 1/2 = .693/a 

P 1/2 = -693/p
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Other parameters determined were area under the curve (AUC), volume of 

distribution (V<j), and total clearance (Cltot). These parameters can be determined by 

model independent methods. AUC defines the area under the plasma level-time curve 

which is related to the amount of drug absorbed systemically, and is a measurement of 

the extent of drug bioavailability. It can be determined by the trapezoidal rule, and 

calculates the area from time = 0 to time of the last blood sample taken, t = x:

[AUC](0-x) = ZtlCn^C .H i) * (V , -  tn)]
2

Where Cn and Cn_i are concentrations. To obtain [AUC]” add all the area portions under
o

the curve from zero to infinity.

This can also be obtained by the equation:

[AUC]” = C m
t k

The total AUC is the sum of the two equations. Cltot and Vd can then be obtained from the

AUC and calculated as follows:

Cl,ot = D 
AUC

and

V d = D 
AUC(k)

where D is dose.
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Pharmacokinetic parameters are shown in Table 25. The AUC for 

microencapsulated doxorubicin was almost 3-fold larger than doxombicin solution. The 

half-life from doxombicin microspheres was approximately 7 times longer than 

doxombicin solution. These results suggest the microspheres, as a result of slow dmg 

release, will have a greater mean residence time and better efficacy. Clearance will be 

inversely proportional to AUC. Since microspheres have a greater AUC than the solution, 

clearance for doxombicin solution will be higher than doxombicin microspheres as 

shown in table 25. Volume of distribution relates to the total dmg volume distributed 

systemically. Volume of distribution was higher from the solution treatment. This is due 

to the fact that more of the dmg is within the central compartment. The microspheres will 

be phagocytosed into tissues after a short time period of circulation, and will show a 

decreased volume of distribution compared to the solution treatment.
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HPLC CHROM ATOGRAM
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Figure 54: Chromatogram of doxorubicin (retention time 1.5 min.) and daunorubicin 
(retention time 4.5 min.), after extraction from plasma
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Doxorubicin Standard Curve y = 0.0006x + 0.6824 
F? = 0.997
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Figure 55: Regression analysis of doxorubicin after extraction from plasma, area 
normalized to internal standard vs. concentration
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Figure 56: Regression analysis of doxorubicin after extraction from plasma, area 
normalized to internal standard vs. log concentration
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Table 20: Individual doxorubicin concentrations measured in rat plasma up to 72 hours 
from doxorubicin solution treatment

D ox
S o ln

C o n c e n t r a t io n s  in ra t  
p la s m a

T im e
(H R S)

1 2 4 8 24 48 72

660 85 13 12 7 4

537 52 49 11 8 7 5

180 24 14 6 5 4 15

66 85 14 8 9 6 5

8 49 24 16 5 6 _

48 54 52 6 7 _

Average 5 8 .1 6 6 6 6 6 6 7 2 7 .6 6 6 6 6 6 6 7 9 .8 3 3 3 3 3 3 3 3 6.8 6 7 .25

SD 23 .4 3 8 5 7 2 2 18 .16223187 3 .9 2 0 0 3 4 0 1 3 1 .78 8 8 5 4 3 8 2 1 .224744871 5 .1 8 8 1 2 7

P value 0 .0 0 0 7 6 7 7 9 7 0 .4 8 6 7 2 5 1 0 5 0 .000135491 0 .0 0 2 6 1 6 7 9 9 0 .510635691 0 .3 2 6 0 3 8

Table 21: Natural log (Ln) individual doxorubicin concentrations measured in rat plasma 
up to 72 hours from doxorubicin solution treatment

Ln D ox 
S o ln

Ln
C o n c e n t r a t io n s  

in r a t  p la s m aT im e  (HRS)

1 2 4 8 24 48 72

6 .4 9 2 2 3 9 8 4 4 .4 4 2 6 5 1 2 5 6 2 .5 6 4 9 4 9 3 5 7 2 .4 8 4 9 0 6 6 5 1 .94 5 9 1 0 1 4 9 1 .386294

6 .2 8 5 9 9 8 0 9 3 .9 5 1 2 4 3 7 1 9 3 .8 9 1 8 2 0 2 9 8 2 .3 9 7 8 9 5 2 7 3 2 .0 7 9 4 4 1 5 4 2 1 .94 5 9 1 0 1 4 9 1 .609438

5 .1 9 2 9 5 6 8 5 3 .1 7 8 0 5 3 8 3 2 .6 3 9 0 5 7 3 3 1 .79 1 7 5 9 4 6 9 1 .60 9 4 3 7 9 1 2 1 .386294361 2 .7 0 8 0 5

4 .1 8 9 6 5 4 7 4 4 .4 4 2 6 5 1 2 5 6 2 .6 3 9 0 5 7 3 3 2 .0 7 9 4 4 1 5 4 2 2 .1 9 7 2 2 4 5 7 7 1 .79 1 7 5 9 4 6 9 1 .609438

2 .0 7 9 4 4 1 5 4 3 .8 9 1 8 2 0 2 9 8 3 .1 7 8 0 5 3 8 3 2 .7 7 2 5 8 8 7 2 2 1 .60 9 4 3 7 9 1 2 1 .79 1 7 5 9 4 6 9 _

3.87120101 3 .9 8 8 9 8 4 0 4 7 3 .9 5 1 2 4 3 7 1 9 1 .791759469 1 .94 5 9 1 0 1 4 9 _

A verage 3 .982567401 3.144030311 2 .2 1 9 7 2 5 1 8 7 1 .88 8 2 9 0 4 1 9 1 .77232672 1 .828305

SD 0 .4 6 4 7 2 6 5 3 8 0 .6 4 1 4 4 6 9 7 7 0 .3 9 8 4 2 5 0 7 2 0 .2 6 9 6 3 7 0 4 3 0 .2 2 9 1 4 9 8 7 4 0 .5 9 5 8 5 5
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Table 22: Individual doxorubicin concentrations measured in rat plasma up to 72 hours 
from doxorubicin microsphere treatment

D ox MS
C o n c e n tr a t io n s  

in  ra t  p la s m a
T im e
(HRS)

1 2 4 8 24 48 72
_ 7 31 48 16 6 7
- 7 16 31 32 6 6
- 10 15 24 17 4 7
- 11 44 51 39 4 19
- 17 50 56 26 8 19
- 18 54 56 - 18 -

A verage 11 .66666667 35 4 4 .3 3 3 3 3 3 3 3 26 7 .6 6 6 6 6 6 6 6 7 11.6

SD 4 .8 0 2 7 7 6 9 7 4 16 .9 9 4 1 1 6 6 3 13 .5 7 4 4 8 5 8 7 9 .8 2 3 4 4 1 3 5 2 5 .2 7 8 8 8 8 7 7 2 6 .7 6 7 5 7

P va lue 0 .0 0 0 7 6 7 7 9 7 0 .4 8 6 7 2 5 1 0 5 0.000135491 0 .0 0 2 6 1 6 7 9 9 0 .510635691 0 .3 2 6 0 3 8

Table 23: Natural log (Ln) individual doxorubicin concentrations measured in rat plasma 
up to 72 hours from doxorubicin microsphere treatment

Ln D ox 
MS Ln

C o n c e n tr a t io n s  
in ra t p la s m a

T im e
(HRS)

1 2 4 8 24 48 72
. 1 .945910149 3 .4 3 3 9 8 7 2 0 4 3 .871201011 2 .7 7 2 5 8 8 7 2 2 1 .79 1 7 5 9 4 6 9 1.94591
- 1 .945910149 2 .7 7 2 5 8 8 7 2 2 3 .4 3 3 9 8 7 2 0 4 3 .4 6 5 7 3 5 9 0 3 1 .79 1 7 5 9 4 6 9 1 .791759
- 2 .3 0 2 5 8 5 0 9 3 2 .708050201 3 .1 7 8 0 5 3 8 3 2 .8 3 3 2 1 3 3 4 4 1.386294361 1.94591
- 2 .3 9 7 8 9 5 2 7 3 3 .7 8 4 1 8 9 6 3 4 3 .9 3 1 8 2 5 6 3 3 3 .6 6 3 5 6 1 6 4 6 1 .386294361 2 .9 4 4 4 3 9
- 2 .8 3 3 2 1 3 3 4 4 3 .9 1 2 0 2 3 0 0 5 4 .0 25351691 3 .2 5 8 0 9 6 5 3 8 2 .0 7 9 4 4 1 5 4 2 2 .9 4 4 4 3 9
- 2 .8 9 0 3 7 1 7 5 8 3 .9 8 8 9 8 4 0 4 7 4 .0 25351691 - 2 .8 9 0 3 7 1 7 5 8 -

A verage 2.385980961 3 .4 3 3 3 0 3 8 0 2 3 .7 4 4 2 9 5 1 7 7 3 .198639231 1 .88 7 6 5 3 4 9 3 2 .3 1 4 4 9 2

SD 0.4 1 2 0 3 1 1 5 0 .5 6 9 8 4 4 0 3 9 0 .3 5 3 8 8 6 5 8 9 0 .389256911 0 .5 5 9 1 6 7 2 1 3 0 .5 7 8 4 9 4
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Table 24: Summary of plasma doxorubicin levels after administration of doxorubicin 
solution and micropsheres. # represents values for solution significantly higher than 
microspheres. * represents significantly higher microsphere concentrations than 
solution (p<0.05).

Doxorubicin concentration in plasma (ng/ml ± SD) 
of:

Time
(Hrs) Solution Microsohere D-Value

2 58 .1± 41.1 #11.6 ± 4 .8 0.0202
4 27.6 ± 32 35 ± 2 8 0.683
8 9.8 ± 3.92 *44.3 ± 30.6 0.0211

24 6.8 ± 1.78 *26 ± 9.8 0.0026
48 6 ± 1.22 7.6 ± 5 .3 0.5106
72 7.25 ± 1.18 11.6 ± 6 .7 0.326
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K inetic Profile o f Dox S o lu tion  in R ats
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Figure 57: Kinetic profile o f doxorubicin solution in rats (n^6)
Plasma concentrations o f doxorubicin from the solution are higher in the first 2 
hours. After this, doxorubicin is rapidly eliminated from the system
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K inetic Profile of Dox Solu tion  in R ats: Ln C o n cen tra tion  vs. Time

5

4.5 -

4

3.5

3

2.5

2

.5 -j

1

0.5 ;

0 . j _  _ _ _ _ _ _ _ -------------------------------       i-  -------------------- ;--------------------- --------------------- — r—  — — ,-----------

0 10 20 30 40 50 60 70 80

T im e (h rs)

Figure 58: Semi-log plot of kinetic profile of doxorubicin solution in rats

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C
on

ce
nt

ra
ti

on
 

(n
g/

m
l)

144

Kinetic Profile o f DOX MS in R ats
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Figure 59: Kinetic profile of doxorubicin microspheres in rats (n=6)
The microsphere plasma time curve shows a steady increase of doxorubicin up to 
10 hours, after which, a two-phase curve is evident demonstrating distribution and 
elimination. The initial absorption phase of the curve is due to the release o f drug 
on the microsphere surface into the central compartment from the IP cavity.
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K inetic Profile o f Dox MS in R ats: Ln C o n cen tra tion  v s . Time
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Figure 60: Semi-log plot o f kinetic profile o f doxorubicin MS in rats
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K inetic Profile of D oxorubicin  S o lu tion  vs. M icro spheres in R ats
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Figure 61: Kinetic profiles o f doxorubicin solution vs. microspheres in rats 
(n=6). Plasma concentrations of doxorubicin are significantly higher from the 
microsphere dosage form compared to solution at 8 and 24 hours. After 8 hours in 
both groups elimination is predominant.
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K inetic P rofiles of Dox S o lu tion  v s . M icro spheres: Ln C one. vs. Time
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Figure 62: Semi-log plot of kinetic profiles of doxorubicin solution vs. 
microspheres in rats
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Table 25: Pharmacokinetic parameters for doxorubicin in rat plasma

Pharmacokinetic parameters for 
Doxorubicin
Parameter Units MS Solution

a hr'1 4 0.634
3 hr'1 0.015 0.034

tl/2 hr 23.7 3.2
a i / 2 hr 0.173 1.09
3 l / 2 hr 47.6 20.4

AUC ng/ml/hr 2177 755
Clfot ml.hr'1 918.6955 2649.006623
Vd L/kg 244.9855 311.6478379
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Conclusions

The in vivo evaluation of doxorubicin kinetics shows that the microsphere 

preparation gave a sustained release profile as evidenced by the steady increase in 

doxorubicin concentration up to 10 hours. The plasma-level time curve for both 

doxorubicin solution and doxorubicin microspheres appeared to exhibit a 2 compartment 

model. The microsphere dosage form showed a higher AUC and longer half-life than that 

of the solution, therefore, suggesting a longer duration of action and perhaps greater 

bioavailability, since AUC measures the extent of drug bioavailability. This study shows 

that microspheres for the delivery o f anticancer drugs such as doxorubicin may be 

effective in increasing the bioavailability of drug available to penetrate tumors, and hence 

a more effective delivery method than solution forms.
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CHAPTER 7 

OVERALL SUMMARY AND CONCLUSIONS 

As anticancer drug delivery continues to be a challenge to scientists, more and 

more new developments continue to progress this area o f research. Most types of drug 

delivery technologies will have a significant impact on cancer therapies. As a result of 

new therapies, the drug delivery portion of the anticancer market is expected to exceed 

80% of the market by 2010. Oral controlled release and injectable controlled and 

sustained release systems will be important for reformulating generic anticancer drugs. 

Targeted systems may combine a generic drug with a vector or a linker that releases the 

drug directly at the tumor site. Viral and lipid vectors will be critical to the future success 

of gene-based cancer therapies. New, as well as currently marketed cancer drugs will be 

increasingly formulated using drug delivery systems both for improved product attributes 

and life cycle management. Overall, drug delivery systems will either improve or enable 

the next generation of cancer therapies. In the past decade, the value of drug delivery 

technologies to the pharmaceutical industry has grown exponentially.

Long term treatment with anticancer agents results in the development of 

mulidrug resistance. It was the aim of this project to formulate and deliver microparticles 

for controlled and sustained release o f doxorubicin and verapamil to drug resistant tumor 

cells, in efforts to circum vent m ultidrug resistance. M ultidrug resistance will continue to 

be a major obstacle in cancer treatment, however drug delivery systems such as

150
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microspheres may be a way to effectively reduce the problem, making cancer therapy 

more effective.

The formulation of microparticles by the spray-drying method produced uniform, 

highly dispersed particles in a size range appropriate for phagocytosis into tumor cells. 

This is a highly effective and reproducible way to form microparticles for drug delivery. 

The microspheres produced were stable in suspension. This is important due to the fact 

that microparticles would be administered in this way. Microspheres prepared by the 

solution crosslinking method decreased the amount of burst release compared to 

microspheres made by the surface crosslinking method. Release profdes showed that the 

microspheres formulated sustained its release of drug up to a 72 hour time period. 

Formulations can continuously be optimized to give the best possible sustained release 

profile. After the development of the drug resistant melanoma tumor cell, microspheres 

were delivered to these cells. The microsphere dosage form of doxorubicin decreased 

efflux o f doxorubicin from within the tumor cells by 33%, and with the addition of 

verapamil microspheres efflux of doxorubicin was completely inhibited increasing the 

doxorubicin concentration inside the cell. Cytotoxicity studies revealed greater toxic 

effects to tumor cells treated with doxorubicin microspheres, and doxorubicin/verapamil 

microspheres. It has been shown that verapamil, a calcium channel blocker mainly used 

for the treatment of heart arrythmias, is an effective p-glycoprotein inhibitor. If used 

clinically, it could pose a problem due to the fact that it may significantly lower the blood 

pressure. However, a less active enantionmer o f verapamil would be more appropriate to 

use for p-glycoprotein inhibition clinically.
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Microspheres delivered to endothelial cells had the opposite effect as on B 16DR 

cells. Cell viability decreased in a time dependent manner, and it was shown that the 

slower release of doxorubicin over time could decrease toxic effects to these cells, 

compared to the solution form which caused a significantly higher amount of toxicity to 

these cells. Since there is no efflux o f doxorubicin from these cells, higher concentration 

accumulating within the cell at once, as with solution, would cause greater cytotoxicity. 

Thus, microspheres may be used in the place of solution forms o f doxorubicin, as a 

means to protect the endothelium and associated cardiotoxicity, resulting from the use of 

doxorubicin.

Pharmacokinetic studies in rats after treatment with doxorubicin microspheres or 

doxorubicin solution revealed a prolonged half-life o f doxorubicin from microsphere 

treatment vs. solution treatment. Plasma drug concentrations and AUC were significantly 

higher, with respect to time, in rats treated with microspheres vs. solution. Kinetics for 

both doxorubicin solution and microspheres showed a two-compartment model.

It has been shown that microspheres can be used for the delivery o f anticancer 

drugs to tumor cells, and decrease drug resistance, in vitro. Some o f the next goals for 

research in this area are targeting approaches so that these microparticles can go directly 

to the site of action which is the tumor, such as with the use of antibodies, and also the 

formulation of these microparticles for arterial, and intratumoral drug delivery directly to 

the tumor site. Microparticulate formulations that provide controlled delivery can provide 

more than just a better-regulated chemotherapy regimen. They may also deliver cell- 

specific drugs, based on biotechnology and DNA directly to the sit of interest.
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It is clear that there is a great deal of potential use of microparticulate drug 

delivery systems to treat cancer, however only a few of these formulations have 

progressed through enough human studies to have proven their worth both in enhancing 

the efficacy of the drugs being delivered and in minimizing the undesirable side effects of 

traditional chemotherapy. One product currently on the market is the Lupron Depot 

which is available in 4-, 3-, and 1- month formulations which are approved in the United 

States for the treatment of advanced prostate cancer. Within the next few years, we 

should see some o f the formulations currently in laboratories progress to clinical settings 

and perhaps to a large number o f cancer patients whose lives will be improved by using 

these types of advanced formulations.
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