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ABSTRACT 

PART I 

Following a general historical review of the development of 

drug targeting, critical evaluations were made of current targeted drug 

delivery systems. Based on the results shown by previous studies, 

magnetic albumin microspheres containing adriamycin is one of the most 

promising targetable delivery systems for the treatment of solid 

tumors. It was also apparent that the pharmacokinetics of drugs asso

ciated with magnetic albumin microspheres had not been determined. 

A systematic study of the multiple variables inv'olved in 

albumin microsphere preparation was completed to identify to what ex

tent these variables affected the microsphere size distribution. The 

results of this investigation led to an optimal method of microsphere 

preparation. 

Information obtained from the above studies was applied to 

the production of magnetic albumin microspheres containing adriamycin 

suitable for in vivo use. 

The problems of separation and quantitation of adriamycin and 

adriamycinol in biological matrices were investigated using ion-pairing 

high pressure liquid chromatography. An optimized chromatographic 

system was presented for the analysis of these compounds in rat serum 

and tissues. 

The disposition of adriamycin following administration as mag

netic albumin microspheres and as a solution was studied by monitoring 

xviii 
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adriamycin concentrations in multiple rat tissues for forty-eight 

hours after administration. The magnetic dosage form was targeted to 

a predefined tail segment with a magnetic field strength of 8000 G 

applied for 30 min after dosing. A physiological pharmacokinetic 

model was used to describe the disposition of adriamycin after both 

dosage forms. The model developed following adriamycin administration 

as a solution served as the foundation for the model for adriamycin 

when it was administered as the magnetic dosage form. 

PART II 

The present investigation was designed to characterize the 

kinetics of ibuprofen in plasma and synovial fluid, which in the past, 

has been flawed by inadequate study protocols. After administration 

of a single dose and at steady-state, ibuprofen concentrations were 

measured simultaneously in plasma and synovial fluid obtained from 

eight patients with rheumatoid arthritis. The extent of accumulation 

of ibuprofen in each fluid was determined. The degree of ibuprofen 

protein binding in plasma and synovial fluid was also determined and 

related to its kinetic behavior. 



PART I 

PHARMACOKINETIC STUDIES OF ADRIAMYCIN DELIVERED 

VIA MAGNETIC ALBUMIN MICROSPHERES 



CHAPTER 1 

TARGETED DRUG DELIVERY SYSTEMS 

1.1 Introduction 

One of the limitations of conventional drug therapy is the lack 

of site specificity. Increasing the drug concentration at the site of 

action, along with decreasing the systemic concentration, would in

crease drug effectiveness and reduce the incidence of side effects. 

This is the goal of targeted drug delivery systems. 

The pharmaceutical treatment of any disease could potentially 

be benefited by the use of a targeted drug delivery system. However, 

the primary focus of these systems has been in the treatment of cancer. 

Cancer treatment is likely to be benefitted by a targetable drug deliv

ery system because cancer is frequently confined to one anatomic site 

and treated with systemically toxic agents. Targeted drug delivery 

systems would enable the drug to selectively interact with tumor cells, 

while avoiding non-tumor cells. If such an approach was successful, 

the therapeutic index of chemotherapeutic drugs would be greatly 

enhanced. 

In 1906, Paul Ehrlich (1906) proposed the idea of drug target

ing with his futuristic statement, IIIf one wishes to carry out such 

therapy it is necessary to find moieties which have a special affinity 

for a particular organ. Having found them it is then possible to use 

them as vehicles for carrying therapeutically active groups to 
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that organll. The concept of drug targeting was not experimentally 

tested until Mathe and co-workers (1958) attempted to target metho

trexate to L1210 leukemic cells in the mouse, with a tumor specific 

antibody carrier. Although the results were encouraging, the field 

of targeted drug delivery systems received little attention until the 

1970's. 

The ingenuity used in the development of targetable drug. 

delivery systems has led to a broad range of systems, as summarized 

in Table 1.1 O~idder et a1., 1979a; Gregordias, 1977). Ideal target

able drug carriers should have the following properties and character

istics (Duncan and Kopecek, 1984; Poznansky and Cleland, 1980; Widder 

et a1., 1979a): 

i) Restrict drug distribution to a predefined site. 

ii) Deliver drug in a biologically active form and in signifi

cant amounts to the target site. 

iii) Provide a controllable and predictable drug release rate. 

iv) Be biocompatible, biodegradable, nonantigenic and nontoxic. 

Present carrier systems meet these requirements to varying 

degrees. The restriction of the carrier and drug at the target site 

can occur by a variety of mechanisms, and at three distinct levels, 

namely, first, second and third order (ltJidder et al., 1979a). First

order targeting refers to the restriction of distribution of carrier 

and drug to the capillary bed of a predetermined site. The selective 

direction of carrier or drug to tumor cells versus normal cells is 

indicative of second order targeting. Third-order targeting requires 

3 



Table 1.1 Drug Carrier Systems 

Category Example 

A. Encapsulated Systems 

1. Nonbiodegradable 

2. Biodegradable 

a. Vesicular 

1. Cells 

2. Synthetic systems 

b. Particulate 

B. Exposed Systems 

po lyacryl ami de 

erythrocyte ghosts 

1iposomes 

magnetic albumin 
mi crospheres 

prodrugs, macromolecule 
drug conjugates 

4 



that the drug be released by the carrier at selected intracellular 

sites. Drug targeting is usually achieved through a combination of 

these processes with third-order targeting being the most efficient 

and desirable way to deliver drugs. 

5 

Each order of targeting presents its own problems in the de

sign of the delivery system. For example, the accomplishment of first

order targeting depends on the avoidance of carrier uptake by the 

reticuloendothelial system (RES). The reduction of RES clearance can 

be accomplished by the alteration of the carrier's physicochemical 

properties, or in the case of a magnetic carrier, by the application 

of an external magnetic field. For third-order targeting, the drug 

and carrier must traverse the capillary endothelium before undergoing 

further intracellular transport and release of drug. The capillary 

endothelium of tumor tissue may not be uniform with regard to permea

bility, cell gaps and endocytic activity (Nicolson, 1976; Potchen et 

al., 1971), making it difficult for a single carrier to consistently 

deliver drugs to the target site. 

Figure 1.1 illustrates the potential pathways of a targeted 

drug delivery system. The problems of successful drug targeting 

increase for each barrier the carrier must traverse prior to reaching 

the site of action. A variety of in vitro and in vivo evaluations have 

been used to assess the efficacy of such drug delivery systems. In 

vitro evaluations include studies to determine the drug release rate 

from the carrier and the effect of the carrier system on tumor cell 

lines. In vitro stud;~s can indicate if the carrier system has the 
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Figure 1.1 Potential pathways for a targeted drug delivery system. 
(From Sezaki and Hashida, 1984). 
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properties required for in vivo use. The in vivo evaluations ordi

narily have therapeutic end-points, for example, the percentage of 

animal survival after different treatments. The information from 

therapeutic studies is necessary but insufficient to quantitate the 

efficacy of a carrier system for targeting drugs relative to a conven

tional dosage form. 

Pharmacokinetic studies, which measure the carrier and drug 

concentration over time in multiple tissues, can provide the desired 

quantitation. Positive results obtained from a clinically based study 

should be supported by the results obtained from pharmacokinetic 

studies. Inconsistencies among these studies may be used to detect 

anomalous conclusions. The drug concentration-time profiles can also 

be used to develop pharmacokinetic models. These models can give a 

detailed description of the relevant drug and carrier transport pro

cesses, and be used as guidelines to optimize the carrier system. 

Ultimately, predictive models may be developed to facilitate the design 

of dosing regimens for the carrier system with the object of optimizing 

the therapeutic benefit. 

1.2 Pharmacokinetics of Drug Delivery Systems 

1.2.1 Macromolecule-Drug Conjugates 

Macromolecular-drug conjugates are formed by the conjugation 

of a drug to a polymeric backbone either directly or via a spacer 

moiety. Both covalent and non-covalent bonding of the drug to the 

carrier have been produced (Poznansky and Cleland, 1980). 
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The disposition of the macromolecule-drug conjugates will be determined 

in large part by the physicochemical properties of the carrier such as 

molecular size, electrical charge, solubility and lipophilic/hydro

philic balance (Sezaki and Hashida, 1984). 

The pharmacokinetic analyses used for macromolecule-drug con

jugates are similar to those applied to prodrugs, since both systems 

undergo a chemical or enzymatic reaction to produce the active agent. 

The theory associated with the pharmacokinetic modelling of prodrugs 

has been proposed by Notari (1981), and Stella and Himmelstein (1980). 

Hashida et al. (1984) studied the pharmacokinetics of different 

molecular weight mitomycin C l4C-dextran conjugates and free mitomycin 

C in rats after intraveneous administration. By monitoring the radio-

activity of the carrier, it was found that the major organs for carrier 

accumulation were the liver, spleen and lymph nodes. The reticulo

endothelial accumulation increased as the molecular weight of the con-

jugates increased. The measurement of plasma mitomycin C concentra

tions in both the conjugated and unconjugated forms indicated that the 

half-life was prolonged over that obtained after the administration of 

the free drug. This suggested that the carrier served as a reservoir 

for mitomycin C. 

1.2.2 Liposomes 

Liposomes are macroscopic structures consisting of one or more 

concentric lipid bilayers enclosing an equal number of aqueous spaces 

(Weinstein and Leserman, 1984). The variety of lipid components, their 

molar ratios and the methods of preparation allows great flexibility 
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in determining the physicochemical properties of the liposomes. These 

properties will effect the in vivo disposition of both the carrier and 

entrapped drug (Juliano and Stamp, 1975). The disposition of liposomes 

and of drugs incorporated in liposomes has been studied in animals by 

several workers (Allen and Everest, 1983; Ellens et al., 1983; Rosa and 

Clementi, 1983; Kimelberg and Atchinson, 1978). Although none of these 

studies have applied pharmacokinetic techniques to analyze the data, 

the investigators have collectively made the following observations: 

i} Drug clearance is decreased following drug administration as 

liposomes relative to drug administration as a solution due to 

carrier protection against metabolic degradation. 

ii} The drugs primarily accumulate in the reticuloendothelial 

system, especially in the liver and spleen. 

iii} The reticuloendothelial system clearance of the liposomes is 

dose dependent. 

Unfortunately, only a few studies have utiiized mathematical 

techniques to describe the disposition of liposomes and entrapped drug. 

Juliano (1981) proposed a two compartment model to describe the pharma

cokinetics of intraveneously administered multi lamellar and unilamellar 

liposomes. It was claimed that the initial slope of the concentration

time curve was due to multi lamellar elimination, and the terminal slope 

was due to unilamellar elimination. This explanation may not be 

totally correct as it has been demonstrated that upon administration 

of small unilamellar liposome encapsulated anticancer drugs a biphasic 

blood concentration-time profile can also be observed (Juliano and 



10 

Stamp, 1978). The biphasic blood concentration-time curves seem to 

represent tissue distribution of the free and/or entrapped drug. 

Hwang et ale (1980) have presented a four compartment model to 

describe the kinetics of intact and degraded sphingomyelin/cholesterol 

liposomes in the liver and blood of the mouse. There was good agree-

ment between the model predictions and the observed values. 

nation half-life of the unilamellar liposomes was 16.5 hr. 

The elimi

According 

to the investigators, the half-life indicated the potential of this 

carrier for in vivo targeting. The authors also suggested that their 

model could be extended to describe liposome disposition in other tissues. 

Abraham et ale (1983) proposed a two compartment pharmacokinetic 

model for triamcinolone after intraveneous administration of free and 

liposomal entrapped drug in the rabbit. From nonlinear least squares 

regression analysis of triamcinolone whole blood concentration versus 

time data, various pharmacokinetic parameters were generated. It was 

found that there was an increase in the volume of distribution and half

life, with no change in the clearance for the liposomally entrapped 

triamcinolone relative to the free form. These results indicated that 

the liposomes enhanced the tissue distribution of triamcinolone, and 

that the clearance mechanism for triamcinolone was not altered due 

to administration as liposomes. 

1.2.3 Polymeric Nanoparticles 

A number of solid polymeric nanoparticle carriers have been 

formulated to target a variety of therapeutic agents. Polymethylacry

late, polyalkylcyanoacrylate and polyacrylamide are biodegradable 
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carriers with an average diameter of less than one micron. The use-

fulness of these nanoparticles as versatile site specific carriers will 

depend on the ability to alter the surface characteristics of the par

ticles to avoid rapid reticuloendothelial clearance (Leu et al., 1984). 

A number of tissue distribution studies have been performed with these 

carriers, and it was found that these particles primarily distribute to 

the liver and spleen (Edman and Sjoholm, 1983; Kreuter et al., 1983; 

Sjoholm and Edman, 1979). Tissue distribution studies of antitumor 

drugs associated with polyalkylcyanoacrylate nanoparticles have shown 

enhanced uptake of the drug in the liver and spleen due to carrier 

localization at these sites (Couvreur et al., 1980). 

Several investigators have calculated pharmacokinetic param

eters for either the carrier or associated drug. Arturson et al. 

(1983) measured total l4C in mice following the intraveneous admini

stration of radiolabelled polyacrylamide particles with various 

adsorbed proteins. Although the surface characteristics of the par

ticles were altered due to the differing proteins, the kinetic param

eters of the particles were similar. The data could be described by 

a one compartment model. Based on the radioactivity in blood, the 

particles had a half-life of about 60 min, volume of distribution of 

2.4 ml and a clearance of 0.03 ml/min. Irrespective of the surface 

properties of the carrier, the particles were found to localize in the 

liver and spleen. Similar pharmacokinetic results were obtained for 

polyalkylcyanoacrylate nanoparticles in the mouse (Grislain et al .• 

1983). 
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A two compartment model was used to describe the kinetics of 

vincamine in rabbits following intraveneous administration as a solu

tion and as vincamine adsorbed onto polyhexylcyanoacrylate nanopar

ticles (Maincent et al., 1984). The elimination half-life and volume 

of distribution for vincamine were greater after nanoparticle admini

stration but there was no change in clearance. The investigators 

concluded that the change in vincamine distribution was due to carrier 

distribution to the reticuloendothelial system. 

1.3 Review of Albumin Microspheres 

Albumin microspheres of various sizes were initially prepared 

for the study of the reticuloendothelial and circulatory systems 

(Rhodes et al., 1969; Rhodes et al., 1968). The in vivo distribution 

of albumin microspheres, as with other colloidal carriers, depends 

largely on their size. After intraveneous injection of particles less 

than 1.4 p in diameter, about 90% were localized in the liver in ten 

minutes (Scheffel et al., 1972; Taplin et al., 1964; Ring et al., 

1961). As the particle size was increased, there was an increase in 

microsphere retention in the first capillary bed encountered (Wagner 

et al., 1969). 

The degradation of albumin microspheres prepared at different 

heat stabilization temperatures was studied in mice by Zolle et al. 

(1970a). Radioactive microspheres ranging in size from 12 to 44 p 

were heat stabilized at 118°C, 146°C or 165°C. After intraveneous 

administration, the radioactivity in the lung was measured over time. 

The lung half-life increased from 2.4 hr for microspheres prepared at 
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118°C to 144 hr for microspheres prepared at 165°C. It was, therefore, 

suggested that the decomposition rate of albumin microspheres is 

dependent on the extent of matrix stabilization. 

In addition to being biodegradable, albumin microspheres were 

reported to be nonantigenic, nontoxic and capable of being endocytized 

by tumor cells (Kramer and Burnstein, 1976; Rhodes et al., 1969). 

Microsphere endocytization by tumor cells would permit an entrapped 

drug to be released at the desired site of action. 

Kramer (1974) first demonstrated that chemotherapeutic agents 

could be effectively entrapped in albumin microspheres. Following 

this initial finding, Morimoto, Sugibayashi and co-workers (1981, 

1980, 1979) performed a series of investigations on the application 

of albumin microspheres in drug targeting. 

The distribution of 5-fluorouracil-6-3H administered intra-

veneously as a solution and entrapped in albumin microspheres was 

studied in the mouse (Sugibayashi et al., 1979). The microspheres were 

heat stabilized at 100°C, 150°C and 180°C. It was found that the 

radioactivity was predominately in the liver, and nearly constant for 

up to three days after microsphere administration. The liver radio

activity was highest, about 70% of the dose, for the 180°C heat

stabilized microspheres. It was suggested that the lower liver radio

activity for the microspheres prepared at the lower heat stabilization 

temperatures was a consequence of microsphere size. This argument is 

supported by the finding that microspheres resuspended in an aqueous 

medium for administration will swell to an extent whose size depends 
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on the heat stabilization temperature (Zolle et al., 1970a). The 

1000e and 150 0 e microspheres will swell to a larger size than the 

l80 0 e prepared microspheres due to a lower degree of matrix stabili

zation. Thus, the larger diameter microspheres will be trapped in the 

. lung causing a reduction in the liver radioactivity. The 5-fluorou

uracil radioactivity in the liver was higher and more prolonged after 

microsphere administration, irrespective of their heat stabilization 

temperature, compared to that after free 5-fluorouracil administration. 

These results suggested that the microspheres were capable of prolong

ing the release of 5-fluorouracil in the liver when compared to free 

drug administration. Since the assay used for 5-fluorouracil determin

ation could not differentiate the 5-fluorouracil from its metabolic 

products, the prolonged liver radioactivity may be misleading. 

The therapeutic efficacy of free 5-fluorouracil and 5-fluorou-

racil administered in microspheres was tested in mice bearing either 

an Ehrlich ascites, implanted intraperitoneally, or solid tumor, im

planted in the scapular region (Morimoto et al., 1980a). Microspheres 

were administered intraperitoneally for the ascitic form of the tumor 

and intratumorally for the solid form. For ~ice bearing the ascitic 

form of the tumor, the life span increased by 50% for the microsphere 

treated group compared to the saline control. The percentage increase 

in life span for the group treated with free 5-fluorouracil was not 

reported. For mice bearing the solid form of the tumor, the measure

ment of tumor size indicated that at twenty days after tumor innocu

lation the microsphere treated group had a 90% greater reduction in 



tumor size than both the control and the free drug treatment groups. 

This beneficial effect was again attributed to prolonged release of 

5-fluorouracil at the tumor site from the microspheres. 
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In a different study, 3H-adriamycin entrapped in albumin micro

spheres was intraportally administered to rats bearing AH 7974 liver 

metastasis (Morimoto et al., 1981a). The survival time was increased 

by thirteen days over rats that received free drug. Approximately 90% 

of the adriamycin dose was found in the liver for up to ten days after 

microsphere administration. At 10 min after intraportal administration 

of the free drug about 50% of the dose was in the liver. This amount 

decreased to about 10% after one day. These results support the idea 

that the microspheres can provide a sustained release of drug at the 

desired target site. 

1.4 Review of Magnetic Drug Delivery Systems 

All the targeted drug delivery syste~s presented so far depend 

primarily on the physicochemical properties of the carrier to achieve 

site specificity. The ability of these systems to direct drugs out

side the reticuloendothelial system is limited. 

Magnetic albumin microspheres appear to be one of the most 

promising and versatile systems for achieving site specificity. The 

magnetic carrier and associated drug are designed as first-order target 

systems. They can be directed to specific sites by the application of 

an external magnetic field. The carrier system is parenterally admin

istered a short distance upstream from the target site to minimize 

particle loss in the branching blood vessels. At present, there are 



three distinct types of targetable magnetic drug delivery systems, 

magnetic microspheres, magnetic microcapsules and magnetic emulsions. 

Magnetic microspheres and microcapsules are solid carriers differing 

in particle size, while magnetic emulsions are liquid carriers. 

1.4.1 Magnetic Microspheres 
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Magnetic starch microspheres, greater than 2 ~ in diameter, 

with covalently coupled 125I-albumin or 2_14C ethanolamine, were ad

ministered to rabbits (Mosbach and Schroder, 1981 and 1979). An elec

tromagnet producing a 5000 gauss (G) magnetic field was placed over one 

ear for 10 min with the other ear serving as control. An enrichment 

factor, undefined by the authors, for the conjugated substance was 

reported to be between 4 to 8 for the target site. However, about 80% 

of the particles were trapped in the lung due to particle size. No 

information was provided regarding the distribution of the remaining 

microspheres. Similar experiments were also performed by Schroder and 

Mosbach (1982) using 1 ~ 125I-labelled magnetic starch microspheres. 

Although the particle size was reduced, improvements of the target site 

enrichment factor were not achieved. In these two studies, a relatively 

low percentage of the carrier dose would be expected at the target site 

due to intravenous administration. Intravenous administration allows 

a greater fraction of the carrier to distribute systemically prior to 

reaching the target site than does intraarterial administration. 

Radioactive measurements were not made in the absence of the magnetic 

field, and thus it would be difficult to draw any conclusions from 

these studies. 
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Dactinomycin loaded polyisobutylcyanoacrylate nanoparticles 

with a magnetite content of 28% w/w and a mean particle diameter of 

0.22 ~ were tested in mice (Ibraham et al., 1983). The magnetic 

carrier was administered intravenously in the absence (control) and 

presence (test) of a permanent magnet placed on each kidney. The 

kidney 3H-dactinomycin concentrations ten minutes after the admini

stration were three times higher for the test group than for the con-

trol group. Inspection of the data showed that 8% of the total 

dactinomycin dose was localized in the kidney of the test group, 

versus about 2.5% in the kidney of the control group. Although the 

distribution of dactinomycin was altered in the presence of the magnet, 

the efficacy of targeting was poor. The low efficacy can be attributed 

to intravenous rather than intraarterial injection, and possibly to 

the rapid desorption of dactinomycin from the particle surface upon 

administration. 

Morimoto et al. (198lb, 1980b) studied the distribution of 

125I-labelled human serum albumin magnetic microspheres in the mouse. 

Both 1 ~ and 3 ~ diameter microspheres were targeted to the lung. 

Microspheres were administered in the absence and presence of a 3000 G 

magnetic field applied for 10 min. At 10 min post dosing, the 125 I 

activity for 1 ~ particles increased from 3.9% in the absence to 12% 

in the presence of the magnetic field. A similar increase, from 10.7% 

to 21%, was observed for the 3 ~ particles. At 60 min after the dose, 

about 20% of the administered radioactivity was in the lung for the 3 ~ 

microspheres. With the 3 ~ microspheres, lung radioactivity was found 
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to increase from about 17% to 28% of the dose at 60 min when the mag

netic field was applied for 60 min. These results indicated that 

particle retention was a function of the particle size and the magnetic 

field application time. 

The same investigators targeted 1 ~ 125I-labelled magnetic 

microspheres to the left kidney of the rat by the placement of a magnet 

on the exposed kidney for 10 min (Morimoto et al., 1981b). At 10 min 

post-dosing, the target kidney contained 56% of the dose, while without 

a magnet the kidney contained 22% of the dose. By 60 min post-dosing, 

the radioactivity decreased to 20% of the dose, while the control level 

decreased to about 15% of the dose. Similar to the mice experiment, a 

60 min magnetic field application time maintained almost constant 

radioactivity at the target site for 60 min. Therefore, application of 

an external magnetic field helps in confining these particles to the 

target site. 

In the final study performed by the same investigators 

(Sugibayashi et al., 1982), 3H-adriamycin entrapped in 125I-1abelled 

human serum albumin magnetic microspheres was targeted to the lung 

containing AH 7974 metastasis, with a 6000 G magnetic field applied 

for 10 min. The distribution of adriamycin was compared following the 

administration of the magnetic microspheres in the presence and absence 

of a magnetic field and as adriamycin in solution. At 10 min post

dosing, the maqnetic dosage form delivered about 20% of the adriamycin 

dose to the lung. This value compared favorably to 12% in the lung 

without the magnet and about 3% of the dose in the lung after 
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administration as a solution. The antitumor effect of the dosage forms 

was analyzed by determining the percentage of rats surviving after three 

doses administered on 1, 8 and 15 days after tumor innoculation. The 

survival times for the rats following administration of the magnetic 

microspheres in the presence of a magnet were significantly greater 

than for the other two groups. Although the 10 min post-dosing radio

active adriamycin measurements suggest that the increased survival 

times are due to the site localization of the drug, this cannot be 

verified without prolonged adriamycin concentration determinations. 

An in vitro flow apparatus was employed to determine the percen

tage of microspheres retained at a "target" site for different flow 

velocities, magnetite content and magnetic field parameters (Senyei 

et al., 1978). Graphs of microspheres retention versus flow velocity 

exhibited a nonlinear relationship. At a constant flow velocity, 

higher magnetic field strengths, magnetic field gradients and magnetite 

content increased particle retention. Virtually 100% particle reten

tion was demonstrated at human capillary blood flow velocities. 

The preparation of adriamycin magnetic albumin microspheres 

generally requires heat stabilization of the albumin matrix at tempera

tures over 100oe. The effect of different heat stabilization tempera

tures on the kinetics of release and biological activity of the 

re 1 eased products was s tudi ed in vitro (Wi dder et a 1., 1980). It was 

found that the time required for the release of 50% of the entrapped 

adriamycin increased with increasing heat stabilization temperature. At 

a matrix stabilization temoerature of 135°e the release half-time was 
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nine hours and at 115°C the half-time was four hours. For the micro

spheres prepared at 135°C, 77% of the release products was identified 

as adriamycin, and for microspheres prepared at 115°C, 100% of the 

released products was adriamycin. The biological activity of the re

leased compounds was measured by the percentage inhibition of 3H_ 

uridine incorporation into malignant Fisher 344 rat fibrosarcoma cells. 

The activity of the products released from the microspheres prepared 

at 115°C were equal to the activity of adriamycin in solution. For 

microspheres stabilized at 135°C, the activity of the released com

pounds decreased to 78% of that for adriamycin in solution. Therefore, 

the correlation of the biolo~ical and chemical activity suggested that 

adriamycin released from the heat stabilized microspheres had equiva

lent activity to that of adriamycin in solution. 

Adriamycin incorporated with magnetic 125I-labelled bovine 

serum albumin microspheres was targeted to a pre-defined segment of the 

rat tail (Widder et al., 1978). The magnetic field strength was varied 

from 0 (control) to 8000 G and was applied for 30 min after intra

arterial dosing. Carrier localization at the target site 30 min after 

dosing increased with increasing field strength, and ranged from 0% at 

OG to 50% of the dose being localized at 8000 G. In the control study, 

about 80% of the radioactivity was detected in the liver, and the lung 

and spleen radioactivity accounted for the rest. The application of 

the magnetic field decreased the percentage of radioactivity in the 

liver, while the lung and spleen radioactivity were essentially un

changed. Adriamycin concentrations at the target site, measured by 
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total fluorescence, thirty minutes after dosing were equivalent to 

those produced by a 100 fold higher dose of intravenously administered 

free drug. These results demonstrated that the magnetic field strength 

had a great effect on carrier retention at the target site. Although 

the target site drug concentrations seem promising, adriamycin concen

tration measurements beyond 30 min are necessary for adequate charac-

terization of the carrier effect on drug distribution. 

Magnetic 125r-labelled albumin microspheres containing adria-

mycin, and adriamycin in solution were administered to normal rats 

(Senyei et al., 1981). The study design was similar to the latter 

study except that adriamycin concentrations and 125 r radioactivity were 

measured at different magnetic field application times. The applica

tion times were 5, 15, 30 and 60 min. Similar to the latter study 

results, target site adriamycin concentrations were on the order of 

those produced by a 100 fold higher adriamycin dose as a solution at 

all application times. While the magnetic field was applied, target 

site radioactivity remained nearly constant. Thus, it can be inferred 

that the magnetic field application time had an effect on carrier 

distribution. The measurement of carrier radioactivity after the mag-

netic field is removed is needed to elucidate this effect. 

An important study evaluated the efficacy of adriamycin incor

porated in magnetic albumin microspheres in Yoshida sarcoma bearing 

rats (l-Jidder et al., 1981). The following treatments were compared: 

i) 5 mg/kg adriamycin, intraveneously. 

ii) 5 mg/kg adriamycin, intraarterially. 



iii) 0.5 mg/kg adriamycin, intraarterially. 

iv) placebo magnetic albumin microspheres with a 5500 G magnetic 

field applied for 30 min. 

v) 0.5 mg/kg adriamycin associated with magnetic microspheres 

with a 5500 G magnetic field applied for 30 min. 

vi) 0.5 mg/kg adriamycin associated with magnetic microspheres 

without a magnetic field. 

In all studies, the tumor was implanted in the t'ail, and served 
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as the target site. Tumor size, the percentage of deaths, tumor size 

regression, total remission and metastases were monitored for 29 days. 

Treatment with 0.5 mg/kg adriamycin associated with magnetic albumin 

microspheres in the presence of the magnet was significantly more ef

fective than the other treatments. 

A second trial was performed in Yoshida sarcoma bearing rats 

(Widder et al., 1983a). The study design was the same as in the pre

vious trial (Widder et al., 1981), with one additional treatment, a 

2.5 mg/kg adriamycin dose via magnetic albumin microspheres. The re

sults produced were the same as for the 0.5 mg/kg dose when admini

stered via magnetic albumin microspheres. Both trials clearly 

demonstrated the benefit of the magnetically directed microsphere 

dosage form. Since the 0.5 and 2.5 mg/kg adriamycin associated micro

sphere groups produced equal results, further investigations are 

warranted to optimize dosing regimens for the magnetic delivery system. 

An ultrastructural evaluation of non-drug containing magnetic 

microspheres was performed in Yoshida sarcoma bearing rats (Widder et 
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al., 1983b). The magnetic field was applied to the tumor site in the 

tail for 30 min at a field strength of 5500 G. Transmission electron 

photomicrographs taken at the target site 10 min post dosing, showed 

that microspheres were present extravascularly and within the cyto

plasm of capillary endothelial cells. From 30 min to 72 hr, micro

spheres were observed in the cytoplasm of tumor cells. These results 

confirmed the suspected extravascular carrier transport mechanisms of 

endocytosis and passage through endothelial junctions. The results 

also suggested that microspheres can act as depots for drug release 

since they are present 72 hr after injection. Furthermore, drug resis

tance due to failure of intracellular drug transport may be circum

vented as a result of the phagocytosis of carrier along with the 

entrapped drug by the tumor cells. 

A theoretical presentation of the underlying physics for 

microsphere retention in blood illustrated that scale-up of the system 

to humans is feasible (Driscoll et al., 1984). For effective micro

sphere retention, a normalized magnetic force of greater than 0.5 will 

be required. This estimated value is based on the balance of the 

magnetic and fluid forces acting on the particles. The mechanism of 

microsphere retention can be complicated by the aggregation of the 

particles in the presence of a magnetic field. These aggregates can 

be advantageous because they decrease the magnetic field gradients re

quired for holding the microspheres. Alternatively, the size of the 

aggregates may prevent their passage through capillary endothelial 

junctions. Since less microspheres will be available for 



extravascular transport, the drug concentrations at the target site 

could be reduced. 
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Ovadia and co-workers (1983) investigated the factors influ

encing 125I-labelled magnetic albumin microsphere localization at 

different anatomic sites in rats. In several experiments, a tail 

segment, the hind leg and head served as the target site. All 125I 

measurements were made 30 min post dosing. The magnetic application 

time was 30 min and the magnetic field strength and gradient varied 

with the particular magnet used. It was found that 32 to 48% of the 

dose could be localized in the tail, 10 to 25% in the head and 18 to 

25% in the hind leg. The liver accumulated most of the remaining dose. 

The radioactive distribution within the tail segment showed that the 

highest activity was at the target site boundaries. This lIedgingli 

effect is a consequence of the magnetic field gradients and could 

expose adjacent normal tissue to high amounts of entrapped drug. It 

was also demonstrated that the percentage of microspheres retained at 

the target site decreased as the administration cannula tip is moved 

further from the target site. The low percentage of brain parenchyma 

radioactivity obtained when the head was the target site is somewhat 

disappointing. However, the study design appears inadequate, particu

larly, as the magnetic field parameters were not optimized. The 

authors suggested that the delivery system might be useful for soft 

tissue head tumors, where microsphere transport across the blood-brain 

barrier is unnecessary. 
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1.4.2 Magnetic Microcapsules 

Ethylcellulose microcapsules of 200 to 300 ~ in diameter have 

been used to entrap magnetite and chemotherapeutic agents for drug 

targeting (Kato, 1983; Kato et al., 1980). The mechanism of action, 

referred to as chemoembolization, of the microcapsules relies on 

arterial embolization due to the large particle size, and prolonged 

drug action due to slow release of the drug from the microcapsules at 

the tumor site. Particle retention by the magnetic field will prevent 

the passage of the microcapsules through arteriovenous fistulas whose 

diameter exceeds that of the microcapsules. The avoidance of micro

capsule passage through these fistulas will increase carrier retention 

at the target site. Magnetic microcapsules containing mitomycin C were 

superior to mitomycin C in solution and to unmagnetized microcapsules 

in decreasing tumor size and eradicating VX2 tumors in rabbit hind 

limbs and bladders (Kato, 1983). 

Kato et al. (1984) have made the following comparisons between 

magnetic microcapsules and magnetic microspheres: 

i) Magnetic microcapsules are stable for over one year while 

magnetic albumin microspheres have to be stored at 4°C in 

powder form. 

ii) Magnetic microcapsules are designed to be administered once 

while magnetic albumin microspheres may require repeated 

doses. 

iii) Magnetic microcapsules can incorporate a greater percentage 

weight of drug than magnetic microspheres. 



iv) Magnetic microcapsules have a greater magnetic responsiveness 

than the magnetic microspheres which will lead to greater 

particle retention. 

There is no evidence in the literature to provide a basis for these 

claims, and therefore, further investigations would be required to 

critically compare these dosage forms. 

1.4.3 Magnetic Emulsions 
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Magnetic emulsions have been used as a targetable drug delivery 

system. Magnetic oil-in-water emulsions were prepared with ethyl 

oleate-magnetite as the internal phase, and 1% (w/v) casein in water 

as the external phase. They have shown adequate in vitro stability 

(Morimoto et al., 1982). 

The in vivo distribution of this emulsion has been studied in 

rats by the addition of 14C-palmitic acid to the internal phase 

(Morimoto et al., 1983). The magnetic emulsion was administered intra

veneously and targeted to the lungs with a 6000 G magnetic field applied 

for either 10 or 60 min. At 10 min post-dosing and the magnetic field 

applied for 10 min, 33% of the dose was in the lung versus 16% of the 

dose without a magnetic field (control). At 60 min and a 60 min 

magnetic field application time, 11% of the dose was present in the 

lungs exposed to the magnetic field, while the lungs of the control 

group had 8% of the dose. The liver had the highest radioactivity. 

The decrease in the percentage of the dose retained at 60 min in the 

presence of the magnetic field indicated that the radioactive internal 
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phase was released and distributed outside the lung. This phenomenon 

can be explained as a result of emulsion instability. Therefore, this 

delivery system may not be capable of prolonging drug release at the 

target site. If in vivo emulsion stability could be improved, the 

potential of this delivery system would be great. This is because 

emulsions can incorporate a high percentage of both oil and water 

soluble drugs (via multiple emulsions), they are easy to formulate and 

do not require washing or vigorous resuspension techniques before 

administration as is required for nanoparticle delivery systems. 

1.5 Study Objectives 

The majority of macromolecules that have been used to conjugate 

drugs have no specific affinity for cell types other than macrophages. 

Thus, the targeting potential of these systems would be limited to 

tissue macrophages. The prolongation of the half-life of mitomycin C 

conjugated to dextran has been demonstrated (Hashida et al., 1984), but 

the real value of such a system has to be defined. The increase in 

half-life may increase systemic toxicity due to the maintenance of drug 

concentrations in the non-target tissues. Furthermore, these systems 

cannot be used to target drugs to non-reticuloendothelial sites effec

tively. Macromolecule carriers such as tumor-specific antibodies, 

lectins and hormones are specific for certain cell types and offer the 

potential to serve as targetable carriers. 

Liposomes have been one of the earliest and most intensively 

studied drug delivery systems, yet they do not possess any intrinsic 
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properties that make them targetable beyond the reticuloendothelial 

system. Similar to macromolecule-drug conjugates, an increase in the 

half-life of liposomally entrapped drug has been demonstrated 

(Abraham et al., 1983). It seems probable that the increased drug 

half-life will allow macromolecule conjugates and liposomes to be used 

as controlled and prolonged drug release systems rather than as tar

getable systems. The attachment of antibodies to the liposome surface 

may increase their targeting potential. 

Polymeric nanoparticles, as with macromolecule-drug conjugates 

and liposomes, can primarily be used as drug carriers to reticuloendo

thelial sites. Alteration of the carrier's surface characteristics 

may also increase their targeting ability. 

Albumin microspheres possess a number of desirable properties 

that make them attractive as drug carriers. They are nontoxic, non

antigenic, biodegradable and are able to deliver sufficient quantities 

of drug over a prolonged time period. The greater effectiveness of 

drug containing albumin microspheres compared to conventional drug 

therapy has been demonstrated in animals (Morimoto et al., 1981a, 

1980a). These observations are consistent with increased and prolonged 

drug concentrations at the target site compared to those achieved after 

conventional drug treatments. Although drug and carrier concentrations 

have been measured, no pharmacokinetic analyses have been performed. 

Magnetic drug delivery systems are designed to avoid the major 

disadvantage of the other drug delivery systems, namely reticuloendo

thelial clearance. Magnetic microcapsules and magnetic albumin 
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microspheres have been the most extensively studied systems. Both car

riers have demonstrated therapeutic promise in the treatment of tumors 

in animals. Neither system has been studied from a pharmacokinetic 

viewpoint, and direct comparisons of these systems may be required to 

distinguish which cancers are optimally treated by each system. 

Magnetic albumin microspheres possess all the desirable carrier proper

ties of albumin microspheres. 

The effectiveness of magnetic albumin microspheres as a drug 

delivery system has been demonstrated in several animal studies 

(Widder et al., 1983a, 1981). Therapeutic endpoints in tumor bearing 

animals have been clearly superior in the microsphere treatment groups. 

Carrier and drug localization have been demonstrated at non

reticuloendothelial sites such as the kidney and tail. The dosing 

regimens used to achieve these beneficial therapeutic effects have been 

largely empirical. There has been no quantitative assessment of how 

the carrier and magnetic field affect the drug concentrations at the 

target site. This information would assist the design of optimal 

dosage regiments. 

In all studies (Sugibayashi et al., 1982; Senyei et al., 1981; 

Widder et al., 1978), the quantitation of drug at the target site and 

in other tissues as a function of time has been neglected. Adriamycin 

target site concentrations, following the administration of magnetic 

albumin microspheres containing adriamycin, have been measured for only 

up to one hour after administration. The limited data suggest ~hat 

target site adriamycin concentrations produced following microsphere 
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administration are similar to concentrations resulting from signifi

cantly higher doses of drug in solution. Thus, it is likely that the 

microsphere system has the potential of being therapeutically superior 

to other treatments at much lower doses. The possibility of employing 

lower doses should eliminate a number of dose-related toxicities at 

non-target sites. 

Presently, very little is known about drug and carrier dispo

sition in drug targeting. The pharmacokinetic analyses of drugs 

associated with the carrier have received little attention. The limi

ted number of pharmacokinetic analyses performed on macromolecule

drug conjugates, liposomes and nanoparticles have applied classical 

pharmacokinetic methods to determine the carrier associated drug half

life, volume of distribution and clearance (Maincent et al., 1984; 

Abraham et al., 1983; Arturson et al., 1983). The pharmacokinetic 

parameters obtained are important, yet the present methods of analyses 

provide little insight into the underlying transport mechanisms for 

the drug and carrier. 

The present investigation utilized magnetic albumin micro

spheres because it is the most extensively studied targeted drug 

delivery system and their effectiveness has been demonstrated in vivo. 

The purpose of quantitating drug concentrations over time in multiple 

tissues with this delivery system was to yield insight into its effect 

on altering non-target and target tissue exposure to a chemotherapeutic 

agent. These data enabled the development of a physiological pharmaco

kinetic model which, in turn, provides information on the drug 
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transport process. Such a pharmacokinetic model has the potential of 

being able to predict the effect of different experimental conditions 

on tissue drug exposure. Furthermore, the model parameters have the 

potential of being able to be scaled from species to species. The 

predictive ability of these models can provide the necessary feedback 

to evaluate, redesign and optimize drug delivery. 

The experimental conditions employed in this investigation were 

similar to previous non-pharmacokinetic study conditions (Senyei et 

al., 1981; Widder et al., 1978). Thus, the collected information can 

support, alter or add to existing knowledge of this drug delivery sys

tem. In order to provide a comparison between the results obtained in 

this investigation and those obtained by Widder, adriamycin was used 

throughout this investigation. Adriamycin is widely used to treat a 

variety of cancers (Young et al., 1981; Blum and Carter, 1974), and is 

active against solid tumors (Carter, 1975), with its uses limited bya 

dose-related cardiotoxicity (Young et al., 1981). Its use in magnetic 

albumin microspheres also serves as a model for other effective but 

toxic cancer agents. 

Since the use of magnetic albumin microspheres for targeted 

drug delivery has the greatest potential in the treatment of cancer, 

pharmacokinetic studies will eventually need to be conducted in tumor 

bearing animals. However, preliminary studies in normal rats will pro

vide baseline information. Changes in drug disposition between normal 

and tumor bearing animals will clarify the effects of the tumor on drug 

disposition. Furthermore, it is known that drug permeabilities can be 
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altered in tumor tissues (Nugent and Jain, 1984; Potchen et al., 1971), 

and therefore, normal tissue may represent average drug and carrier 

permeabilities. 

The specific study objectives were: 

i) To analyze the factors controlling the formation and particle 

size distribution of albumin microspheres. 

ii) To formulate adriamycin associated magnetic albumin micro

spheres which contain sufficient quantities of magnetite and 

adriamycin for in vivo use. 

iii) To develop a high pressure liquid chromatographic procedure 

for the quantitation of the model drug, adriamycin, and its 

metabolites in rat serum and tissues. 

iv) To determine the pharmacokinetics of adriamycin in normal rats 

after administration of adriamycin as a solution and adriamycin 

entrapped in magnetic albumin microspheres (in the presence of 

a magnetic field). 

v) To develop a physiological pharmacokinetic model to describe 

the disposition of adriamycin after administration as a solu

tion and as microspheres. 



CHAPTER 2 

FORMULATION OF ALBUMIN MICROSPHERES 

2.1 Introduction 

Albumin microspheres were first prepared for the detection of 

abnormalities in the reticuloendothelial system and the blood circu

lation (Zolle et al., 1970a; Rhodes et al., 1969; Rhodes et al., 1968). 

Radioactive microspheres with diameters ranging from 5 to 65 ~ were 

produced by these investigators. About the same time Pasqualini et al. 

(1969), using a different technique than the above investigators, pre

pared albumin microspheres in the 30 to 60 ~ range. Further develop

ments produced microspheres with a mean diameter of about 1 ~ (Scheffel 

et al., 1972; Zolle et al., 1970b). 

Albumin microspheres, both magnetized and unmagnetized, have 

also been prepared for use as drug carriers (Widder et al., 1978; 

Sugibayashi et al., 1977; Kramer, 1974), and their preparation is based 

on a method developed by Scheffel et al. (1972). Preparation of micro

spheres include numerous variables due to the fact that both emulsion 

and suspension technology are involved. There has been no complete, 

systematic and quantitative investigation of these variables and how 

they may effect the ultimate microsphere size distribution. The 

present investigation was conducted to identify to what extent the 

variables involved in microsphere preparation could be varied. From 

this information, standard guidelines were given for their preparation. 

33 
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2.2 Methods 

2.2.1 Materials 

Bovine serum albumin, A-60003 and A-7030, was obtained from 

Sigma Chemical Co. (St. Louis, MO). Cottonseed oil was purchased from 

Real Food Ltd. (Dunedin, New Zealand), and B.P. grade light paraffin 

oil and maize oil were purchased from H.F. Stevens Ltd. (Christchurch, 

New Zealand). l-octanol was supplied by Ajax Chemical Co. (Sydney, 

Australia). Anhydrous ether was obtained from Baker Chemical Co. 

(Phillipsburg, NJ). 

Ultrasonic equipment consisted of a Dawe Soniprobe, type 7530A, 

and a Bransonic model 220 (Danbury, CT) ultrasonic water bath. Stir

rers were obtained from the Heidolph Co., model RZR1. Heating mantles 

were obtained from Electrochemical Co. (London, UK), and Isopad Ltd. 

(Borehamwood, Herts, UK). The scanning electron microscope used was a 

Siemans Autoscan (Karlsruhe, West Germany). A Poloron E3000 critical 

point dryer and E5000 sputter coater were used. The vacuum dryer was 

a Thelco (GSA Corp., Chicago, IL), and the freeze dryer a Virtus model 

10-100 (Gardinier, NY). 

2.2.2 Microsphere Preparation and Size Analysis 

An existing technique was adopted as a starting point to inves

tigate the variables involved in the preparation of albumin micro

spheres (Widder et al., 1979b). This initial method for microsphere 

preparation consisted of dissolving 250 mg of bovine serum albumin in 

1.0 ml of deionized distilled water. One-half of this aqueous phase 
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was added to 30 ml of cottonseed oil at 4°C and ultrasonified for 2 min 

at 125 Watts (W) power setting. The resultant emulsion was added at a 

rate of 40 ± 10 drops/mi n to 100 ml of cottonseed oil at 125 ± 5°C 

which was being stirred at 1500 rpm. After the emulsion was added, 

heating was continued for 10 min. The apparatus used to heat 

stabilize the albumin microspheres is illustrated in Figure 2.1. The 

suspension was allowed to cool to 25 ±3°C. Once this temperature was 

reached, stirring was stopped and 60 ml of anhydrous ether were added 

to the microspheres-cottonseed oil suspension to wash the cottonseed 

oil from the microspheres. The mixture was transferred to a centri

fuge vessel and centrifuged at 3000 X G for 15 min. The supernatant 

was decanted and 60 ml of anhydrous ether was added to the microsphere 

pellet. The microsphere pellet was resuspended in the ether on an 

ultrasonic bath. This suspension was then centrifuged at 3000 X G for 

15 min. The ether phase was decanted and this washing step was re

peated two times. After decanting the final ether wash, the micro

spheres were resuspended in 10 ml of anhydrous ether, and stored at 

4°C in an airtight container. 

From this initial method, a number of variables were identified 

which might effect the final microsphere size. These variables in

cluded: albumin concentration, emulsification time, emulsification 

power, and aqueous to oil phase volume ratio. In addition to the 

above emulsification variables, the following variables relating to 

heat stabilization were evaluated; stirring rate, time for heat 

stabilization, emulsion drop rate, temperature of heat stabilization, 
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Figure 2.1 Apparatus used for heat stabilization of albumin micro
spheres (dimensions in mm). 
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and the method of cooling the microsphere suspension. Finally, three 

other non-aqueous dispersed media were studied in addition to cotton

seed oil. 

Table 2.1 gives the order of the studies and the levels at 

which each variable was studied. Each variable was evaluated sequen

tially by preparing one batch of microspheres for each level listed in 

Table 2.1. All levels for each variable were prepared on the same day 

and photomicrographs taken shortly (normally less than one day) after 

preparation. From the particle size analysis, the optimal level of 

each variable was determined by that level which produced the smallest 

arithmetic mean diameter microspheres. 

Albumin concentration was the first variable studied. Four 

batches of microspheres were prepared by adding 0.5 ml of a 500 mg/ml, 

400 mg/ml, 300 mg/ml or 200 mg/ml albumin solution to 30 ml of cotton

seed oil at 4°C. At this point, the initial method of preparation 

(see above) was followed. Since an albumin concentration of 500 mg/ml 

produced the smallest mean particle diameter (see Table 2.1), it was 

used for all subsequent variables studied. Therefore, to study the 

next variable, emulsification time, four batches of microspheres were 

prepared using 0.5 ml of a 500 mg/ml albumin solution and emulsifica

tion times of 1, 2, 5 and 10 min with a 125 W power setting. As each 

new variable was studied, the initial method of microsphere prepara

tion (see above) was altered in accordance with the results on the 

optimum level of each preceding variable. This type of experimental 

design ignores interactions between the variables. For example, 
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Table 2.1 Mean Diameters and Standard Deviations for Albumin 
Microspheres Prepared under Different Conditions 

Mean 
Order Number of Particle 
of Particles Diameter 
Evaluation Variable Level Counted (ll +SD} 

Fi rst Albumin 500 564 0.44 ± 0.30 
concentrati on 400 581 0.46 ± 0.37 
(mg/ml) 300 542 0.51±0.31 

200 632 0.52 ± 0.36 
Second Emul sifi cati on 10 689 0.52 ± 0.30 

time (min) 5 755 0.52±0.31 
2 647 0.51±0.28 
1 498 0.61 ± 0.48 

Third Power of 125 584 0.54 ± 0.32 
emulsification 109 494 0.63 ± 0.39 
(W) 94 414 0.72±0.43 

78 384 0.67 ± 0.40 
Fourth Aqueous to 0.5:30a 

non-aqueous 1. 0: 30b 231 0.61±0.45 
phase volume 2.0:30 
ratio (v:v) 

Fifth Stirring rate 1900 483 0.54±0.32 
( rpm) 1500 755 0.48 ± 0.29 

950 683 0.51 ± O. 32 
460 603 0.53±0.31 

Sixth Miscellaneous Standardc 346 0.58 ± 0.42 
Heat stabilized 468 0.59±0.40 
30 min 
Ice cooled 441 0.63 ± 0.44 
Drop rate of 343 0.68 ± 0.44 
10 ± 5 drops/mi n 

Seventh Heat 165 441 0.58 ± 0.36 
stabilization 145 507 0.49±0.37 
tempe ra tu re 125 503 0.54±0.35 
(OC) 105 405 0.60±0.37 

.Eighth Non aqueous Cottonseed oil 462 0.56±0.33 
phases Maize oil 304 0.71 ±0.45 

Paraffi~ oi 1 218 0.82 ± 0.82 
Octanol 

aDue to the problems encountered using a 1 :30 and 2:30 ratio, the pre
paration of microspheres using a 0.5:30 ratio was not warranted on 
this day. 

bMicrospheres were not recovered at this phase volume ratio. 
CStandard conditions were: emulsion added at 40+ 10 drops/min, heat 
stabilized for 10 min and allowed to cool at room temperature. 

dparticle size analysis was not determined due to the erratic nature 
of the octanol microspheres. 
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microspheres were not prepared using a 300 mg/ml albumin concentration 

and emulsification times of 1,5, and 10 min since the 500 mg/ml 

albumin concentration was the optimum. Different orders and levels of 

the variables studied may produce different results. However, due to 

the number of variables involved, an empirical optimization technique 

was used. 

Particle size analyses were performed with a scanning electron 

microscope. About three drops of the microsphere suspension in ether 

was placed on an electron microscope stub and the ether allowed to 

evaporate. The stub was placed briefly in a critical point dryer and 

then coated with 300 AO of gold. Pictures of the microspheres were 

taken by random scanning of the stub. The diameter of the microspheres 

were manually measured from the resultant photomicrographs. About 500 

particles per batch were counted. Particle size distributions were 

calculated according to a method by Allen (1981). 

2.2.3 Drying of Albumin Microspheres 

Suspensions of microspheres in ether, prepared as in Section 

2.2.2, were air dried overnight at room temperature on a glass surface, 

a hard plastic surface and on flexible acetate sheets. Microspheres 

were also dried at 50°C under a pressure of about 15 mm of mercury. 

Finally, microspheres were submerged in liquid nitrogen for 10 min and 

then freeze-dried at room temperature under a pressure of about 5 mm of 

mercury for 12 and 24 hr. The dried microspheres were examined under 

the scanning electron microscope. 
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2.3 Results and Discussion 

2.3.1 Microsphere Preparation and Size Analysis 

Table 2.1 summarizes the arithmetic mean particle diameter and 

standard deviations for all batches prepared. In general, the differ

ences in the mean diameter and standard deviations between batches are 

small regardless of the variables studied. Although a monodisperse 

particle size may be considered as important as the absolute size, 

in most cases the smallest mean diameter batch had the smallest stand

ard deviation. 

The original interest in studying albumin concentration stemmed 

from the fact that the emulsifying agent concentration has an effect on 

emulsion droplet size and stability (Ishizaka et al., 1981; Florence et 

al., 1975; Higuchi et al., 1962). Specifically, various proteins have 

been used as stabilizing agents for olw emulsions due to their ability 

to be adsorbed at the interface (Graham and Phillips, 1976; Kitchner 

and Mussellwhite, 1968). In our system, it was believed that upon 

emulsification, the albumin at the wlo interface would unfold with the 

hydrophobic groups exposed to the non-aqueous medium, and the hydro

philic groups oriented towards the aqueous phase. Such a protein 

denaturation process will render the microspheres hydrophobic in 

nature. In this case the albumin would act as an emulsifying agent, 

and thus, its concentration might effect the droplet size and stability 

of the emulsion. Figure 2.2 shows the particle size distribution of 

the resultant microspheres at different albumin concentrations. An 

increase in al bumi n concentrati on tends to produce a smaller mi crosphere. 
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Figure 2.2 Particle size distribution of albumin microspheres prepared 
at different bovine serum albumin concentrations. 
o -500 mg/ml, 6. -400 mg/ml, .. -300 mg/ml, 0 -200 mg/ml. 
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Although the differences are minor (see Table 2.1), the use of a higher 

albumin concentration has the advantage of yielding a greater quantity 

of microspheres per batch. 

It is well documented that the power and time of emulsification, 

and the phase volume ratio will effects the droplet size of emulsions, 

and therefore, the resultant microsphere size (Eberth and Merry, 1983; 

Li and-Fogler, 1978; Becher, 1965). Figures 2.3 and 2.4 show the par

ticle size distributions for different emulsification times and powers. 

The largest effect on the particle size distribution for different 

emulsification times was seen in going from 1 to 2 min. It was felt 

that longer emulsification times would produce a narrower size distri

bution, but this was not observed. The power of emulsification had a 

relatively large effect on the particle size distribution, with the 

highest available power producing the smallest size (see Table 2.1). 

Higher phase volume ratios were studied to see if larger 

amounts of microspheres could be recovered without increasing the 

particle size relative to the 0.5:30 phase volume ratio. At higher 

phase volume ratios, the emulsion appeared to form, however, micro

spheres were not recovered at the 2:30 level. The problem with the 

higher ratios became apparent in the washing procedure. In the 2:30 

phase volume ratio batch, the "microsphere" pellet contained large 

pieces of protein material seemingly with some entrapped oil and the 

pellet could not be resuspended. At the 1 :30 level, a microsphere 

pellet was obtained but large proteinaceous pieces were lost upon de

canting the ether. No doubt these pieces also contained some oil. 
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Figure 2.3 Particle size distribution of albumin microspheres pre
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Stirring of the oil phase during the addition of the emulsion, 

heat stabilization and the cooling process are necessary to prevent ag

glomeration of individual albumin droplets and the resultant micro

spheres. As can be seen in Table 2.1, stirring had little effect on 

the mean diameters and standard deviations of the microspheres but 

1500 rpm produced slightly smaller particles. 

Under the heat stabilization variables, more subtle factors were 

examined. An increase in the heat stabilization time from 10 to 30 min 

produced a negligible change in the mean particle size. An emulsion 

drop rate of 10 drops/min caused a relatively large increase in the mean 

size compared to the standard rate of 40 drops/min. The lower rate in

creased the time required to add the emulsion to the heated cottonseed 

oil allowing the emulsion temperature to rise by heat transfer from the 

heated flask. As the emulsion temperature increases, coalescence of 

dispersed albumin droplets will occur, leading to larger microspheres. 

A cold water jacketed dropping funnel might prevent temperature depen

dent aggregation of the internal phase. A drop rate greater than 40 drops/ 

min would make temperature control of the non-aqueous phase difficult. 

Ice cooling of the heat stabilized microspheres was tried in an 

attempt to save time. The normal cooling process took about 90 min while 

ice cooling took 15 min. Except for a slight increase in mean particle 

size, the characteristics of the ice cooled microspheres were the same. 

The effect of the heat stabilization temperature on micro

sphere size is probably due to the rate and extent of water evaporation 

from the internal phase. Figure 2.5 shows the particle size 
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distribution for different temperatures. A heat stabilization tempera

ture of 105°C produced the largest mean particle size, indicating that 

water may still be trapped in the albumin matrix (see Table 2.1). The 

relatively larger particle size at 165°C is difficult to explain. One 

possible explanation is that the albumin molecules at the wlo interface 

solidify instantaneously upon contacting the heated oil while the water 

evaporated. This may prevent any shrinkage that could occur at lower 

temperatures. 

Alternate non-aqueous phases were tried to demonstrate if other 

phases could be utilized for microsphere preparation. The non-aqueous 

phases were substituted for cottonseed oil in both the emulsion and 

heat stabilization processes. The choice of maize oil, paraffin oil 

and l-octanol represented a range of viscosities and all were available 

at a reproducible quality. Also, the use of a more hydrophilic non

aqueous phase such as octanol was appealing because its hydrophilicity 

might be imparted to the microspheres. Longo et al. (1982) suggested 

that part of the hydrophobic nature of albumin microspheres was due to 

surface binding of the oil at elevated temperatures. If more hydro

philic microspheres could be produced with octanol, then the use of 

surfactants to suspend the microspheres in aqueous solutions may not be 

necessary. Figure 2.6 shows the particle size distributions for dif

ferent non-aqueous phases and Figure 2.7 shows octanol prepared micro

spheres. The microspheres obtained with octanol appeared larger and 

more variable than those produced by other non-aqueous phases. There 

also appeared to be more non-spherical denatured protein material, 
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Figure 2.7 Scanning electron photomicrograph of albumin microspheres 
prepared with octanol. (magnification= 13,000, note 
1.0 ~ line) 
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possibly due to the greater solubility of the albumin solution in 

octanol compared to the other non-aqueous phases. Due to the erratic 

nature of the octanol microspheres, no particle count was done. Larger 

particle sizes and standard deviations were obtained with maize oil 

and paraffin oil, relative to cottonseed oil (see Table 2.1). Although 

it might be easy to disregard the use of non-aqueous phases differing 

in nature to cottonseed oil, it should be remembered that all variables 

listed optimized microsphere production using cottonseed oil. 

2.3.2 Drying of Albumin Microspheres 

The reported drying methods for albumin microspheres include 

air drying, vacuum drying and freeze-drying (Ovadia et al., 1983; 

Widder et al., 1979b). Ideally, the drying techniques applied to 

washed albumin microspheres are designed to obtain freely flowing 

individual particles. Furthermore, free flowing microspheres should 

be stable and facilitate the measurement of accurate microsphere doses. 

It was found that the dried microspheres adsorbed strongly onto 

the various drying container surfaces, and large aggregates of micro

spheres were observed. Resuspension of the aggregates in 0.1% (v/v) 

Tween 80/Normal Saline was not possible. It was, therefore, decided 

to store the microspheres as a suspension in anhydrous ether at 4°C. 

This storage method has been used for magnetic albumin microspheres 

(Senyei and Widder, 1981). Microspheres stored as a suspension were 

easy to resuspend in an aqueous medium and carrier stability did not 

present a problem, at least for short time periods. Electron micro

scope examination revealed that magnetic albumin microspheres could be 



stored in anhydrous ether at -20°C for 2 months without any evidence 

of carrier degradation. 

2. 4 Con c 1 us i on 
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The optimal method for preparing albumin microspheres differed 

from the initial procedure by the use of a 500 mg/ml albumin solution 

and a heat stabilization temperature of 145°C. Figure 2.8 shows micro

spheres prepared by this method. During the analysis, there were seven 

batches prepared by the same method. The mean particle diameter was 

0.51 ±0.05 )l, which gave a between day coefficient of variation of 9.8%. 

Overall, the procedure for preparing albumin microspheres can 

withstand quite a large range of variability. It should be realized 

that this method and criteria for optimal microsphere production may 

need to be altered depending on the physical set-up of the apparatus 

and the intended use of the product. 
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Figure 2.8 Scanning electron photomicrograph of albumin microspheres 
prepared by optimal method. (magnification= 20,000, 
note 1.0 ~line) 



CHAPTER 3 

FORMULATION AND EVALUATION OF ADRIAMYCIN ASSOCIATED 
MAGNETIC ALBUMIN MICROSPHERES 

3.1 Introduction 

The formulation of adriamycin magnetic albumin microspheres 

with a mean diameter of 1 ~ was initially described by Widder and co

workers (1979b). The method of preparation of magnetic albumin micro

spheres is similar to that of albumin microspheres. In addition to 

the bovine serum albumin, the drug and magnetite are included in the 

aqueous phase in the emulsification process. Typical initial amounts 

of adriamycin and magnetite are 9.0% (w/w) and 20% (w/w) respectively. 

In an in vitro flow system, a magnetite content of 20% (w/w) 

has been found to retain virtually 100% of the microspheres at capil

lary blood flow rates (Senyei et al., 1978). Microspheres containing 

50% (w/w) magnetite were also prepared with and without a cationic 

surfactant added to the aqueous phase. As expected, the higher per

centage of magnetite enabled a greater fraction of microspheres to be 

retained at flow rates greater than that of capillary flow. The micro

spheres prepared with surfactant showed slightly less retention than micro

spheres prepared without it. The proposed explanation was that the 

surfactant caused a homogeneous distribution of the magnetite particles 

throughout the albumin matrix and decreased the magnetic responsive

ness. Consequently, the surfactant was eliminated from the procedure 

originally developed by Widder et al. (1979b). Microspheres prepared 
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without surfactant showed a peripheral distribution of magnetite ag

gregates in the albumin matrix. 
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The amount of drug used in the aqueous phase for the prepara

tion of magnetic albumin microspheres is limited by its aqueous solu

bility (Widder et al., 1979a). The final percentage of adriamycin 

entrapped within the magnetic albumin microspheres was between 4.0 to 

5.0% (w/w) , with the balance of the starting amount of adriamycin 

either associated with the microsphere ~urface or degraded during the 

heat stabilization process. 

Sugibayashi et al. (1982) modified Widder1s method for the 

preparation of magnetic albumin microspheres containing adriamycin. 

The primary modification was the use of a surfactant, Span 85, in the 

formation of the w/o emulsion. The final microspheres contained about 

6% (w/w) adriamycin and 47% (w/w) magnetite. The microspheres 

ranged in size from 1 to 7 ~. 

The adriamycin associated with microspheres is either entrapped 

or adsorbed on the surface. The administration of the microspheres 

without the removal of the surface drug will negate the site locali

zation effect due to the rapid dissociation of the surface drug, and 

its resulting systemic distribution. The surface fraction can be 

reduced by washing the microspheres in an aqueous suspending medium 

prior to administration. The number of washing steps required for 

effective surface drug removal are not known. One to three washing 

steps in 0.1% (v/v) Tween 80/normal saline have been reported (Ovadia 

et al., 1983; Widder et al., 1981). 
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The goal of the present investigation was to prepare adriamycin 

associated magnetic albumin microspheres of approximately 1 ~ in diam

eter, and containing approximately 5% (w/w) adriamycin and 20% (w/w) 

magnetite. Microspheres possessing these characteristics will be 

suitable for in vivo use. The results obtained from Chapter 2 provided 

information on how the variables involved in microsphere preparation 

affected the particle size. Therefore, adriamycin associated magnetic 

albumin microspheres were prepared in accordance with Widder's method 

and subsequently modified based on our understanding of plain albumin 

microsphere preparation. 

3.2 Methods 

3.2.1 Materials 

Bovine serum albumin, A-7030 and Tween 80, polyoxyethylene 

sorbitan mono-oleate, were obtained from Sigma Chemical Co. (St. Louis, 

MO). Cottonseed oil was purchased from Real Food Ltd. (Dunedin, New 

Zealand). Anhydrous ether was obtained from Baker Chemical Co. 

(Phillipsburg, NJ). Magnetite, Fe304' was purchased as a 25% (w/v) 

aqueous suspension from Ferrofluidics (Nashua, NH), no. EMG 1111. 

Adriamycin HCl was generously donated by Farmatalia Carlo Erba (Milan, 

Italy). The atomic absorption spectrometer was a Laboratory Instru

ment Inc. (Wilmington, DE). 

Ultrasonic equipment, stirrers, heating mantles and the 

electron microscope were the same as described in Section 2.2.1. 



3.2.2 Preparation of Adriamycin Associated Magnetic Albumin 

Mi crospheres. 
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Aqueous solutions containing 400 mg/ml bovine serum albumin and 

50 mg/ml adriamycin HCl were prepared in distilled deionized water. 

Two hundred and fifty microliters of the albumin solution was added to 

a 50 ml double walled beaker, and 140 mg of ferrofluid was weighed into 

the beaker. This mixture was placed on an ultrasonic water bath to 

form a homogeneous suspension. TVJO hundred microliters of the adria

mycin solution was added to the suspension and vortexed for about 1 

min. The beaker was connected to a circulating ice water bath and 30 

ml of cottonseed oil, cooled on ice to about 4°C, was added. A w/o 

emulsion was formed by ultrasonification for 2 min at 125 W. The 

emulsion was transferred to a dropping funnel connected to the heat 

stabilization apparatus as in Figure 2.1. The emulsion was added over 

5 to 10 min to 100 ml of cottonseed oil heated to 125 ± 5°C being 

stirred at 1500 rpm. After the addition of the emulsion, heating was 

continued for 10 min at 125 ± 5°C. 

An ice mantle was then placed around the flask to cool the 

suspension to 25 ± 5°C. The suspension was transferred to a centrifuge 

vessel and 60 ml of anhydrous ether was added. The vessel was then 

centrifuged for 15 min at 3000 rpm. The cottonseed oil and ether 

supernatant was pipetted off, and the pelleted microspheres were re

suspended in 60 ml of ether on an ultrasonic water bath. The vessel 

was centrifuged 15 min at 3000 rpm and the ether was decanted. This 

washing step was repeated two times. After the final decantation of 
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ether, the microspheres were resuspended in less than 10 ml of cold 

ether and transferred to a 15 ml centrifuge tube. A 300 G bar magnet 

was placed next to the tube to collect any free magnetite, while the 

suspension was poured into a second tared tube. The transfer from the 

first to the second tube was repeated two times with about 2 ml of 

ether. The bar magnet remained in place during the transfers. The 

multiple transfers ensured that most of the microspheres were collected 

in the second tube. The ether was evaporated under a gentle stream of 

dry air and the tared tube was reweighed to determine the quantity of 

microspheres recovered. The microspheres were resuspended in ether at 

a 25 mg/ml microsphere concentration and stored at -20°C. 

3.2.3 Determination of Adriamycin Content of Magnetic Albumin 

Microspheres 

Five milligrams of microspheres were transferred from the 25 

mg/ml ether suspension to a 10 ml glass tube and the ether evaporated. 

Five milliliters of 0.5 M acetic acid was added and vortexed. The 

tube was placed in the dark and stored at 4°C overnight to allow the 

microspheres to be digested. The tubes were then centrifuged for 5 

min at 2500 rpm. Aliquots of the supernatant were injected onto the 

high pressure liquid chromatographic system, as described in Chapter 4, 

to determine adriamycin content. 
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3.2.4 Removal of Surface Associated Adriamycin from Magnetic Alubmin 

Microspheres 

Microspheres were prepared using various heat stabilization 

temperatures, namely 105 ± 5°C, 125 ± 5°C or 145 ± 5°C. Five milligrams 

of microspheres were suspended in 1 ml of 0.1% (v/v) Tween 80/Normal 

Saline on an ultrasonic bath for about 2 min. The microspheres were 

separated by either the application of a 10,000 G magnet or by centri

fugation for 5 min at 2500 rpm. The supernatant containing the surface 

drug was collected and a fresh 1 ml aliquot of 0.1% (v/v) Tween 80/ 

Normal Saline was added. The above washing steps were performed three 

times with 30 min elapsing between the second and third wash. The 

supernatants collected from each washing step were analyzed for adria

mycin content using the high pressure liquid chromatographic system 

described in Chapter 4. After the collection of the third wash super

natant, the microspheres were digested and analyzed for adriamycin 

content as described in Section 3.2.3. 

3.2.5 Determination of Magnetite Content of Adriamycin Associated 

Magnetic Albumin Microspheres 

Two milliliters of concentrated HCl were added to 2 mg of 

microspheres in a stoppered glass tube. The tube contents were mixed 

and placed on a heating mantle at 60 ± 5°C for 2 hr. One-half milli

liter of the digested medium was transferred to a clean tube and 0.5 

ml of 20% (w/v) trichloroacetic acid was added The tubes were vor

texed for 10 sec then centrifuged for 5 min at 2500 rpm. One-half 

milliliter of the supernatant was diluted to 10 ml with deionized 
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distilled water. The diluted sample was analyzed by atomic absorption 

spectroscopy with an iron lamp at a wavelength of 248.3 nm. 

3.3 Results and Discussion 

3.3.1 Preparation of Adriamycin Associated Magnetic Albumin 

Microspheres 

Figures 3.1 and 3.2 show a particle size distribution and scan

ning electron photomicrograph of microspheres prepared by the method 

described in Section 3.2.2 The mean diameter of the microspheres was 

a . 45 ± O. 21 11 • 

The mixing of 125 mg of bovine serium albumin, 16 mg of adria

mycin HCl and 36 mg of magnetite, the quantites used by Widder et a1. 

(1979b), resulted in the formation of a precioitate. A non-homogeneous 

aqueous phase may lead to non-uniform microspheres with respect to 

size, drug content and magnetite content. Thus, a variety of aqueous 

phase mixing techniques were tested to determine what effect the 

nature of the aqueous phase had on microsphere production. Table 3.1 

summarizes the results. In most cases, 1 ~ microspheres were obtained 

yet batch G appeared the most uniform. The aqueous phase for batch G 

also appeared the most homogeneous. This can most likely be attributed 

to the decreased amounts of materials used compared to those employed 

by Widder et al. (1979b). It has been obsey'ved that the solubility of 

adriamycin HCl in water at room temperature is about 6% (w/w) , and 

that above concentrations of 5% (w/w) gel formation will occur 
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Figure 3.1 Particle size distribution of adriamycin associated mag
netic albumin microspheres. 

60 



61 

Figure 3.2 Scanning electron photomicrograph of adriamycin associated 
magnetic albumin microspheres. (magnification = 10,000, 
note 1.0 ~ line) 
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Table 3.1 The Effect of Aqueous Phase Mixing on Microsphere Formation 

Batch # 

A 

B 

C 

o 

E 

F 

G 

Aqueous Phasea (mg) 
BSA ADR Fe304 

250 16 16 

250 16 36 

125 16 36 

105 16 36 

105 16 36 

105 16 36 

100 10 30 

Method of Mixing 

Mix in 0.5 ml H20 
transfer to 50 ml 
beakel~ 

Mix in 0.5 ml H20 
directly in a 50 
ml beaker 

same as B except 
presti b at 300 rp~ 
in CSO before US 

Mi x ADR + Fd in 50 
ml beaker, add BSA 
as solution, 
FVe = 0.5 ml 

Mix BSA as solu
tion + F in beaker 
add ADR, FV = 0.5 
ml 

Same as E except 
FV = 1. 0 ml 

Microspheres 

Large particle 
size range 
with non
spheri ca 1 
denatured 
protein 

About 1 ll, 
vii th 1 arge 
non-spherical 
protein 

Merged 

About 1 11, with 
some non
spherical 
denatured 
protein 

About 1 ll, 
with some non
spherical 
denatured 
protein 

Merged 

Mi x 400 mg/m1 BSA so 1- About 1 II 
ution + F in 50 m1 bea-
ker, add 50 mg/ml ADR 
solution, F=O.56 m1. 

aBSA = bovine serum albumin, ADR = adriamycin HCl 
bCSO = cottonseed oil 
CUS = ultrasonification 
d F = Fe304 
eFV = final volume 
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(personal communication, Farmatalia Carlo Erba). Therefore, the final 

aqueous phase mixing technique used for batch G was utilized for 

microsphere preparation. 

3.3.2 Determination of the Adriamycin Content of Magnetic Albumin 

Microspheres 

Adriamycin containing magnetic albumin microspheres have been 

previously digested in 5% (v/v) HC1/ethanol to release adriamycin from 

the albumin matrix (Widder et al., 1979b). This medium was compared 

to 0.5 M acetic acid under the same conditions. Table 3.2 lists the 

adriamycin content for the different digestion methods. The use of 

0.5 M acetic acid produced slightly higher adriamycin contents than 

5% (v/v) HC1/ethanol. This may be due to an increase in microsphere 

stability in 5% (v/v) HC1/ethanol compared to 0.5 M acetic acid. 

The coefficients of variation of the adriamycin content in microspheres 

indicated that the method of microsphere preparation and digestion were 

reproducible. The digestion of microspheres with a second aliquot of 

fresh 0.5 M acetic acid did not increase the total adriamycin content 

recovered from the microspheres. Therefore, a single digestion was 

sufficient. 

3.3.3 Removal of Surface Associated Adriamycin from Magnetic Albumin 

Microspheres 

Table 3.3 lists the adriamycin content/mg of carrier obtained 

from each washing step and the content for the entrapped fraction. The 

comparison of batch A and B indicated that centrifugation is more 
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Table 3.2 Adriamycin Content of Magnetic Albumin Microspheres Digested 
in Different Media 

Meana Adriamycin Content 
Batch # of Carrier (]1g/mg) Digestion Medium 

A 39.4 (9.1) 5% HC1/ethanol 

A 50.4 (9.5) 0.5% M acetic acid 

B 36.6 (0.6) 5% HC1/ethanol 

B 43.6 (2.6) 0.5 M acetic acid 

aEach mean (coefficient of variation) is based on three samples. 
The coefficient of variation (CV) as used throughout this manu
script is defined as, 

CV = 100 standard deviation 
mean 



Table 3.3 Comparison of Surface and Entrapped Adriamycin 

Method of Separation/ Meana Adriamycin Content (~g/mg) of Carrier 
Heat Stabilization Temperature 

Batch # (QC) 1st Wash 2nd Wash 3rd Wash Entrapped 

A Magnet/105 23.1(3.0) 3.6(17.5) 1. 46(10.1) 2.27{18.7) 

B Centri fuge/l 05 23.6(0.4) 3.0(10.8) 1.43(9.9) 2.81{8.1) 

C Centri fuge/l25 19.3{17.3) 4.7{4.9) 4.0{16.3) 9.1{18.2) 

0 Centrifuge/125 13.5{2.0) 4.7{4.9) 2.9{13.1) 10.6(10.3) 

E Centrifuge/125 14.5(20. 1) 5.4(14.5) 3.5{10.8) 10.4(4.3) 

F Centri fuge/145 6.0 (3.5) 2.1{12.0) 2.1(8.2) 8.8{0.6) 

aEach mean (coefficient of variation) is based on three samples. 

(J) 

Ul 
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reproducible than using a magnet to separate the microspheres from the 

supernatant containing the surface drug. 

The heat stabilization temperature was found to have an effect 

on the fraction of surface and entrapped drug. The results of the 

adriamycin content studies (Table 3.3) showed that the entrapped frac

tion of drug was significantly increased when the heat stabilization 

temperature was increased from 105°C to 125°C. The quantity of adria

mycin entrapped was comparable at heat stabilization temperatures of 

125°C and 145°C, although the quantity of surface adriamycin was 

greatly reduced at 145°C. 

Figure 3.3 shows the chromatograms obtained from the analyses 

of entrapped and surface products for microspheres prepared at 125°C 

and 145°C. For microspheres prepared at 125°C, the peak height ratio 

of adriamycin to the major degradation product was greater than the 

ratio obtained for microspheres prepared at 145°C. This was true for 

both the entrapped and surface analysis. However, the magnitude of 

the peak height for the entrapped degraded product (Figure 3.38) for 

the microspheres prepared at 145°C indicated that more material was 

entrapped relative to the microspheres prepared at 125°C. Therefore, 

a greater quantity of drug is capable of being entrapped at higher heat 

stabilization temperatures. Thus, a high temperature heat stabiliza

tion technique would be useful for heat stable drugs. The greater 

fraction of material (drug plus degradation products) entrapped at 

145°C can be attributed to the increased rate of water evaporation from 

the internal phase of the emulsion. A higher rate of water evaporation 
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Figure 3.3 Chromatograms of surface and entrapped products from 
adriamycin associated magnetic albumin microspheres. 
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will reduce the intraparticle migration of soluble materials in the 

microspheres during the evaporation process. This would decrease the 

quantity of adriamycin migrating to the surface of the microspheres. 

Similar findings have been reported in a study of solute migration in 

a granular bed (Rubinstein and Ridgway, 1974). 

A thirty minute interval was chosen between the second and 

third washing steps, because it represented the average time needed to 

prepare a rat for drug administration. Thus, the sum of the adriamyc;n 

content/mg of carrier contained in the third wash and the amount 

entrapped in the microspheres equals the quantity of drug administered 

to the animals. 

Table 3.4 gives the percentage of adriamycin degraded for 

microspheres prepared at heat stabilization temperatures of 125°C and 

145°C. Significant drug degradation occurred at both temperatures. A 

heat stabilization temperature of l25±5°C was utilized because it 

produced microspheres with the greatest amount of adriamycin entrapped. 

In addition, adriamycin degradation products produced at the 125°C 

heat stabilization temperature did not interfere with the quantitation 

of adriamycin and adriamycinol. 

3.3.4 Determination of the Magnetite Content of Adriamycin Associated 

Magnetic Albumin Microspheres 

The determination of the magnetite content in the microspheres 

required a digestion procedure that converted the Fe304 to the ferrous 

and ferric ions. Once the iron is in the ionic state, atomic absorp

tion spectroscopy can be used for its quantitation. Treatment of the 
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Table 3.4 Degradation of Adriamycin due to Heat Stabilization 

Percentaqe w/w of 

Heat Stabilization Adriam~cin/Carrier 

Tem~erature (OC} Starta Final b 0' 
/v Deqradation 

125 6.9 3.7 46.4 

125 6.8 3.4 50.0 

125 6.7 3. 1 53.7 

145 6.8 1.9 72.1 

aBased on the starting quantities of 100 mg of bovine serum albumin, 
9.4 mg of adriamycin and the actual weight of Fe304 used. 

bBased on the total adriamycin recovered, including the surface and 
ent.rapped adri amyci n. 
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microspheres with concentrated HCl digested the carrier matrix and 

converted the Fe301.j. into its ionic forms, i.e., 

(3.1) 

From a study of the reaction conditions, it was observed 

(Table 3.5) that the percentage w/w of Fe301.j./mg of carrier was fairly 

constant. However, slightly higher and more reproducible magnetite 

percentages were obtained at 60°C compared to 20°C. A reaction time 

of 6 hr did not effect the magnetite values, and therefore a 2 hr 

reaction time was chosen. 

3.4 Conclusion 

The preparation of drug associated magnetic albumin micro

spheres required consideration of the aqueous phase components and the 

heat stabilization temperature. These factors were found to effect 

the microsphere size, morphology and drug content. It was found that 

these factors were not critical to the formation of plain albumin 

microspheres. The primary problem was utilizing a heat stabilization 

temperature that could entrap quantities of drug large enough to permit 

realistic amounts of carrier to be administered, while producing mini

mal drug degradation. In the present investigation, a 125°C heat 

stabilization temperature satisfied this requirement, enabling micro

spheres containing about 30% (w/w) magnetite and 4.0% (w/w) adriamycin 

to be produced. As other drugs are entrapped in microspheres, the heat 

stabilization temperatures will need to be optimized in order to pro

duce useful dosage forms. 



Table 3.5 Magnetite Content of Microspheres Digested by Different 
Methods 

Meana 
Percentage 

(QC) Time (hr) 
'IJ/w Fe304/mg 

Tem~erature of Carrier 

20 3 28.9 (16.1) 

60 2 32.5 (5.9) 

60 6 31. 3 (3.2) 
-a

Each mean (coefficient of variation) is based on three samples. 
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CHAPTER 4 

ANALYSIS OF ADRIAMYCIN AND ADRIAMYCINOL BY REVERSED PHASE 
ION-PAIRING HIGH PRESSURE LIQUID CHROMATOGRAPHY IN 

RAT SERUM AND TISSUES 

4.1 Introduction 

Since adriamycin was introduced as an anthracycline anticancer 

agent in 1969 (DiMarco et al" 1969), both non-specific and specific 

analytical methods have been developed for the quantitation of adria

mycin and its metabolites in biological samples. Non-specific fluro-

metric and radioimmunoassay orocedures show adequate sensitivity but 

lack specificity, making these methods unattractive (Bachur et al., 

1977; Benjamin et al., 1973). Specific analyses began with the 

separation and quantitation of adriamycin and its metabolites by thin

layer chromatography (Chan and Wong, 1979; Watson and Chan, 1976). 

Recently, high pressure liquid chromatography (HPLC) has been used 

Eksborg et al., 1979; Pierce and Jatlow, 1979; Israel et al., 1978). 

HPLC methods are preferred for their relative simplicity and sensi-

tivity. 

Adriamycin is an ampholytic compound with the pKa of the amino 

group reported to be around eight (May et al., 1980). It will, there

fore, ionize in the acidic and neutral mobile phases usually employed 

in·HPLC. Ionic suppression techniques have been successfully applied 

in the analysis of acidic compounds, but will be less advantageous for 

quantifying adriamyc;n and its metabolites. The high pH values 
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required to suppress ionization of adriamycin will have a devastating 

effect on the stationary support. 
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Recently, an interest in the application of ion-pairing chroma

tography for the analysis of anthracyclines i.n biological samples has 

been noted (Riggs and Bachur, 1983). Haneke et al. (1981) and Thomas 

et al. (1984) used ion-pairing techniques to quantitate daunorubicin, 

doxorubicin (adriamycin) and their aglycone metabolites in pharma

ceutical preparations. In addition, Van Lancker et al. (1983) used 

sodium lauryl sulfate as an ion-pairing agent to separate a number of 

anthracyclines. However, the system.lt/as neither optimized for, nor 

applied to, the analysis of biological samples. 

Most of the reported reversed-phase chromatographic conditions 

for the separation and quantitation of adriamycin and its metabolites 

in plasma or serum are very similar. Typically, a 30 to 40% (v/v) 

acetonitrile mobile phase concentration is used with a phenyl-silica 

stationary phase. There is no available HPLC technique specific for 

quantitation of adriamycin and its metabolites in rat tissues. 

A method was developed for the quantitation of adriamycin and 

adriamycinol in rat serum and tissue samples using ion-pairing chroma

tography. Daunomycin (daunorubicin) was used as the internal standard 

due to its chemical similarity to adriamycin and its availability. The 

method uses a high concentration of ion-pairing agent which provides 

adequate separation of adriamycin, adriamycinol, adriamycinone and 

daunomycin with very short analysis times (see Figure 4.1 for the 

structure of these compounds). The strategies involved in developing 



o 

o 

OH 

-'0 

~o\1 
HO~ 

NH2 

Daunorubicin, X = H 
Adriamycin, X = OH 

Adriamycinone 

o 

o 

OH 

--0 

~oJ 
HO~ 

NH2 

Adriamycino\ 

Figure 4.1 Chemical structures of the anthracyc1ines. 
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such an assay for these compounds by an empirical optimization tech

nique will be discussed. 

4.2 Methods 

4.2.1 Materials 
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Adriamycin, adriamycinol, adriamycionone and daunomycin were 

kindly provided by Farmitalia Carlo Erba (Milan, Italy). HPLC grade 

acetonitrile and analytical 9rade isopropanol were obtained from 

Fisher Scientific Co. (Fair Lawn, NJ). Water was double distilled and 

Mill~Q filtered, Millipore Corp. (Bedford, MA). Analytical grade 

potassium dihydrogen phosphate, phosphoric acid and formic acid were 

purchased from BOH Chemical Co. (Poole, England). Silanizing agent, 

Aquasil, was obtained from Pierce Chemical Co. (Rockford, IL). Sodium 

lauryl sulfate, 99% pure, was purchased from Sigma Chemical Co. (St. 

Louis, MO). 

The chromatographic system consisted of a Waters Associates 

model 6000A pump; a Rheodyne (Cotati, CA) model 7125 injector with a 

100 ~l sample loop; a Schoeffel model FS970 fluorometer and a Linseis 

(Princeton Jct., NJ) model L650 recorder. The chromatographic column 

was stainless steel, 10 cm x 4.6 mm 10. The stationary phase was OOS

Hypersil, Shandon Southern Products Ltd. (Cheshire, England). The 

tissue homogenizer was a Silverson, Machines Ltd. (London, England). 

The fluorescence spectrum of adriamycin was recorded using an Aminco

Bowman (Ami nco, MO) model 4-8202 spectrophotoflurometer. 
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4.2.2 Fluorescence Detection Parameters 

The excitation spectrum of adriamycin HC1 in water was recorded 

by setting the emission spectrometer to an emission wavelength of 570 

nm and then scanning a range of wavelengths with the excitation spec

trometer. Two emission spectrums of adriamycin HC1 in water were re

corded by setting the excitation spectrometer to excitation wavelengths 

of 254 nm and 470 nm and then scanning a range of wavelengths with the 

emission spectrometer. 

4.2.3 Column Packing Procedure 

Columns were packed using the high pressure slurry apparatus 

shown schematically in Figure 4.2. About 1.8 gm of packing material 

(ODS-Hypersi1) was required for a 100 x 4.6 mm column. A slurry of 

ODS-Hypersi1 in isopropanol, 10% w/v, was prepared and placed on an 

ultrasonic water bath for not less than five minutes. The slurry was 

then introduced into the solvent reservoir and the column assembled. 

Hexane was used as the packing solvent and pressurized to 9000 psi. 

The liquid valve was opened to the full position and the slurry pumped 

into the chromatographic column. After about 200 ml of hexane had been 

pumped through the column, the column and the slurry reservoir were 

inverted. The solvent reservoir was then filled with about 200 m1 of 

methanol which was used to remove the hexane. The column was finally 

conditioned with about 100 m1 of a 50% (v/v) degassed methanol/water 

mixture. The liquid valve was closed. When solvent stopped emerging 

from the column outlet, the gas supply was turned off. The system was 

left undisturbed for at least 15 min before the column was disconnected. 
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4.2.4 Mobile Phase and Chromatographic Conditions for Analysis 

The mobile phase utilized for all analyses consisted of 50% 

(v/v) acetonitrile/water containing a final concentration of 80 mM 

sodium lauryl sulfate and 30 mM KH2 P04 • The final pH was adjusted to 

2 with phosphoric acid. The flow rate was 2 ml/min. The excitation 

and emission wavelengths on the fluorometer were set at 470 nm and 

580 nm. 

4.2.5 Procedure for the Extraction of Adriamycin and Adriamycinol 

from Rat Serum and Tissues 

78 

Stock solutions of daunomycin HC1, the internal standard, were 

prepared in 30% (v/v) methanol/water at concentrations of 2 ~g/Ml and 

10 ~g/ml. Fifty microliters of the appropriate internal standard stock 

solution were added to 1 ml of rat serum in 15 ml silanized glass cen

trifuge tubes and vortexed briefly. Three milliliters of acetonitrile 

were added to the tube while vortexing for a total of 30 sec. The 

tubes were then centrifuged at 4°C for 20 min at 3000 rpm. The resul

ting supernatants were transferred to 15 ml silanized glass tubes, 

50 ~l aliquots of 10% (v/v) formic acid/acetonitrile were added to each 

tube and the tubes were vortexed briefly. The solvents were evaporated 

to dryness under nitrogen gas at a temperature of 37 ±3°C. The dried 

residues were reconstituted in 120 ~l of 25% (v/v) acetonitrile/l mM 

H3P04 (pH = 2). The tubes were centrifuged at 3000 rpm for 10 min at 

4°C to separate any particulates. 

The brain, heart, kidney, liver, lung and small intestine were 

homogenized for about 2 min at maximum speed in a 1:4 (gm:ml) tissue 
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to ice cold saline ratio; the spleen was homogenized in a 1:7.5 (gm:ml) 

ratio. The minimum homogenization volume was 3 ml. The tail was 

homogenized in a 1 :10 (gm:ml) ratio with ice cold 0.5 M acetic acid in 

normal saline. The tail homogenates were left overnight at 4°C before 

further processing. 

The internal standard solution was added to 1 ml of tissue 

homogenate as described for serum and vortexed briefly. Three milli

liters of 10% (v/v) isopropanol/acetonitrile were added to each tube 

while vortexing for 30 sec. The tubes were centrifuged at 4°C for 20 

min at 3000 rpm. The supernatant wa~ transferred to silanized glass 

tubes, and 25 ~l aliquots of 10% (v/v) formic acid/acetonitrile were' 

added, and the tubes were vortexed briefly. The samples were then 

treated in the same manner described for serum. 

Volumes between 20 ~l and 100 ~l of the final reconstitution 

solvent were injected onto the HPLC system. 

4.2.6 Linearity, Sensitivity, Accuracy and Precision of the Assay 

Known amounts of adriamycin, adriamycinol and daunomycin were 

added to 1 ml of either serum or tissue homogenate and analyzed as 

above. The percentage recovery was determined by dividing the peak 

height obtained from the sample by that obtained from a standard. 

Standard curves were obtained from linear regression of the peak height 

ratios and drug concentration. The concentration ranges for adriamycin 

were from 9.4 to 188 ng/ml and from 188 to 1880 ng/ml. The concen

tration range for adriamycinol was from 10 to 200 ng/ml. The accuracy 

and precision of the adriamycin and adriamycinol measurements were 



assessed by comparison of the added drug amounts to those predicted 

by the standard curves. 

4.2.7 Adriamycin and Adriamycinol Determinations in Rat Serum and 

Tissues 

80 

Three female Wistar rats were intravenously dosed with 2 mg/kg 

of adriamycin HC1. Four hours later the rats were killed by exsangui

nation and the serum and tissues processed as described above. 

4.3 Results and Discussion 

4.3.1 Fluorescence Detection Parameters 

It has been reported that detection sensitivity for adriamycin 

can be increased five to ten times when an excitation wavelength of 

247 nm is used (Israel et al., 1978). Graph 2 of Figure 4.3 represents 

the excitation spectrum of adriamycin HCl which indicated that adria

mycin has two distinct excitation maxima at wavelengths of 254 nm and 

470 nm. Graphs 3 and 4 of Figure 4.3 represent the emission spectrum 

of adriamycin HCl at 254 nm and 470 nm, respectively. Contrary to the 

findings of Israel et al. (1978), the fluroescence of adriamycin at the 

emission maxima of 570 nm and excitation wavelength of 470 nm was three 

times greater than that obtained at 254 nm. Therefore, the instrument 

settings chosen for excitation were 470 nm, and for emission 580 nm. 

The final emission wavelength was set at 580 nm, because this was the 

closest filter available to 570 nm for the high pressure liquid chroma

tographic fluorescence detector. 
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4.3.2 Chromatographic Separation 

One of the most important requirements for a routine analytical 

method, besides the required sensitivity and specificity, is the repro

ducibility of accurate results. In order to determine optimal and 

reproducible chromatographic conditions for the separation of adria

mycin, adriamycinol, adriamycinone and daunomycin a number of studies 

were performed. 

In ion-pair chromatography, the retention time of an ionic 

solute depends on the choice and concentration of the pairing ion, 

organic modifier concentration, pH and ionic strength of the mobile 

phase. These variables were studied in the following order: organic 

modifier concentration, pH, buffer salt concentration and ion pairing 

agent concentration. In this optimization technique, a single variable 

is investigated first while the remaining variables are held constant. 

As each new variable is studied, the optima or chosen level of the pre

ceding variable is held constant. This empirical optimization tech

nique does not include a complete analysis of the interactions between 

the variables. Different chromatographic conditions might be attained 

if the order of the investigation is altered. More rigorous approaches 

such as the simplex statistical technique, are able to locate local 

optima, however, the overall chromatographic optimum cannot be guaran

teed (Sachok, et al., 1980). 

4.3.2.1 Influence of Organic Modifier Concentration. Figure 

4.4 shows the effect of the acetonitrile concentration in the mobile 

phase on the capacity factor, k', of the solutes. An increase in the 



Figure 4.4 

8 

7 

k' 4 

3 

2 

1 

o 3·~O--~4~O--~5~O--~6~O--~7b~ 
% (v/v) Acetonitrile 

Capacity factor, k', versus percent v/v acetonitrile. 
o - da unomyci n, 0 - adri amyci n, • - adri amyci no 1 , 
II - adriamycinone. Mobile phase consisted of various 
acetonitrile concentrations, 10 mM KH 2 P04 and the pH 
adjusted to 4.2 with phosphoric acid. 

83 



84 

acetonitrile concentration decreased the k' and lowered the selectivity. 

Below 50% (v/v) acetonitrile/water, slight variations in acetonitrile 

concentrations caused marked changes in the k' values and peak tailing 

became apparent. At high concentrations of acetonitrile, selectivity 

became minimal. Therefore, a 50% (v/v) acetonitrile/aqueous mobile 

phase was used in this investigation. 

4.3.2.2 Influence of pH. The mobile phase, 50% (v/v) ace

tonitrile/20 mM KH 2 P04 , was varied over a pH range of 2 to 7 using 

phosphoric acid. It was observed (see Figure 4.5) that the k' values 

for adriamycin, adriamycinol and daunomycin increased as the pH of the 

eluent increased. Such an effect for basic compounds has been demon

strated by other investigators (Pashankov et al., 1981~ Proeless et 

al., 1978). The k' values of the three basic compounds changed 

greatly in the region from pH 3 to 7 with observable peak tailing. At 

pH values below 3, the k' values for these compounds were relatively 

constant with no peak tailing. Therefore, a pH value of 2 was chosen 

because of the insensitivity of the capacity factors to small changes in 

pH, and because it produced the sharpest peaks. 

4.3.2.3 Influence of Buffer Salt Concentration. Insufficient 

buffer capacity of the eluent in ion-pair chromatography will cause 

poor column efficiency and may result in peak splitting (Melander et 

al.,1979). On the other hand, the addition of a buffer salt to the 

mobile phase will alter its ionic strength. The ionic strength has 

been demonstrated to have a significant influence on the retention of 

ionic solutes (Rudzinski et al., 1983). Over a total mobile phase 
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concentration range of 10 to 50 mM KH 2P04 , in 50% (v/v) acetonitrile/ 

water (pH = 2), a general decrease in the k' values was observed for 

adriamycin, adriamycinol, adriamycinone and daunomycin (see Figure 4.6) 

as the KH 2 P04 concentration increased. The decrease in retention of 

protonated basic sUbstances has been attributed to the added salt com

peting for the free silanol groups on the C-18 surface (Papp and Vigh, 

1983). This general decrease in solute retention was insignificant at 

and above 30 mM KH 2 P04 concentration. Thus, a 30 mM KH 2 P0 4 concentra

tion in the mobile phase was chosen due to the relative constancy of 

k' and the absence of peak tailing. 

4.3.2.4 Influence of Ion-Pairing Agent. Sodium lauryl sulfate 

(SLS) was employed as the anionic pairing ion because of its hydro

phobicity and its adsorption characteristics onto the C-18 stationary 

phase. It has been demonstrated that SLS is appreciably adsorbed onto 

the C-18 surface even at high organic modifier concentrations (Hung 

and Taylor, 1981). Figure 4.7 shows a plot of k' versus SLS concen

tration in the mobile phase. It was observed that the k' values for 

the ionic solutes go through an expected maximum, as predicted by the 

ion-exchange desolvation mechanism (Hung and Taylor, 1981 and 1980). 

The ion-exchange desolvation mechanism states that the decrease of the 

k' of an ionic solute after the maximum is due to the decrease of the 

surface area of the C-18 support and to the increasing sodium ion con

centration. The surface area of the C-18 support decreases as a result 

of the adsorption of the hydrophobic portion of the pairing ion. The so

dium ion, or counter ion, concentration increases as a result of the 
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added sodium lauryl sulfate. for the non-ionic solute, adriamycinone, 

the k' gradually decreased as the concentration of SLS increased according 

to the ion-exchange desolvation mechanism. This effect was due to the 

surface area of the C-1S support being reduced in the presence of 

adsorbed SLS. The maximum retention and optimal separation were 

achieved at a SLS mobile phase concentration of SO mM. In addition, 

at this SLS concentration, the retention of the ionic solutes was 

insensitive to small changes in the mobile phase SLS concentration. 

Therefore, a SO mM concentration was utilized in this investigation. 

4.3.3 Extraction of Adriamycin and Adriamycinol from Biological Medium 

Anthracyclines have been extracted from biological samples by 

a variety of organic-alcoholic mixtures and by protein precipitants 

(Riggs and Bachur, 19S3~ Quattrone and Ranney, 19S0). The early 

strategy was to utilize solvent systems that had been reported to give 

good recoveries. The development of the recovery procedure for adria

mycin, adriamycinol and daunomycin utilized bovine serum as the bio

logical medium due to its availability. Table 4.1 compares the 

percentage recoveries from chloroform and some chloroform-alcoholic 

mixtures. All of the extracting solvents gave percentage recoveries 

from bovine serum for adriamycin and adriamycinol of about 50%. These 

values were considered to be unacceptable to provide a desired sensi

tivity of below 5 ng/ml. Furthermore, the evaporation step for the 

chloroform-alcoholic mixtures was too time consuming for routine use. 

Based on these observations, it was decided to optimize a pro

tein precipitation method. Table 4.2 gives the percentage recoveries 



Table 4.1 Percentage Recoveries of Anthracyc1ines from Bovine Serum 
using Different Organic Solvents 

Mean Percentage Recoveries (CV)a 

Extracting Solventa n Adriam~cin Adriam~cino1 Daunom~cin 

Chloroform (CF) 8 67.0(12.0) 38.9(22.8) 65.9(20.7) 

4:0 CF:isoamy1 alcohol 6 46.7(16.0) 47.1(34.0) 55.3(35.0) 

1 : 1 CF:pentano1 7 45.7(13.9) 54.6(18.7) 63.2(23.0) 

3: 1 CF:hexano1 6 55.9(23.6) 62.7(16.2) 47.1(53.4) 

aCV = ff"" t f "t" 100 standard deviation coe lClen 0 varla lon = mean 
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bFor each extracting solvent, 1 m1 of bovine serum containing 33 ng 
each of adriamycin, adriamycino1 and daunomycin was adjusted to a pH 
of 9 with 100 p1 of 2 N NaOH per 20 m1 of serum. The serum was then 
extracted with 5 m1 of the organic solvent for 10 min on a horizontal 
shaker. After centrifugation for 20 min at 3000 rpm, the organic 
phase was transferred and evaporated to dryness at 55 ± 5%OC. The 
dried residue was reconstituted in 120 p1 of 25% (v/v) acetonitri1e/ 
1 mM H3P04 (pH = 2). A1iquots between 10 and 100 p1 were injected 
onto the HPLC. 



Table 4.2 Percentage Recovery of Adriamycin and Adriamycinol from 
Rat Serum 

Com~ound Added Concentration {ng/ml} Percentaqe Recoverla 

Adriamycinol 10 74. 3{ 4. "8) 

200 73.4{11.3) 

Adri amycin 9.4 68.9{12.0) 

188 74.9{11.3) 

1880 82. 2{ 2.7) 

aEach mean (coefficient of variation) is based on a minimum of 
nine samples. 
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of adriamycin and adriamycinol from rat serum using the method de

scribed in Section 4.2.5. The percentage recoveries were higher and 

more reproducible than those obtained using the solvents listed in 

Table 4.1. The percentage recovery for both compounds was about 75%, 

and all coefficients of variation were below 13%. Similar percentage 

recoveries were obtained when bovine serum was the biological medium. 

The present protein precipitation procedure is simple and allows for 

an acceptable sensitivity limit. 

It was found that significant drug degradation occurred during 

the evaporation step if the supernatant pH was, not within the range of 

4 to 7. The adjustment of supernatant pH with an acid having a pKa 

value close to the desired pH should prove more reproducible due to 

the ionization characteristics of the acid. A 10% (v/v) formic acid/ 

acetonitrile mixture was able to adjust the supernatant pH to about 5. 

The extraction of the anthracyclines from tissue homogenates 

was directly based on the procedure developed for serum. It was found 

that greater recoveries from tissue homogenates were obtained by using 

10% (v/v) isopropanol/acetonitrile rather than pure acetonitrile as the 

protein precipitant. All tissues except the tail were efficiently 

homogenized in Normal Saline. A suitable tail homogenate was obtained 

by digestion in 0.5 M acetic acid at 4°C overnight. This medium facil

itated collagen digestion and is the same as used by Widder et al. 

(1979b). 

Table 4.3 gives the percentage recoveries of adriamycin and 

adriamycinol from rat tissue homogenates. The percentage recovery for 



Table 4.3 Percent Recovery of Adr;amycin and Adriamycinol from Rat 
Tissue Homogenates 

Percentage Recover~a 
Tissue Adri am~ci no1 Adriam~cin 

Brain 48.7(3.8) 39.3(9.4) 

Heart 52.2(2.8) 40.8(7.1) 

Kidney 49.7 (11. 5) 43.2(3.3) 

L ;ver 47.4(11.5) 39.2(2.1) 

Lung 45.8(6.4) 25.9(3.3) 

Small Intestine 43.4(13.7) 46.5(12.2) 

Spleen 40. l( 4.3) 33.2(9.7) 

Tail 59.8(4.8) 55. 1 (6.3) 

aEach mean (coefficient of variation) ;s based on three 
samples. For all tissues the concentrations added were 
50 ng/ml and 100 ng/ml of adr;amycinol and adriamyc;n, 
respectively. 
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each compound was about 40% and all coefficients of variation were 

less than 14%. These recoveries were lower than those obtained from 

serum but the reproducibility was similar. In addition, the method 

was convenient and provided the required degree of sensitivity. 
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4.3.4 Linearity, Sensitivity, Accuracy and Precision of the Assay 

Tables 4.4 and 4.5 give the linear regression data for adria

mycin and adriamycinol, respectively. All standard curves were linear 

with correlation coefficients greater than 0.98. 

Based on a signal to noise ratio of three using the method 

described, the lowest quantifiable concentration of adriamycin and 

adriamycinol in rat serum was 4 ng/ml. In rat tissue samples, the 

lowest quantifiable concentration was between 25 and 50 ng/ml for both 

adriamycin and adriamycinol, depending on the tissue. 

Table 4.6 gives the accuracy and precision of the assay in rat 

serum and tissue homogenates. All measured concentration values were 

within 7% of the known values, and all coefficients of variation were 

less than 11%. 

4.3.5 Adriamycin and Adriamycinol Determinations in Rat Serum and 

Tissues 

Table 4.7 gives the adriamycin and adriamycinol concentrations 

obtained from the preliminary study. All coefficients of variation 

were under 16% except for the adriamycin measurements in the serum and 

liver. Figure 4.8 shows a chromatogram of blank rat serum and rat 

serum to which known amounts of adriamycin, adriamycinol and daunomycin 



Table 4.4 Linear Regression Data for Adriamycin in Rat Serum and Tissuesa 

SO of SO of 
Sample n Intercept x 102 Intercept x 102 Slope x 103 Slope x 104 r 

Serum 18 1. 64 2.28 13.60 2.44 0.9974 

Brain 6 2.26 6.89 15.10 7.40 0.9952 

Heart 16 7.40 13.5 2.38 1. 23 0.9817 

Kidney 20 -5.71 10.4 2.34 0.951 0.9855 

Liver 20 -6.37 6.94 2.33 0.635 0.9934 

Lung 20 -3. 15 5.08 1. 73 0.465 0.9936 

Small Intestine 20 -3.12 6.64 2.18 0.608 0.9931 

Spleen 16 -5.08 6.86 1. 92 0.628 0.9926 

Tail 17 -1. 51 9.12 2.34 0.539 0.9921 

aThe adri amyci n concentrati on range for serum and brai n was 9.4 to 188 ng/n 1, and for all other 
ti ssues was 188 to 1880 ng/m1. 

\.0 
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Table 4.5 Linear Regression Data for Adriamycinol in Rat Serum and Tissues a 

SO of SO of 
Sample n I ntercept x 102 I ntercept x 102 Slope x 102 Slope x 104 

Serum 18 1. 20 3.52 l. 45 3.55 

Brain 6 -0.59 1. 91 l.83 l.92 

Heart 6 -9.00 7.10 2.17 7.16 

Kidney 6 7. 11 3.74 l. 61 3.77 

Liver 6 Hi.2 6.00 1. 22 6.05 

Lung 6 -8.81 8.72 1.89 8.80 

Small Intestine 6 -4.37 2.68 1. 41 2.71 

Spleen 6 16.2 7.69 1. 59 7.76 

aThe adriamycino1 concentration range for all samples was 10 to 200 ng/ml. 

r 

0.9952 

0.9998 

0.9978 

0.9989 

0.9951 

0.9957 

0.9993 

0.9953 

to 
(J'l 
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Table 4.6 Accuracy and Precision of the Assay in Rat Serum and Tissuesa 

Concentration {ng/ml) 
Sam121e Com12ound Known Measured CV 

Serum Adriamycinol 10.0 9.9(99) b 9.2 

Adriamycin 9.4 9.3(99) 10.4 

Adriamycin 188.0 193. 8{ 103) 6.6 

Adriamycin 1880.0 1857.5(99) 4.8 

Heart Adriamycin 970.0 987.9(102) 8.6 

Kidney Adriamycin 582.0 573.5(99) 6.3 

Liver Adri amyci n 194.0 209.5(93) 7.8 

Lung Adriamycin 582.0 589.3(101) 4.5 

Small Intestine Adriamycin 582.0 589.5(101) 10.9 

Spleen Adriamycin 970.0 971.5(100) 8.3 

Tail Adriamycin 970.0 905.0(93) 8.9 

aEach mean and coefficient of variation (CV) is based on twelve 
samples for serum and six samples for all tissues. 

bpercent of known. 



Table 4.7 Adriamycin and Adriamycinol Concentrations in the Rat at 
Four Hours After a 2 mg/kg IV Dose of Adriamycin HCl 

Sam~le Adriam~cin l\driam~cinol (ng/gm) 

Serum 12.8 ng/ml (32.6)a b 

Brain 29.3 ng/gm (13.3) b 

Heart 3.03 ~g/gm (6.3) 72.0 (5.2) 

Kidney 4.32 ~g/gm (13.7) 58.8 (14.9) 

Liver 2.02 ~g/gm (25.9) 56.3 (11.5) 

Lung 4.40 ~g/gm (4.4) 37.9 (6.2) 

Small Intestine 1.77 ~g/gm (9.2) 56.0c 

Spleen 4.04 ~g/gm (15.6) 32.4c 

Tail 1.91 ~g/gm 
c b 

aEach mean (coefficient of variation) is based on three rats. 

bBelow assay sensitivity. 

cInsufficient sample to perform analysis in all rats. 
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Figure 4.8 Chromatograms from rat serum. A = blank; B = spiked serum, 
1 - adriamycinol (10 ng/ml), 2 - adriamycin (10 ng/ml), 
3 - daunomycin (100 ng/ml). Injection volume = 100 ~l. 



100 

were added. The retention times were 1.4 min for adriamycinol, 1.8 

min for adriamycin and 2.95 min for daunomycin. Figures 4.9 through 

4.11 show chromatograms obtained from blank tissues and tissues that 

were collected from animals that received adriamycin. Chromatograms 

from other blank tissues were similar to those of Figures 4.9 through 

4.11. Although adriamycinone was separated from adriamycin and adria

mycinol, it was not quantitated as it eluted with the endogenous con

stituents in serum and tissue samples. Since adriamycinone is an 

inactive metabolite (Tavoloni and Guarino, 1980), quantitation was not 

necessary. 

4.4 Conclusion 

A reversed-phase ion-pairing high pressure liquid chromato

graphic method was developed for the quantitation of adriamycin and 

adriamycinol in rat serum and tissues. The chromatographic conditions 

produced a good separation of adriamycin, adriamycinol and daunomycin 

in a relatively short time. The method utilizes a protein precipi

tation procedure for the release of the anthracyclines from biological 

media. The technique is simple, reproducible and afforded a sensi

tivity suitable for most analyses. 
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Figure 4,9 Chromatograms from rat kidney. A = blank; B = peak iden
tification same as in Figure 4.8. Rat given 2 mg/kg 
adriamycin HCl IV, sample taken 4 hr post-dose, adria
mycin concentration = 3.14 Vg/gm. Injection volume = 
50 vl. 
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Figure 4.10 Chromatograms from rat lung. A = blank; B = peak iden
tification same as in Figure 4.8. Rat given 2 mg/kg 
adriamycin HCl IV, sample taken 4 hr post-dose, adria
mycin concentration=3.8311g/gm. Injection volume = 
50 111. 
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Figure 4.11 Chromatograms from rat spleen. A = blank; B = peak iden
tification same as in Figure 4.8. Rat given 2 mg/kg of 
adriamycin HC1 IV, sample taken 4 hr post-dose, adria
mycin concentration = 4. 15 ~g/gm. Injection volume = 
50 ~1. 



CHAPTER 5 

PHARMACOKINETIC MODEL OF ADRIAMYCIN IN THE RAT 

5.1 Introducti on 

Physiological pharmacokinetic models were pioneered by Bischoff 

and Brown (1966) and Dedrick and Bischoff (1968). This type of model 

has been used to describe drug disposition in a variety of animals 

Gerlowski and Jain, 1983). Furthermore, the animal models have been 

scaled to predict drug concentrations in man (?awada et al., 1984; 

Igari et al., 1983). 

Physiological pharmacokinetic models require differential mass 

balance equations to describe drug disposition in each compartment or 

tissue in the model. From the solution of the differential mass 

balance equations, predicted drug concentrations for each compartment 

over time are generated. The equation parameters are based on anatomic, 

physiologic, thermodynamic and kinetic information on the animal 

species and drug used. All compartments are connected anatomically by 

blood flow. The model should include tissues containing a large quan

tity of drug, tissues involved in the elimination of the drug, and 

tissues of special pharmacological interest. In general, a greater 

number of compartments included in the model, will allow more accurate 

predictions to be made. However, the number of parameters needed for 

the equations and the experimental work required can be a limitation to 

the number of compartments included. 

104 
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Typically, the transport of drugs to each compartment is 

characterized as being either blood flow- or membrane-limited. A blood 

flow-limited compartment considers that the drug concentration is 

homogeneous throughout the compartment. A membrame limited compartment 

consists of an extracellular and intracellular compartment in which 

the drug concentration is homogeneous within each compartment. 

There are two distinct advantages of physiological pharmaco

kinetic models over other modelling techniques. First, a large amount 

of relevant information concerning the drug's physiological disposition 

can be incorporated into a unified model. Second, the model can be 

used to predict drug concentrations over time under different test con

ditions and ultimately, from species to species. 

Traditional compartmental analysis of obsey'ved concentration

time data can be applied to generate empirical exponential functions 

which describe the data. The inability to scale the fitted parameters, 

and therefore, to predict drug concentrations in other species, is a 

limitation to the use of compartmental models. 

Although physiological pharmacokinetic models are attractive, 

there are limitations to their use. The major limitation is that a 

large amount of data is required to generate a model. This includes 

the collection of concentration-time data in multiple tissues, and the 

determination of the parameter values. The numerous parameter values 

required for a model have led to a variety of parameter estimation 

techniques (Lutz et al., 1980). Minor limitations are based on the 

model representation of the tissues as lumped compartments. 
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The differential equation for a lumped compartment has time as the only 

independent variable, and consequently, the drug is considered to be 

homogeneously distributed within the compartment. Distributed param

eter models, where drug concentration is a function of both time and 

position, have been formulated (Jain et al., 1977). Parameter esti

mation as it pertains to this investigation, will be discussed in 

Section 5.2.1.1. 

In summary, physiological pharmacokinetic models are attractive 

for describing drug disposition in multiple tissues. A physiological 

pharmacokinetic model may be superior to other types of models because 

it can act as a predictive model in different animal species. There

fore, a physiological pharmacokinetic model was utilized to describe 

the disposition of adriamycin in two studies performed as part of this 

investigation. In the first, adriamycin was administered intra

arterially as a solution and in the second, the same dose of adriamycin 

was administered via magnetic albumin microspheres. 

5.2 Methods 

5.2.1 Materials 

Anhydrous ether was obtained from Baker Chemical Co. (Phil

lipsburg, NJ) and methoxyflurane was purchased from Abbott Labs (North 

Chicago, IL). Polyethylene tubing, PE10, reference no. 800/100/100/100 

was purchased from Portex Ltd. (Hythe, Kent, England). A 50 V 10 A DC 

power source, model SA, from Redfern Radio (Auckland, New Zealand) was 

used. A gaussmeter, model 600A and a transverse probe, model STG3-0404, 
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were purchased from F.W. Bell (Orlando, FL). The magnetic coils were 

provided by the Department of Physics, University of Otago (Dunedin, 

New Zealand). 

5.2.2 Animal Preparation 

Female adult Wistar rats, from 190 gm to 270 gm, were initially 

rendered unconscious with anhydrous ether, and then placed on the 

inhalation anesthetic, methoxyflurane. Anesthesia was maintained 

during the cannulation procedure, and for 30 min after drug admini

stration. The rat was placed on its back and the tail extended to its 

full length. An incision, approximately 20 mm, parallel to the ventral 

caudal artery, was made in the proximal end of the tail. From each 

end of the incision, a 5 mm perpendicular cut was made forming a flap. 

The ventral caudal artery in this region was exposed and the blood flow 

stopped with a clamp. A small cut was made in the artery and a 15 cm 

piece of PE10 tubing, soaked in 100 units/ml of heparin, was inserted 

and advanced 2 cm down the artery. The cannula was tied into place 

with fine thread and the clamp was removed. The cannula was left in 

place for 30 min after dosing and then removed and the site bandaged. 

The tail was demarcated into three segments. The pre-target 

segment, Tl, started at the base of the tail and ended 1 cm past the 

cannula tip. The target site, T2, extended 4 cm past the end of Tl. 

The post-target segment, T3, included the rest of the tail. 
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5.2.3 Microsphere Dose Preparation 

Prior to administration, the adriamycin magnetic microspheres 

were washed two times with 1 ml of 0.1% (v/v) Tween 80/Normal Saline 

(T80/NS) to remove surface adriamycin. This was done by taking between 

1.4 and 1.8 ml of the 25 mg/ml ether suspension of the microspheres 

containing adriamycin and adding them to an 8 ml glass silanized tube. 

Five drops of Tween 80 were added and the mixture was sonicated 

briefly. The ether was evaporated and the microspheres were resuspen

ded in 1 ml of T80/NS on an ultrasonic water bath. This suspension 

was centrifuged for 5 min at 2500 rpm and the supernatant was discarded. 

The microspheres were again resuspended in 1 ml of T80/NS, then cen

trifuged and the supernatant discarded. The pelleted microspheres were 

left on ice during the cannulation procedure and then finally resus

pended in T80/NS to a final microsphere concentration of 70 mg/ml. 

This carrier concentration would permit the adriamycin dose to be 

administered in essentially the same volume as the adriamycin admini

stered as a solution. From this microsphere suspension, 100 ~l was 

digested and analyzed for adriamycin as described in Section 3.2.3. 

The quantity of adriamycin/100 ~l was used to calculate the exact dose 

of adriamycin from the known total volume of suspension administered. 

5.2.4 Dosing 

When adriamycin was administered as a solution, each rat re

ceived 1.88 mg/kg in Normal Saline. When adriamycin was administered 

via the microspheres, the same dose was attempted to be administered. 

The actual dose was determined from the analysis of adriamycin per 
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100 ~l of the dosing suspension. Each dose was given via the cannula 

over 1 min and followed by 0.8 ml of Normal Saline. 

An electromagnet was used to produce a magnetic field strength 

of 8000 G at the center of the target tail segment. The field 

strength was measured with a gaussmeter and an attached transverse 

probe. The magnetic field gradient was 40 G/mm as measured from the 

midpoint of the target segment perpendicular to the pole. The gap 

between the truncated pole pieces was 10 mm. The magnet was turned on 

just prior to microsphere administration and left on for 30 min from 

the start of the injection. 

5.2.5 Sample Collection 

In both studies, three rats were killed at 30 min, 1, 2, 3, 4, 

8, 12, 18, 24 and 48 hr after administration. In the case of micro

sphere administration, the 30 min time point was immediately after the 

magnetic field was turned off. The rats were anesthetized with ether 

and killed by exsanguination. The blood was collected from the heart, 

allowed to clot and then centrifuged to obtain serum. The heart, 

kidney, liver, lung, small intestine and spleen were removed, rinsed 

with ice cold saline, blotted, weighed and kept on ice until homo

genized. The tail was cut into three segments, Tl, T2 and T3. Each 

segment was crushed by hammering, cut into small pieces and kept on 

ice until homogenized. At this point, all samples were processed as 

described in Section 4.2.5, then stored at -20°C and analyzed within 

three weeks of collection, as described in Section 4.2.5. 
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5.2.6 Analysis of Adriamycin and Magnetite 

The adriamycin content/100 ~l of the 70 mg/ml microsphere 

dosing suspension was determined by digesting 100 ~l of the suspension 

in 4.9 ml of 0.5 M acetic acid in a glass tube. The tube was placed 

in the dark and stored at 4°C overnight. The tube was then centrifuged 

5 min at 2500 rpm. An aliquot of the supernatant was injected onto the 

high pressure liquid chromatographic system as described in Chapter 4 

to determine adriamycin content. The adriamycin and adriamycinol 

concentrations in all animal samples were determined as described in 

Section 4.2.5. The magnetite content of the microspheres was deter

mined as stated in Section 3.2.5. 

5.2.7 Theory 

5.2.7.1 Parameter Estimation. In the present study, the mass 

balance equations are of the same forms as given by Gerlowski and 

Jain (1983). In a blood flow-limited model, the form is 

(5.1) 

where as in a membrane-limited model, the form is 

dC: 
vel· dt' = 0,. (c - C:) - h. [C: - (C~/R.)J 

s , " " 
(5.2) 

(5.3) 

All terms are defined in Section 5.2.9. 
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Tissue volumes were determined experimentally by weighing the 

tissues and assuming a density of 1 gm/ml. The total tissue volume 

was partitioned into blood, interstitial and intracellular volumes by 

the method of Bischoff and Brown (1966). Blood flow values were 

obtained from the literature (Tsuji et al., 1979; Sasaki and Wagner, 

1971; Saperstein et al., 1960). Mass transfer coefficients, release 

rate constants and the parameters associated only with the tail seg

ment mass balance equations (except volumes) were adjusted until 

observed and predicted concentrations agreed. Section 5.2.7.2 presents 

the method for the determination of the partition coefficients. 

Total systemic clearance, Cl s (ml/min), was assigned to the 

liver and was estimated from 

C1 = DOSE 
s AUC (5.4) 

where AUC is the area under the serum adriamycin concentration-time 

curve from time zero to infinity. The AUC was calculated from the 

equation 

N A. 
AUC = ~ -' . 1 A. ,= , 

(5.5) 

where Ai and Ai are determined from nonlinear regression of the con

centration-time data. The intrinsic liver clearance of adriamycin 

was estimated from the relationship 
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(5.6) 

5.2.7.2 Area Method for the Determination of Partition 

Coefficients. A variety of methods have been reported for the calcu

lation of partition coefficients for blood flow-limited models (Lin 

et al., 1982a; King and Dedrick, 1981; Chen and Gross, 1979). The in 

vitro technique of Lin and associates (1982a) assumes equilibrium of 

drug between a tissue homogenate and a buffer. While the method has 

been shown to be in agreement with in vivo techniques (Lin et al., 

1982b), additional in vitro experiments are required. King and Dedrick 

(1981) have described a forcing function method. This method is based 

on a hybrid modelling approach \'Jhich requires computer fitting of the 

data. Consequently, the generated parameters may not represent 

physiological values. The Chen and Gross (1979) method is frequently 

used yet it has not been developed for membrane-limited models. A new 

method, the area method, was derived for the calculation of partition 

coefficients for both blood flow and membrane-limited models. 

The flow diagram in Figure 5.1 illustrates a blood flow limited 

model. This model was used to describe the disposition of adriamycin 

in the rabbit (Harris and Gross, 1975). For any non-eliminating organ, 

except the lung, in Figure 5.1 the differential mass balance equation 

is equal to Eq. (5.1). Rearrangement and integration of Eq. (5.1), 

from time zero to time infinity yields 
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Figure 5.1 Physiological pharmacokinetic model used for the area 
method derivation, Qx = Qli - Qg - Qsp . 
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O. Joo O. Joo , " 

C,.(oo) - C.(O) = -- C dt - ---- c. dt , v. s V.R. , (5.7) 
, 0 " 0 

Since C(oo) and C(O) equal zero, rearrangement of the resulting 

equation gives 
00 

J Ci dt 
o R. = --, 00 

f Cs dt 
o 

(5.8) 

where foo C. dt is the total area under the ith tissue drug concentra-
o ' 

tion time curve, and ~oo Cs dt is the total area under the serum drug 

concentration time curve. Therefore, the partition coefficient can be 

obtained by simply comparing the area under the concentration-time 

curve for the tissue of interest, to that of serum. 

The liver, as depicted in Figure 5.1, is used to illustrate 

the derivation for an eliminating blood flow-limited compartment. The 

liver mass balance equation is 

(5.9) 

Integrating from time zero to time infinity, realizing that 

Cli(oo) and Cli(O) equal zero, and solving for Rli gives 
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"" 
(Q1i + C1 ~ i ) f C1 i dt 

o R1,' = ------~--"'------------
~ Q "" 0 "" 

(Qli -Qg-QSp)I Cs dt+"if I C dt+~SP I C dt 
o gog sp 0 sp 

(5.10) 

Substituting for Rg and Rsp in accordance with Eq. (5.8) and 

cancelling of common terms yields 

(Q1 i + C1 ~ i ) J"" C1 i dt 
o Rli = ---""----='----

Qli f Cs dt 
o 

(5.11) 

For a non-eliminating membrane limited model, partition coef-

ficients can be obtained as folloltls. The Laplace transforms of Eqs. 

(5.2) and (5.3) are 

V~ [s c~ - C~ (0)] = o. (c - c~) - h. [c~ - (c,~ I R,. ) ] 
, '1 , S 1 " 

(5.12) 

c -c c -e -c )] V. [s C. - C.(O)] = h.[C. - (C·/R. , 1, '1" (5.13) 

where s is the Laplace operator and C ;s the Laplace transform of con

centration. Since C~(O) and Cf(O) equal zero, Eqs. (5.12) and (5.13) can 

be rearranged to give 

[ 

V7R. [s + (h. IV~R. )] ] -e - , , " 1 ( 1) 
Ci = Qi Cs 2 e c ( e c c ) 5. 4 s V.V.R. + s v.h. + Q.V.R. + h.V.R. + Q.h. 

"1 " 1" ", " 
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-e h. C. -c ___ ~,~, ____ __ C. = 
, V~[s + (h./V~R.)J , " , 

(5.15) 

The values of cf and cf as s -+ 0 in Eq. (5.14) and (5.15) are 

1 im c~ = 

s-+O ' 
lim C 
s-+O s 

(5.16) 

and 

1 im C~ = R. 1 im c~ = R. 1 im C (5.17) 
s-+O ' 

, 
s+O 

, 
s+O s 

By defi niti on, Joo C dt = 1 im C. Therefore, 
0 s-+O 

00 00 

f C~ dt = f Cs dt (5.18) , 
and 0 0 

00 00 

J C~ dt = Pi f C dt (5.19) , s 
0 0 

The total tiss ue concentration, Ct ' can be expressed as 

V~ C~ + V~ C~ 
C = 

, , , , 
(5.20) 

t Vt 

Integration of Eq. (5.20) from time zero to infinity yields 

V~ foo C~ dt + V~ Joo C~ dt 

" " f Ct dt = --O-----:V-;-"t--
O
--

o 

00 

(5.21) 

Substitution of Eq. (5.18) and (5.19) into Eq. (5.21) and re-

arrangement for Ri gives 
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V~ 
R. = , 

Vt J ~ Ct dt 

VtJooCs dt 
o 

, 
V~ 

(5.22) 
, 

Thus, for the present study, Eq. (5.8), Eq. (5.11) and Eq. 

(5.22) were used to calculate the partition coefficient from the ob

served concentration-time data from the control study. All areas under 

the adriamycin concentration time curves were calculated by model 

independent methods. The trapezoidal rule was used to obtain the area 

from time zero to the first concentration value in the terminal segment. 

The .termi na 1 area was cal cul ated by di vi ding the predi cted concentra

tion at the start of the terminal phase by the terminal slope. The 

terminal slope was obtained from linear regression of the terminal 

natural log concentration values and time. 

5.2.8 Data Analysis 

5.2.8.1 Physiological Pharmacokinetic Model for Adr;amycin 

Administered as a Solution. The criteria used to determine if a tis-

sue was represented as a blood flow limited or membrane limited com-

partment were based on the condition given by Dedrick and Bischoff 

(1968), and on which compartment representation produced predicted 

concentrations that agreed with the observed concentrations. The con-

diti on is, if 

Q. , 
- « h. , (5.23) 
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then the compartment can be represented as blood flow-limited. If, 

however, this condition is not true, then the compartment is best 

represented as being membrane-limited. Eq. (5.23) can be approximated 

as, n./h. « 1, since, V~/R.V~, is much less than 1. 
'1 1 1 1 1 

The input functions, I(t), for the adriamycin dose were of the 

form (Chen and Andrade, 1976) 

I (t) = Mg (t) (5.24) 

where 

M = administered dose 

g(t) = normalized injection function = 30A(At2)(1-At)2 

A = reciprocal of the injection duration. 

Since the input function is added to the mass balance equation 

of the compartment into which the dose is administered, the term M 

will be divided by the compartmental volume. Based on the observed 

concentration-time data, the total adriamycin dose was considered to 

distribute rapidly within the total tail extracellular volume rather 

than within tail segment one only. Thus, M was equal to the total 

adriamycin dose divided by the total tail extracellular volume. Since 

the tail was comprised of three distinct compartments, the value of M 

was divided in proportion to the area under the adriamycin concentra

tion-time curve for each tail segment. Therefore, each tail segment 

had an input function of the form given by Eq. (5.24). 
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The equations were solved numerically using the International 

Mathematics and Statistical Library (1982) subroutine DGEAR. This 

method utilizes a multistep predictor-corrector algorithm. 

5.2.8.2 Physiological Pharmacokinetic ~1odel for Adriamycin 

Delivered via Magnetic Albumin Microspheres. Adriamycin1s disposition 

following administration as microspheres is a function of the transport 

processes for free adriamycin and microsphere associated adriamycin. 

Thus, the total change in the concentrati on of adri amyci n -wi 11 be the 

sum of the change in free concentration and the change in microsphere

associated concentration. This change can be written as 

( de) 
dt Total 

= (de) + (de) 
dt Free dt Microsphere 

(5.25) 

The term, (~~) ,represents the differential mass balance equations 
Free 

developed for adriamycin following administration as a solution. The 

term, (~~) , represents the change in the microsphere asso
Microsphere 

ciated adriamycin concentration with time. The transport processes 

represented by the terms, (~~) and. (~~) . ' were 1 inked by 
Free Mlcrosphere 

a release rate constant for adriamycin from the microspheres. The 

release rate constant accounted for the diffusion of adriamycin out of 

the microsphere, desorption of adriamycin from the surface of the 

microsphere and the release of adriamycin resulting from carrier de

gradation. In order to write differential mass balance equations for 

the term, (~~) , the following assumptions were made: 
Microsphere 



i) transport of microspheres was capillary membrane-limited. 

ii) transport of microspheres was unidirectional from the blood 

to the extravascular compartment. 

iii) adriamycin was released from the microspheres in both the 
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blood and extravascular compartments, and released adriamycin 

obeyed transport as defined by the differential mass balance 

equations developed "for free adriamycin. 

iv) all adriamycin associated with the microspheres not retained 

by the tail segments traveled to the liver via the blood 

supply. 

Microsphere associated adriamycin differential mass balance 

equations were therefore needed for the liver and tail compartments. 

Since the transport processes for adriamycin associated with the micro-

sphere and free adriamycin were linked, the liver and tail differential 

mass balance equations for free adriamycin were altered (see Appendix 

VII). The model equations were also solved with the International 

Mathematics and Statistical Library (1982) subroutine OGEAR. 

·ff . t t .cm d· c d t 01 erent carr1er ransport ra es, J. an J. , were use 0 
1m 1m 

model the magnetic field effects. The higher transport rate, j~~2' 

into T2 and slower rate, j~~3' out of T2 were operative during the 

application time of the magnetic field. After the magnetic field was 

turned off, the rates, j~12 and j~23' were operative and equal. Unit 

step functions were used to control when these rates became operational. 

This empirical method can accommodate different magnetic field 

strengths and application times. 
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The input functions had to be slightly altered for the model. 

Preliminary studies (see Section 3.3.3) indicated that at the time of 

administration of the magnetic microspheres, 74% of the dose was en

trapped and 26% was either surface or free adriamycin in solution. 

Consequently, 26% of the dose was input into the tail differential 

mass balance equations for free adriamycin. This fraction of the dose 

was partitioned into the three tail segments in the same proportions as 

when adriamycin was administered as a solution. The remainder of the 

dose, 74%, was considered entrapped and input into the microsphere 

associated adriamycin mass balance equation for tail segment one only. 

An input into T3 was unnecessary because the magnetic field would 

prevent significant distribution of the microspheres into T3 during 

the injection period. This is reflected by the low value of j~~3' An 

input into T2 was unnecessary because of the rapid transfer of micro-

sphere from Tl to T2 during microsphere administration. This is re

flected in the high value of j~~2' 

5.2.8.3 Tissue Exposure of Adriamycin. The change in distri

bution of adriamycin resulting from microsphere administration was 

assessed by the calculation of the relative exposure of adriamycin for 

each tissue by 

(AUC)m 
r = -r-:-:~-
e (AUC)s 

(5.26) 

where, (AUC)s is the total area under the concentration-time 

curve following intraarterial administration of adriamycin as a solu

tion, and (AUC) is the total area under the concentration-time curve m 



following intraarterial administration of adriamycin as magnetic 

albumin microspheres. 

5.2.9 Glossary of Terms 
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e. = concentration of non-microsphere associated adriamycin 
1 

in ith compartment, ~g/ml. 

e~ = concentration of non-microsphere associated adriamycin 

in nth subcompartment of compartment i, ~g/ml. 

e~c concentration of microsphere associated adriamycin in 

nth subcompartment of compartment i, ~g/ml. 
i el li intrinsic liver clearance, ml/min. 

hi mass transfer coefficient for non-microsphere associated 

adriamycin for ith compartment, ml/min. 

h~ mass transfer coefficient for microsphere associated 
1 

adriamycin for ith compartment, ml/min. 

j~m transfer rate of microsphere associated adriamycin in the 

absence of the magnetic field from compartment i to 

compartment m, ml/min. 

j~~ = transfer rate of microsphere associated adriamycin during 

the application time of the magnetic field from compart-

ment i to compartment m, ml/min. 

k. = release rate of adriamycin from microsphere in the ith 
1 

compartment, ml/min. 

qtl = apparent blood flow for Tl, ml/min. 

qim = apparent blood flow from compartment to compartment m, 

ml/min. 



Q. = blood flow for ith compartment, ml/min. 
1 

Ri = partition coefficient for ith compartment. 

V. 
1 

= total tissue volume for ith compartment, ml. 

v~ = 
1 

volume of nth subcompartment for ith compartment, ml. 

Superscripts for n: 

e = extracellular 

c = intracellular 

b = blood 

ev = extravascular 

Subscripts for i : 

g = gut 

H = heart 

k = kidney 

1 = lung 

1 i = 1 i ver 

s = serum 

si = small intestine 

sp = spleen 

tl = tail segment 

t2 = tail segment 2 

t3 = tail segment 3 
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Subscripts for m: 

1 i = 1 i ver 

= 1 ung 

= tail segment 1 

2 = tail segment 2 

3 = tail segment 3 

5.3 Results and Discussion 

5.3.1 Physiological Pharmacokinetic Model for Adria~ycin Administered 

as a Solution 

Appendix I contains the measured adriamycin concentrations in 

each tissue as a function of time following the intraarterial admini

stration of adriamycin as a solution. Fifty-five percent of the coef

ficients of variation were less than 25%, 39% were between 25% and 50% 

and 6% were over 50%. Overall, these values indicated that the vari

ability in concentrations between animals was quite reasonable. 

Adriamycinol concentrations were measured in only one set of animals 

after adriamycin was administered as a solution. These data are pre

sented in Appendix II. The low concentrations did not warrant further 

investigation into the disposition of adriamycinol. 

Table 5.1 gives the parameter values used in the non-micro

sphere associated adriamycin differential mass balance equations. None 

of the listed Qi/hi values were much less than one, and thus the heart, 

kidney, lung, spleen and the tail segment were represented as membrane

limited compartments. The membrane-limited configuration for these 



Table 5.1 Parameters for Non-Microsphere Associated Adriamycina 

Parameters 

Tissue Vi (ml) V~(ml) V~(ml) Qi(ml/min) R. hi(ml/min) qil (ml/mi n) b Q./h. 
1 1 1 1 

Heart 0.31 0.51 1.7 257 1.2 1.42 

Kidney 0.78 0.95 10.3 685 2.5 4.1 

Liver 8.68 14.6 230 

Lung 0.88 0.43 26.6 1017 0.8 33.3 

Small Intestine 5.47 4.3 247 

Spleen 0.18 0.33 0.6 904 1.0 0.6 

Tail-l 0.86 1.62 12 0.006 0.005 4.16 

Tail-2 0.68 1. 29 12 0.006 0.005 1. 67 

Tail-3 0.67 1. 27 12 0.006 0.015 1.67 

Serum 11.2 26.6 

Additional parameters: qtl = 0.025 ml/min, qt12 = 0.01 ml/min, qt23 = 0.01 ml/min, 

Cl~i = 15 ml/min. 
aparameters normalized for a 250 gm rat. 

bFor tail segments,qtl' qt12 and qt23 were used for 0i· 
--' 
N 
tTl 
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tissues produced predicted concentrations that were in closer agree

ment to the observed concentrations than did a blood flow-limited 

compartment. A blood flow-limited compartment for the liver and small 

intestine yielded predicted concentrations that were in better agree

ment with the observed concentrations that did a membrane-limited 

compartment. 

Figure 5.2 illustrates the physiological pharmacokinetic model 

developed for non-microsphere associated adriamycin. Appendix III 

gives the differential mass balance equations for the model. Appendix 

IV gives the computer listing of the subroutine required to solve the 

mass balance equations. 

Figures 5.3 through 5.5 show the observed mean and model pre

dicted adriamycin concentrations for all compartments. The model 

predictions were adequate with most deviations from the observed con

centrations occurring at early time points. 

The high adriamycin concentrations observed in the tail seg

ments presented some difficulty in defining an input function. 

Typically, the input function for intraarterial administration is 

added to the serum compartment mass balance equation. However, it was 

found that this type of input overpredicted the observed concentrations 

in all tissues, except for the tail whose values were underpredicted. 

The high tail segment concentrations suggested that during injection, a 

near stagnant plug of adriamycin solution was formed in the tail. The 

altered blood flow may have been due to the administration technique, 

a reduction in body temperature or to the anesthetic agent. The best 
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model predictions were obtained with the use of the three input func

tions into the tail. 

5.3.2 Physiological Pharmacokinetic Model for Adriamycin Delivered 

via Magnetic Albumin Microspheres 

From the analysis of the final microsphere dosing suspension, 

it was found that the average amount of adriamycin administered was 

2.14 mg/kg, rather than the desired 1.88 mg/kg. Thus, the measured 

adriamycin concentrations were scaled to the 1.88 mg/kg dose for each 

animal. This allowed comparisons to be made with concentrations ob

tained when adriamycin was administered as a solution. 

The mean adriamycin content of the microspheres was 20.0 ± 5.7 

~g/mg of carrier as determined from the final dosing suspension. This 

value was lower than that reported by Widder et al. (1979a) and re

flected the lower starting amount of adriamycin used in microsphere 

preparation. The mean magnetite content was 23.9 ± 5.0% (w/w) for all 

batches used in the animal studies. This value was consistent with 

those reported by Wi dder et a 1. (1981, 19 79a) . 

Appendix V contains the scaled adriamycin concentrations for 

each tissue in each animal as a function of time following the intra

arterial administration of adriamycin as magnetic albumin microspheres. 

Thirty-nine percent of the coefficients of variation are less than 

25%, 29% are between 25% and 50% and 32% are over 50%. It can be 

observed that the adriamycin concentrations between animals varied to 

a much greater extent than when adriamycin was administered as a solu

tion. Appendix VI gives the adriamycino1 concentrations from one set 
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of animals. Similar to the results obtained when adriamycin 'lIas ad

ministered as a solution, the adriamycinol concentrations were low and 

were not investigated further. 

Table 5.2 gives the parameter values used in the microsphere 

associated adriamycin mass balance equations. Appendix VII gives the 

additional and altered differential mass balance equations used in the 

model. Appendix VIII gives the computer listing of the subroutine 

required to solve the mass balance equations. Figure. 5.6 illustrates 

the microsphere associated transport mechanisms for the tail segments. 

Figures 5.7 through 5.9 show the mean scaled and model predicted 

adriamycin concentrations. As observed with the non-microsphere asso

ciated adriamycin model, the predictions are adequate with most dis

crepancies occurring at early time points. The greatest discrepancies 

occurred in the tail segments where the model predictions tended to 

over predict the observed concentrations. 

These differences between the observed and predicted concen

trations could be due to errors in the parameter values or to model 

misspecification. Since some of the parameters were obtained empir

ically, their value may not be representative of the physiological pro

cess they depict. In vitro dissolution studies could assist in deter

mining release rate constants. Incubation of microspheres with different 

cell cultures could be useful for defining mass transfer coefficients. 

However, it should be remembered that the in vitro processes are not 

equal to their in vivo counterparts. For instance, microsphere uptake 

by intact cells cannot account for in vivo extravascular microsphere 



Table 5.2 Parameters for Microsphere Associated Adriamycina 

Parameters 

Tissue V.b(ml) 
1 v~v (ml) h~(ml/min) k.(ml/min) j~ (ml/min) 1 1m j~m(ml/min) 1m 

Liver 0.68 8.00 0.2 0.010 

Tail-l 0.018 2.46 0.0001 0.001 0.01 0.1 

Tail-2 0.014 1. 96 0.0001 0.001 0.01 ·0.0001 

Tail-3 0.014 1. 93 0.0001 0.001 

aparameters normalized for a 250 gm rat. 

jfli(ml/min) 

0.0005 

0.0005 

0.0005 

-' 
w 
w 
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uptake between capillary endothelial junctions. Dissolution studies 

may be able to account for adriamycin's desorption and diffusion from 

the microspheres, but the release of adriamycin due to microsphere de

gradation would be difficult to simulate in vitro. Although in vitro 

experiments will assist in the determination of the parameters, some 

empiricism will be needed to apply this information to an in vivo situ-

ation. 

Model misspecification would require that a presently depicted 

linear model process is nonlinear, or that a process has been incorrec

tly included in or excluded from the model. Further experiments are 

necessary to validate the present model and rule out model misspecifi

cation. A potential nonlinear process involves microsphere extravascu

lar transport at the target site. Based on the lower than anticipated 

target site adriamycin concentrations and on the large quantity of ad

ministered microspheres, saturation of extravascular transport seems 

feasible. The measurement of adriamycin concentrations following the 

administration of equal drug doses in varying amounts of microspheres 

could indicate if microsphere transport is linear. Alternatively, the 

measurement of target site radioactivity after the administration of a 

range of l25I-labelled microspheres doses would provide a direct assess

ment of microsphere transport. 

The determination of model misspecification due to the incorrect 

inclusion or exclusion of a microsphere transport process will also re

quire further studies. These processes would most likely include micro

sphere distribution and elimination by reticuloendothelial tissues other 

than the liver. Most studies indicate that the clearance of 
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intraveneously administered colloidal particles is due to the fixed 

macrophages in the liver and spleen (Normann, 1984). According to the 

present model, all carrier particles not retained in the tail will dis

ribute to the liver. 

Widder et al. (1978) have investigated the in vivo localiza

tion of 125I-labelled magnetic albumin microspheres at 30 min after 

dosing in the rat. It was found that the percentage of liver radio

activity decreased from 80% to 40% of the dose, and the spleen radio

activity decreased from 6% to 4% of the dose when an 8000 G magnetic 

field was applied to a tail segment for 30 min. Correspondingly, the 

target site showed an increase from 0% radioactivity in the absence of 

a magnetic field to 50% of the dose with the magnet in place. The lung 

contained about 10% of the radioactivity in the absence or presence of 

the magnetic field. Thus, at early time points, the liver-target site 

axis is primarily responsible for carrier distribution with or without 

the magnet. Since the radioactivity in these organs was not measured 

after the removal of the magnetic field, the complete distribution of 

carrier cannot be assessed. However, it does seem probable that the 

liver and possibly the lung will have to be included to account for 

magnetic albumin microsphere disposition. The measurement of micro

sphere concentrations over time in multiple tissues will verify which 

tissues are required to describe microsphere disposition. 

Another mechanism to be considered for microsphere disposition 

is the phagocytosis of microspheres and drainage via the lymphatic sys

tem. The transport of colloidal gold in the lymphatic system has been 
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demonstrated (Hultburn et al., 1955), and it is known that the lympha

tic system is capable of phagocytosis (Donini and Battezati, 1972). 

Although it may be difficult to extrapolate the results obtained with 

colloidal gold to the microspheres due to the difference in particle 

size, lymphatic clearance may have a detrimental effect on target drug 

concentrations. This will be especially true if the drug release 

rates are relatively slow compared to the clearance. From transmission 

electron microscopy, it has been shown that albumin microspheres can 

be visualized at the target site up to 72 hours after administration 

(Widder et al., 1983b). Although this suggests that lymphatic 

clearance would be slow, its effect on carrier distribution may war

rant further consideration. 

5.3.3 Tissue Exposure to Adriamycin 

Table 5.3 lists areas under the concentration-time curves for 

each tissue and the relative tissue exposure to adriamycin. It is 

clear that the delivery of adriamycin via the magnetic albumin micro

spheres had an effect on adriamycin distribution when compared to the 

control study. There are marked reductions in adriamycin exposure 

after administration of the magnetic dosage form for all tissues except 

the liver. The relative tissue exposure values for the heart, kidney, 

lung, small intestine and spleen were about 0.5. This desired reduc

tion in the tissue exposure values suggests that the microsphere dosage 

form has the potential to decrease systemic concentrations, and hence, 

systemic toxicity. 



Table 5.3 Relative Tissue Exposure 

AUC (~g.hr/ml) 

Ti ss ue Solution 

Serum 0.427 

Heart 68.4 

Kidney 160.7 

Liver 48.5 

Lung 142.8 

Small Intestine 105.5 

Spleen 249.1 

Tl 549.3 

T2 822.8 

1'3 744.8 

(AUC)m 
aRelative exposure = ...,.-;=>

(AUC)s 

MicrosQhere 

0.186 

36. 1 

102.8 

105.4 

71. 9 

52.3 

91.5 

106.1 

278.6 

111. 1 
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to Adriamycin 

Relative Ex~osure a 

0.44 

0.53 

0.64 

2.17 

0.50 

0.50 

0.37 

0.19 

0.34 

0.15 
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The exposure values should reflect the carrier mediated trans

port mechanisms and the magnetic field effects. Initially, the mag

netic field confined the carrier and associated drug to the target 

region, T2, causing a greater reduction in the areas under the curve 

for Tl and T3 compared to T2. This initial confinement of carrier to 

T2 also restricted systemic distribution of adriamycin. When the 

magnetic field was turned off, the microspheres and associated adria

mycin that were still in the blood were transported by the circulation 

and removed by the liver. 

The low T2 relative exposure value was disappointing. This 

probably reflects the combined effects of the carrier dose, extra

vascular carrier transport rate and the magnetic field application 

time. 

In order to administer 1.88 mg/kg of adriamycin, approximately 

24 mg of microspheres was needed. This large amount of microspheres 

may not have been removed from the circulation by the target tissue 

during the 30 min application time. The low T2 relative exposure and 

high liver relative exposure values support this claim. This lack of 

microsphere and associated adriamycin uptake during the application 

time of the magnetic field appears to be primarily a function of the 

microsphere extravascular transport rate. This rate is apparently slow 

and, as previously mentioned, may be saturable. The extravascular 

microsphere transport rate reflects the microsphere transport mechanisms 

of passage through adjacent capillary endothelial cells and phagocytosis. 



143 

It has been reported that normal tissue may have less phagocytic 

activity than tumor tissue (Salky et al., 1967; Cohen et al., 1961). 

Furthermore, the large amount of administered microspheres could con

tribute to the formation of microsphere aggregates in the presence of 

an applied magnetic field (Driscoll et al., 1984). Consequently, there 

will be fewer individual microspheres available for passage through 

adjacent capillary endothelial cells. Thus, even in the presence of 

the magnetic field, a large quantity of entrapped adriamycin will not 

be available for extravascular uptake. 

Widder et al. (1983c) suggested that a 30 min application time 

is sufficient for microsphere uptake at the target site by lodgement 

between capillary endothelial cells and endocytosis. The results of 

Morimoto el al. (1981b) indicated that constant carrier concentrations 

can be achieved in the presence of the magnetic field. These results 

imply that the longer the magnetic field is applied, the longer drug 

concentrations can remain high at the target site. The relatively 

short magnetic field application times used in animal studies are 

necessary to avoid long exposure to the anesthetic agents. The use of 

this delivery system in humans would not require anesthesia and mag

netic field application times should not be as great a limitation. 

Therefore, based on the low T2 exposure value, a 30 min application 

time does not seem to be optimal. 

The suspected slow tail blood flow may have also contributed 

to the low T2 relative exposure values. This can be seen by reference 

to normal blood flow conditions. \~hen adriamycin is administered as a 



solution, a faster physiological blood flow rate, relative to the 

values used in the model, should prevent stagnation of the injected 

solution. This will increase blood dispersion of the administered 

solution, decreasing the quantity of adriamycin available for intra

cellular uptake. Consequently, the tail adriamyc;n concentrations 

will be reduced. 
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When adriamycin is administered via the microspheres, a higher 

physiological blood flow rate could decrease the fraction of micro

spheres retained at the target site. This phenomenon would also lead 

to decreased adriamycin concentrations. However, the magnitude of this 

effect is hard to predict due to the nonlinear relationship between 

microsphere retention and blood flow (Senyei et al., 1978). Greater 

than 60% of microspheres can be retained in vitro at normal ventral 

caudal artery blood flow rates of 0.5 ml/min and 100% retained at 

capillary flow rates. Also, it has been shown that up to 50% of radio

labelled microspheres were present at a tail target site 24 hrs after 

administration (Widder et al., 1978). Therefore, physiological blood 

flow conditions would seem to produce a greater reduction in adriamycin 

concentrations in the tail after administration as a solution than via 

the microspheres. Consequently, a higher target site relative exposure 

value would be expected under normal blood flow conditions. 

In summary, the combined effects of a large carrier dose, slow 

extravascular microsphere transport rate and a short application time 

of the magnetic field prohibited a large quantity of adriamycin from 

being taken up at the target site. These variables will be important 
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determinants for successful drug targeting. Further investigation is 

warranted to quantitate these effects to permit the design of optimal 

targeted drug regimens. 

5.4 Conclusions 

The physiological pharmacokinetic modelling method has been 

used to effectively model the disposition of adriamycin delivered as 

magnetic albumin microspheres. The modelling technique of overlaying 

the drug-carrier transport equations onto the free drug system equa

tions should be applicable to other nanoparticle drug delivery systems. 

The model presented is still in its developmental stages and 

revisions may be necessary. These revisions can be envisioned to take 

place with regard to microsphere transport mechanisms and to several 

parameter values. Complete microsphere distribution studies, micro

sphere dose studies, magnetic field application time studies and in 

vitro drug release studies will provide information to allow these re

visions to take place. 

The design of a therapeutic targeted drug delivery regimen 

should account for the complexities of carrier transport, blood flow 

and magnetic field parameters. The present modelling technique can 

incorporate these effects and assist in the design of therapeutic 

regimens. The model will be useful as a predictive tool whereby drug 

concentrations can be predicted in different species and target sites. 

As novel drug delivery systems are considered or tried in humans, the 

predictive model can provide a quantitative means to design the dosing 

regimen and to evaluate its potential success. 
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PHARMACOKINETIC STUDIES OF IBUPROFEN 
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CHAPTER 1 

INTRODUCTION 

Ibuprofen, 2-(4-isobutyl phenyl) propionic acid (see Figure 

1.1), is an orally administered non-steroidal anti-inflammatory agent 

effective in the treatment of a variety of inflammatory diseases 

(Kantor, 1979; Davies and Avery, 1971). A number of investigators 

have examined certain aspects of ibuprofen's disposition in plasma 

as well as in synovial fluid, a possible site of action. 

Collier and associates (1978) found that a one compartment 

model sufficiently described the disposition of ibuprofen in five 

healthy and four arthritic subjects. The reported serum half-lives 

ranged from 0.9 to 2.53 hr, based on concentrations measured over 

six hours after administration. In a second study, fifteen normal 

adult males were given orally 400 mg, 800 mg and 1200 mg doses of 

ibuprofen as tablets, and 400 mg of ibuprofen as a solution in a 

Latin square treatment design (Lockwood et al., 1983a). Total and 

free ibuprofen plasma concentrations were measured for 12 hr. It 

was found that total ibuprofen clearance increased with increasing 

dose while the clearance of the free drug remained constant. The 

investigators attributed these observations to nonlinear plasma pro

tein binding, which has been subsequently supported (Lockwood et al., 

1983b). Compartmental analysis applied to the data from this study 

indicated that the disposition of ibuprofen was best described by a 
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Figure 1.1 Chemical structure of ibuprofen (1) and the internal 
standard, ibufenac (11). 
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two compartment model (Wagner et al., 1984). The resulting terminal 

half-life and the volume of distribution were 2.04 hr and 6.35 L, 

respectively. This small volume of distribution suggests that ibu

profen is not extensively distributed extravascularly, and is consis

tent with a drug that is highly plasma protein bound. 

Glass and Swannell (1978) measured simultaneous plasma and 

synovial fluid ibuprofen concentrations in arthritic patients after 

a single dose. It appeared that synovial fluid concentrations were 

higher than plasma concentrations after 150 min post dosing. However, 

continuous measurements were not made in the same individual and no 

samples were taken past seven hours. Single synovial fluid-to-plasma 

ibuprofen concentration ratios were determined by Whitlam et al., 

(1981). The mean ratio was 0.41, but the actual time after admini

stration that the samples were taken was not stated. Makela et al., 

(1981) measured serum and synovial fluid ibuprofen concentrations at 

various times in children with chronic juvenile arthritis. Five 

hours after a single 400 mg dose, the synovial fluid concentrations 

were higher than plasma. However, continuous measurements were not 

made in the same patient. 

1.1 Study Objectives 

The investigations into ibuprofen's synovial fluid kinetics 

are inconclusive. This inadequacy is primarily due to the lack of 

a controlled study design which requires continuous and simultaneous 

measurement of plasma and synovial fluid concentrations to be made on 
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the same individual. Ideally, arthritic subjects should be studied. 

Since ibuprofen is ordinarily prescribed on a chronic basis, know

ledge of its accumulation into plasma and synovial fluid is important 

for the design of optimal dosing regimens. Therefore, the specific 

objectiv.es of this study were: 

i) to characterize the kinetics of ibuprofen in the plasma and 

synovial fluid of arthritic patients, 

ii) to determine the accumulation of ibuprofen in plasma and 

synovial fluid, 

iii) to determine the degree of protein binding of ibuprofen in 

each fluid and relate this to its kinetic behavior. 

1.2 Methods 

1 . 2. 1 Ma te ri a 1 s 

The following analytical grade reagents were purchased from 

Baker Chemical Co. (Phillipsburg, NJ), sodium chloride, dipotassium 

hydrogen phosphate, potassium dihydrogen phosphate and phosphoric 

acid. HPLC grade methanol was obtained from Burdick and Jackson 

(Muskegon, MI). The scintillation cocktail, Instagel, was purchased 
14 from Packard Instruments (Downers Grove, IL). Ibuprofen and C-

ibuprofen were supplied by the Upjohn Co. (Kalamazoo, MI). Ibufenac 

was supplied by Boots Company Ltd. (Nottingham, England). 

The high pressure liquid chromatographic system consisted of 

a Beckman (Berkeley, CA) model 110A pump and a model 155 UV detector; 
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a Rheodyne (Cotati, CAl injector with a 20 ~l sample loop; a Linear 

(Houston, TX)500 series recorder and an Altex (Berkeley, CAl ultra

sphere-ODS 4.6 mmX25 cm column with a Whatman (Clifton, NJ) CSKI 

(Co:Pell ODS) pre-column. The scintillation counter was a Packard 

(Downers Grove, IL) Tricarb 460C. Equilibrium dialysis equipment 

consisted of a Thelco (GSA Corp., Chicago, IL) model 182 temperature 

controlled water bath and Technilab Instrument Co. (Pequannock, NJ) 

0.1 ml and 1.0 ml plexiglass cells and dialysis membranes with a 

molecular weight cut-off of 6000. 

1.2.2 Study Design 

1.2.2.1 Patient Population. Eight male patients with rheuma

toid arthritis according to the American Rheumatism Association 

Criteria participated in the study. Following an explanation of the 

nature of the study, each patient gave his written consent. The pro

tocol and consent form for the study were approved by the University 

of Arizona Humans Subjects Committee. 

1.2.2.2 Treatment. A 72 hr washout period was required prior 

to the first ibuprofen dose for any patient receiving a non-steroidal 

anti-inflammatory drug. All patients received 600 mg of ibuprofen 

(MOTRIN Tablets, The Upjohn Company, Kalamazoo, MI) orally at 7:00 am, 

2:00 pm and 10:00 pm for 2 days and at 7:00 am on the third day. A 

pilot study in three patients showed that this administration schedule 

ensured that steady-state conditions of ibuprofen in plasma and 

synovial fluid were achieved by the third day. 
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1.2.2.3 Collection and Storage of Samples. All blood samples 

were collected by venipuncture from the antecubital vein. All synovial 

fluld samples were collected from the knee joint after infiltration 

of the area with 1% lidocaine. On day one, blood samples were 

drawn at 0, 0.5, 1, 1.5, 2, 3, 5 and 7 hr after the first dose. A 

single synovial fluid sample was obtained at 7 hr. After the last 

dose of ibuprofen (7:00 am on day three), blood samples were 

collected at 0,0.5, 1, 1.5,2, 3,5,7,9 and 12 hr, and synovial 

fluid samples were taken at 3, 7, 9 and 12 hr. The patients were 

required to fast from 10:00 pm prior,to study days one and three, and 

until two hours after the 7:00 am dose. Plasma was harvested from all 

blood samples, and each sample was divided in half and stored at -20°C 

until analysis. Synovial fluid samples were similarly stored in 

duplicate after collection. Where possible, plasma and synovial 

fluid samples were analysed for the free and total ibuprofen concen

trations. 

1.2.3 High Pressure Liquid Chromatographic (HPLC) Analysis of 

Ibuprofen 

Early gas chromatographic methods (Hoffman, 1977; Kaiser and 

Vangiessen, 1974) for the quantitation of ibuprofen in human plasma 

have been replaced by simpler HPLC methods (Aravind et al., 1984; 

Litowitz et al., 1984; Lockwood and Wagner, 1982; Kearns and Wilson, 

1981; Shimek et al., 1981; Pitre and Grandi, 1979). In all reported 

HPLC analyses, reversed-phase separation and ultraviolet detection at 
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220 nm were employed. The extraction of ibuprofen from acidified 

plasma has been accomplished by a variety of organic solvents. The 

reported percentage recoveries range from about 50% using hexane, to 

103% using 85% isooctane-15% 2-propanol (Litowitz et al., 1984). 

In the present study, a modification of Lockwood and Wagner's 

(1982) method was used to determine the total ibuprofen concentra

tions in plasma and synovial fluid. To 1 ml of plasma containing a 

known concentration of internal standard, ibufenac (Figure 1.1), 

0.5 ml of 1 N HCl and 10 ml of methylene chloride were added. The 

tubes were placed on a horizontal shaker and shaken for 10 min. The 

tubes were then centrifuged at 2000 X G for 5 min and the top aqueous 

phase discarded. The remaining organic layer was transferred to a 

clean tube, evaporated to dryness under nitrogen gas at 42 + 3°C. 

The residues were reconstituted in 200 ~l of the mobile phase. 

The mobile phase consisted of 80:20:1 (v:v:v) methanol:water:phos

phoric acid. The flow rate was 1.5 ml/min. Injection volumes were 

20 ~l. Both compounds were detected at a wavelength of 220 nm. 

Total ibuprofen concentrations in the synovial fluid were 

similarily analysed, except the initial fluid to be extracted 

consisted of 0.25 ml of synovial fluid and 0.75 ml of water. 

Ibuprofen standard curves in plasma were prepared from 0.5 

to 5.0 ug/ml and from 5.0 to 70.0 ug/ml and in synovial fluid from 

0.5 to 20.0 ug/ml. 
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1.2.4 Protein Binding 

The free fractions of ibuprofen in plasma and synovial fluid 

were determined by equilibrium dialysis. Dialysis membranes were 

cut to the desired size and rinsed for a minimum of 2 hr (3 

exchanges) each in double distilled deionized water and in a pH 7.4 

buffer (0.08 M K2HP04
0 3H20, 0.8 M KH 2P04 and 0.09 M NaCl). The 

membranes were placed between either a 1 ml or a 0.1 ml cell con

tained within two acrylic blocks which were then tightened. Plasma 

(0.9 ml) or synovial fluid (0.1 ml) containing 14C-ibuprofen (22.8 

~Ci/mg) was added to one side of the membrane and dialysed against an 

equal volume of pH 7.4 phosphate buffer (see above). The blocks were 

rotated at 60 rpm in a 37°C chamber. Equilibrium was reached in 8 

hr for plasma and 6 hr for synovial fluid. After equilibrium was 

attained, the volume of fluid on each side of the membrane was deter

mined and aliquots were added to 10 ml of scintillation cocktail. 

Liquid scintillation counting was performed to a 2% counting error. 

Counts per minute were converted to disintegrations per minute by the 

use of an external standard channels ratio method. 

1.2.5 Data Analysis 

1.2.5.1 Accumulation Ratio. The extent of accumulation of ibu-

profen in each fluid was calculated as the ratio of the seven hour con

centration on. day three to the seven hour concentration on day one. A 

paired Student's t-test at the p = 0.05 level was used to determine 

if the mean plasma and synovial fluid accumulation ratios were 

significantly different. 



The mean maximum ibuprofen concentration and the time of the 

observed maximum concentration on day one and day three were also 

compared by the paired Student's t-test at the p = 0.05 level. 
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1.2.5.2 Synovial Fluid to Plasma Ibuprofen Concentration Ratio. 

The synovial fluid to plasma ibuprofen concentration ratios were calcu

lated as a function of time. Ratios based both on total and free 

ibuprofen concentrations were calculated. The free ibuprofen con

centrations were determined by multiplying the fraction free by the 

total ibuprofen concentration obtained from the protein binding 

measurements. An F-test was used to determine if the mean synovial 

fluid to plasma total and free ibuprofen concentration ratios as a 

function of time were significantly different. In cases where the 

F-test indicated a significant difference, the Duncan's Multiple range 

test at the p = 0.05 level was used to determine which means were 

different . 

. 1.2.5.3 Model Independent Analysis. Model independent methods 

were applied to day one and day three plasma ibuprofen concentration

time curves to yield an estimate of the elimination of half-life. The 

terminal natural log-linear portion of each concentration-time curve 

was fitted by linear regression to obtain the intercept and slope of the 

regression line. The terminal portion of each curve included concen

trations from the observed maximum concentration to the seven hour 

concentration on day one and to the twelve hour concentration on day 

three. The elimination half-life was calculated by dividing 0.693 

by the terminal slope of the regression line. The paired Student's 



t-test at the p = 0.05 level was used to determine if the harmonic 

mean ibuprofen half-lives on day one and day three were different. 
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1.2.5.4 Compartmental Analysis. The results obtained from the 

model independent analysis of ibuprofen's half-life (see Section 1.3.4) 

indicated there was a difference in the day one and day three half

lives. Thus, compartmental analysis was applied to elucidate a 

pharmocokinetic model and the associated half-life. Since only oral 

data were available, only the elimination half-life could be 

uniquely determined. 

Two techniques were employed. First the plasma concentra

tion time data for day three were fitted by nonlinear regression to a one 

and two compartment model after obtaining the initial parameter 

estimates by the method of residuals (Gibaldi and Perrier, 1982). 

Weights of 1, l/y and 1/y2 were applied to the concentrations to see 

which weight gave the best fit to the data. The best weight was 

based on the value of the residuals and on fluctuations of the resid-

ual values over time. The choice of models was based on the F-test 

(Boxenbaum et al., 1974), at a significance level of p = 0.05. The 

half-life was calculated by dividing 0.693 by the slope of the 

terminal concentration-time segment. 

The second technique utilized the synovial fluid ibuprofen con

centrations as well as the plasma concentrations to determine the 

plasma half-life. Since the maximum number of synovial fluid concen

trations was six, the compartmental model had to be defined with a max

imum of five parameters. In order to utilize the six synovial fluid 
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observations and to incorporate these with the plasma data, the obser-

vations were simultaneously fit by nonlinear least squares regression 

to a multiple dose, two compartment model using the differential equa

tions. The absorption rate constant, estimated from a multiple dose, 

two compartment model utilizing only the ibuprofen plasma concentra-

tion-time data, was held constant to permit the model to be defined 

with five parameters. The plasma half-life was calculated from the 

microconstants (Gibaldi and Perrier, 1982). 

1.2.5.5 Protein Binding. The fraction free in plasma and 

synovial fluid was calculated by dividing the disintegrations per min

ute (DPM) obtained for the buffer by the DPM obtained for the plasma 

and synovial fluid side. The Student's t-test for unpaired observations 

at the p = 0.05 level was used to determine if the mean free fraction 

in plasma and synovial fluid were significantly different. 

The possibility of nonlinear plasma protein binding was 

analysed by fitting the concentration data to the following equation: 

where 

Ct = total ibuprofen plasma concentration 

Cf = free ibuprofen plasma concentration 

(1. 1) 

P(l) and P(2) are binding constants and initial estimates 

were taken from Lockwood et al., (1983b). 



1.3 Results and Discussion 

1.3.1 Patient Population 

Table 1.1 lists the baseline information for the subjects 

used in the study. In those patients from whom sufficient samples 

were obtained, albumin and total protein concentrations were consis

tently higher in plasma than in synovial fluid. 

1.3.2 High Pressure Liquid Chromatographic Analysis of. Ibuprofen 
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Figures 1.2 and 1.3 show representative chromatograms for a 

plasma and synovial fluid sample. The retention times were 4.1 and 

5.0 min for ibufenac and ibuprofen, respectively. Table 1.2 gives 

the linear regression data for the standard curves. All the standard 

curves were linear with r values greater than 0.99. Table 1.3 gives 

the accuracy and precision of the assay. The accuracy was within 8% 

and the coefficients of variation were less than 6%. 

1.3.3 Accumulation of Ibuprofen 

Table 1.4 gives the accumulation ratios for plasma and 

synovial fluid. The ratios for plasma and synovial fluid were not 

significantly different, being 1.24~0.47 for plasma and 1.23 ~ 0.39 

for synovial fluid. The similarity and low values of the plasma and 

synovial fluid accumulation ratios indicated that ibuprofen accumu

lated to an equal and limited degree in each fluid, as would be 

expected for a drug whose half-life is short. Thus, steady-state 

concentrations will only show a small increase over those found after 

the first dose. 



Table 1.1 Baseline Data for the Eight Arthritic Patients. 

Concentration (g/100m1) 
Plasma Synovial F1uida 

Patient Age Wt Concurrent Total Total 
Number (yr) (kg) ~ledi cati on Protein Albumin Protein Albumin 

1 65 81.1 None 7.5 4.6 
2 41 64 None 6.7 3.7 3.9 1.5 
3 63 68.2 None 6.8 3.3 3.9 1.7 
4 67 75 None 7.4 3.7 
5 50 90.9 Hydroch 1 oro- 7.1 3.3 3.8 1.5 

thiazide 
6 26 69 Pentazocine 8.0 3.9 

Hydroch 1 ori de 
7 58 68.6 Aurothioglucose, 6.4 '3.7 

codeine + 
acetaminophen 

8 63 83.2 None 6.4 3.8 4.2 2.0 

alnsufficient synovial fluid was available to enable protein and albumin determinations 
in four patients. 
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Figure 1.2 Chromatograms of ibuprofen from human plasma. a = blank; 
b = sampl e, 1 - i bufenac, 2 - ibuprofen. Ibuprofen con-
centration = 43 ~g/ml. 
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Figure 1.3 Chromatograms of ibuprofen from human synovial fluid. 
a = blank; b = sample, 1 - ibufenac, 2 - ibuprofen. 
Ibuprofen concentration = 3.9 ~g/ml. 
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Table 1.2 Linear Regression Data for Ibuprofen in Human Plasma and Synovial Fluid. 

SD of SD of 
Cone. (l1g/ml) 2 Intercept x 102 Slope Slope x 103 n Intercept x 10 r 

Plasma/0.5-5.0 25 -1.89 2.03 0.3769 7.23 0.9916 

Plasma/5.0-70.0 42 1. 21 0.812 0.03439 0.211 0.9985 

Synovia"I/O.5-20.0 31 -1.88 3.47 0.37034 4.68 0.9954 

0"\ 
N 
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Table 1.3 Accuracy and Precision of Ibuprofen Analysis 

Concentration (~g/ml) 

Sam~le n Known Predi cted Coefficient of Variation 

Plasma 5 3.0 3.14 (105)a 3.27 

Plasma 7 30.0 30.5 (102 ) 3.97 

Synovial 5 3.0 3.23 (108) 5.94 

a Percent of known. 

Table 1.4 Accumulation Ratios of Ibuprofen in Plasma 
and Synovial Fluid of Arthritic Patients 

Patient NUP1ber 

1 
2 
3 
4 
5 
6 
7 
8 

~1ean + -SO 

Plasma 
1. 34 
0.88 
1.00 
0.82 
2.00 
1. 18 
1.88 
0.82 

Accumulation 

1.24 +-0.47 

Synovial Fluid 
1.35 
1.02 
1.23 
1. 10 
1. 56 
0.83 
1. 93 
0.75 
1.22 + 0.39 

aRatio of day three to day one concentrations at 7 hr. 
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A comparison of the observed maximum plasma concentration 

(Cmax) and time of Cmax (tmax) on days one and three did not reveal 

any significant differences (see Table 1.5). These observations were 

consistent with the low accumulation ratios obtained. 

1.3.4 Synovial Fluid to Plasma Ibuprofen Concentration Ratios 

Tables 1.6 and 1.7 give the ratios of total and free 

ibuprofen concentrations in synovial fluid to those in plasma at five 

different time points. The mean total ibuprofen concentration 

ratios at 7 hr on day one and at 7, 9 and 12 hr on day three ranged 

from 1.24 to 1.46 and were not significantly different. The mean 

three-hour ratio on day three (0.52) was, however, significantly 

lower than the other ratios. 

The mean synoviai fluid/plasma free ibuprofen concentration 

ratios at 7 hr on day one and at 7, 9 and 12 hr on day three ranged 

from 1.55 to 1.92 and were not significantly different. The mean 

free ratio at 3 hr on day three (0.61) was however significantly less 

than the mean ratios for the remaining times. 

The synovial fluid to plasma total and free ibuprofen concen

tration ratios followed a similar trend with the three hour value 

being significantly lower then the 7, 9 and 12 hr values. While this 

trend was the same, the ratios based on free concentrations were 

significantly larger than the ratios based on total concentrations 

(patient 4 excluded). The higher ratios based on free concentrations 

were a result of the lower albumin and total protein concentrations in 

synovial fluid (Table 1.1), and therefore, a lower degree of binding 



Table 1.5 Ibuprofen Observed Cmax and tmax in Arthritic Patients 

Cmax ()lg/m1) tmax (hr) 
Patient No. Day One Day Three Da~ One Da~ Three 

1 61. 9 65.4 1.0 
2 48.5 50.8 1.0 
3 45.0 45.3 1.0 
4 39.4 40.0 1.5 
5 28.5 27.3 1.5 
6 44.2 54.5 1.5 
7 43.0 39.6 1.0 
8 42.6 44.6 1.0 
Mean 44. 1 45.9 1.2 
+ SO 9.3 11.3 0.3 

Table 1.6 Ratios of Total Ibuprofen Concentrations in 
Synovial Fluid to Total Concentrations in 
Plasma as a Function of Time. 

S~novial Fluid/Plasma Concentration Ratios 
Da~ One Da~ Three 

Patient No. 7·hr 3 hr 7 hr 9 hr 
1 0.68 a 0.68 0.72 
2 1. 38 0.55 1.60 1. 44 
3 1. 30 0.68 1. 60 2.07 
4 0.92 0.72 1.22 0.90 
5 1. 55 0.42 1.20 1. 15 
6 1. 97 0.98 1. 39 1.05 
7 1. 76 0.13 1.81 2.25 
8 0.42 0.18 0.39 0.47 
Mean 1. 25 0.52 1.24 1. 26 
+ SO 0.54 0.30 0.48 0.63 

~Synovi a 1 fluid sample unavailable. 
Synovial fluid concentration below assay sensitivity. 

1.5 
1.0 
0.5 
1.5 
2.0 
0.5 
3.0 
0.5 
1.3 
0.9 

12 hr 
0.75 
1. 10 
2.33 
0.91 
1. 25 
1.25 
2.60 
b 
1.46 
0.72 
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Table 1.7 Ratios of Freea Ibuprofen Concentrations in 
Synovial Fluid to Free Concentrations in 
Plasma as a Function of Time 

Synovi a 1 Fluid/Plasma Concentration Ratios 
Oat: One Day Three 

Patient No. 7 hr 3 hr 7 hr 9 hr 12 hr 
1 0.77 b 0.77 0.81 0.85 
2 2.40 0.96 2.78 2.51 1. 91 
3 "1.94 1. 01 2.39 3.09 3.48 
4 b b b b b 
5 2.03 0.55 1.57 1. 51 1. 64 
6 1. 60 0.80 1.13 0.85 1.02 
7 1. 78 0.13 1.83 2.27 2.62 
8 0.43 0.19 0.40 0.48 c 
r~ean 1. 56 0.61 1.55 1.65 1. 92 
.±. SO 0.71 0.38 0.86 0.99 1.00 

aFree concentrations based upon mean free fractions for each 
patient. 

blnsufficient synovial fluid to perform equilibrium dialysis. 
CSynovial fluid concentrations below assay sensitivity. 
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in the synovial fluid. These concentrations were similar to values 

reported for other arthritic patients (Willumsen and Friis, 1975; 

Decker et al., 1959). The fact that the synovial to plasma concen

tration ratios became constant at 7 hr indicated that distribution 

equilibrium had been reached. The lower value at three hours 
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reflected the continued distribution of ibuprofen into synovial fluid 

from plasma. This suggested that equilibrium of ibuprofen between 

plasma and synovial fluid is relatively slow, reaching equilibrium 

between 3 and 7 hr after the dose. The three hour value agreed with the 

steady-state value of 0.41 found by Hhitlam et al. (1981), suggesting 

that the simultaneous synovial fluid and plasma samples collected in 

this study were done prior to the attainment of equilibrium. 

1.3.5 Model Independent Analysis 

The mean plasma half-lives from day one, 1.66 hr, and day 

three, 2.02 hr, were significantly different (see Table 1.8). This 

longer half-life on day three was possibly due to the inclusion of 

the day three concentration-time data from 7 to 12 hr. This longer 

half-life suggested that the true terminal phase is longer than that 

observed if concentration-time data are only collected for 7 hr. The 

investigation of this possibility is discussed in Section 1.3.6. 

The limited number of ibuprofen synovial fluid concentrations 

and the inability to place the third hour value before or after the 

maximum concentration prevented a definitive synovial fluid half-life 

from being defined. Glass and Swannel (1978) found that the maximum 

synovial fluid concentrations occured between 1.33 and 4.75 hr. 
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Table 1.8 Ibuprofen Plasma Half-lives from Eight Arthritic Patients 

Plasma Half-life (hours) 
Model Independent Com~artmental Anal~sis 

Patient Da~ One Da~ Three Da~ Three r·lodel Multi~le Dose 
1 1. 70 2.07 2.90 2 a 
2 1. 76 1. 79 1. 59 2 1. 88 
3 1. 51 1.77 1. 90 2 2.82 
4 2.54 2.93 2.73 3.15 
5 1. 42 2.65 1.62 2.64 
6 1. 57 2.04 1. 49 3.74 
7 1. 53 1. 73 1. 93 3.51 
8 1.66 1. 78 1.62 a 
Mean b 1.66 2.02 1.87 2.82 

aInsufficient synovial fluid concentration values to define a 
mode 1. 

bHarmonic mean. 



Peak synovial fluid concentrations were observed between five and 

six hours in children by Makela (:1981Y. Consequently, the calcula

tion of the synovial fluid half-life would have to be based on the 

day three 7, 9 and 12 hr concentrations, and this half-life 

estimate could not be considered reliable. 
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Investigations of plasma and synovial fluid kinetics with 

other non-steroidal anti-inflammatory agents revealed that synovial 

fluid concentrations were slightly higher than plasma concentrations 

at and beyond four hours after drug administration (Dromgoole et al., 

1982; Thomas et al., 1975; Emori et al., 1973). These observations 

were consistent with those of the present study. 

1.3.6 Compartmental Model Analysis 

A comparison of the different weighting functions 1, l/y and 

1/y2 indicated that a weight of 1 was best. The day three plasma 

concentration time data were best described by a one compartment model 

in 5 subjects and by a two compartment model in 3 subjects. The 

half-lives and the compartmental model that best described the indi

vidual subject's data are included in Table 1.8. Figure 1.4 and 1.5 

illustrate representative computer fits to the day three concentra-

tion-time data for a subject requirlng a one compartment and a 

subject requiring a two compartment model to describe their data. 

The harmonic mean half-life on day three, 1.87 hr, was similar to 

those calculated by model independent techniques. The half-lives 

obtained by model independent methods on day 1 and day 3 and by 
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Figure 1.4 Observed (ct) and fitted (--) ibuprofen plasma concentrations in sub
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compartmental methods on day 3 were not statistically different 

(F-test, p = 0.05). 
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The half-life values obtained from the simultaneous multiple

dose two compartment model are equal to or greater than those 

obtained from other methods (see Table 1.8). This trend towards a 

longer half-life is due to the synovial fluid concentra

tion-time points in the terminal phase. Four of the 

six synovial fluid observations are at and beyond seven hours. 

Figure 1.6 illustrates the computer fit to this model for a repre

sentative subject. 

Regardless of the method of analysis, the plasma half-life 

of ibuprofen is about 2 hr. 

1.3.7 Protein Binding 

In six of seven patients for whom both the percent free in 

serum and synovial fluid could be measured, the mean percent free of 

ibuprofen was greater in synovial fluid than in plasma (see Table 

1.9). In patients three and five, the percent free in synovial fluid 

was significantly greater than in plasma. 

The protein binding of ibuprofen in synovial fluid was found to 

be essentially constant over the concentration values obtained, ruling 

out the possibility of nonlinear synovial fluid protein binding. As 

stated in Section 1.3.4, the higher free fraction of ibuprofen in 

synovial fluid may be due to the lower synovial fluid protein con

centrations relative to plasma (see Table 1.1). Nonlinear plasma 
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Table 1.9 Mean Percent Free of Ibuprofen in 
Plasma and Synovial Fluid 

Mean Percent Freea + SO 

Patient No. Plasma S.lnovial Fl ui d 

1 1.87 + 1.03 (20)b 2.11 + 0.26 

2 1.54 + 0.45 (19 ) 2.68 

3 1.81 + 0.69 (12 ) 2.70 + 0.19 

4 1.67 + 0.23 (12 ) c 

5 2.22 + 0.23 (10) 2.91 + 0.12 

6 2.53 + 0.23 (10) 2.06 + 0.14 

7 2.12 + 0.26 (16 ) 2.14 + 0.10 

8 1.76 + 0.18 (13 ) 1.81 + 0.08 

apercent free is calculated as 100 X free fraction. 

bNumber of individual samples contributing to the mean. 

cInsufficient synovial fluid to perform equilibrium dialysis. 

(4) 

(1) 

(4) 

(5) 

(5) 

(5) 

(6) 



protein binding has been reported for ibuprofen by Lockwood et al., 

(1983b). In the present study using a minimum correlation coeffi

cient of 0.9 as indicative of a nonlinear plasma protein binding 

model, only patient 2 (r = 0.95) had evidence of this model. 
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The total concentration-time profile for a drug undergoing 

nonlinear plasma protein binding can appear biexponential (McNamara 

et al., 1979). Such behavior would be most marked for a highly 

plasma protein bound, low clearance drug such as ibuprofen. If this 

were to occur the final linear segment of the plasma concentration 

time curve would commence at total plasma concentration values where 

binding becomes linear. Thus, the assignment of a two compartment 

model for ibuprofen could be erroneous as the concentration-time 

curve would appear similar for both a two compartment and nonlinear 

protein binding model. In patient 2, where a non-linear binding 

model was supported, a two compartment model was able to describe the 

data (see Table 1.8). The calculation of the elimination half-life 

in this case, should be based on free drug concentrations. In 

patient 2, an elimination half-life equal to 1.57 hr was obtained 

based on the free ibuprofen concentrations. This value agreed well 

with those based on patient 21 s total ibuprofen concentrations. 
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1.4 Conclusion 

The accumulation of ibuprofen occurs to an equal and limited 

degree in both plasma and synovial fluid; consistent with its short 

half-life of approximately two hours. Ibuprofen concentrations in 

plasma and synovial fluid decline in parallel at and beyond 7 hr after 

dosing, however, the synovial fluid concentrations are slightly higher 

than those in plasma. Ibuprofen is highly bound to protein in both 

plasma and synovial fluid. The pharmacokinetics of ibuprofen can be 

described by either a one or two compartment model depending on the 

subject. The compartmental structure of ibuprofen should be con

sidered in view of its potential for nonlinear plasma protein binding. 

In this case, the elimination of rate constant should be based on 

free drug concentrations. 



APPENDIX I 

ADRIAMYCIN CONCENTRATIONS AS A FUNCTION OF 
TIME FOLLOWING THE INTRAARTERIAL ADMINISTRATION 

OF ADRIAMYCIN AS A SOLUTION 
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Table 1.1 Adri amyci n Concentrati ons (].Ig/ml) at Thi rty r~i nutes 

Animal Number 
Tissue 2 3 Mean(CV) 

Seruma 15.0 147.8 259.3 186.4(33.9) 
Heart 2.92 4.27 4.02 4.02(25.0) 
Kidney 5.65 7.26 8.05 6.99 (17.5) 
Liver 3.81 4.92 6.48 5.07(26.5) 
Lung 1.84 3.94 3.40 3.06(35.6) 
Small Intestine 1. 79 4.91 3.85 3.52(45.1) 
Spleen 3.98 5.53 3.94 4.48(20.2) 
Tl 16.2 1. 75 1.93 6.63 ( 125. 1) 
T2 17.8 17.5 11.2 15.5(24.0) 
T3 16.4 45.6 47.6 36.5(47.8) 

aConcentrations are in ng/ml. 

Table 1.2 Adriamycin Concentrations (].Ig/ml) at One Hour 

Animal Number 
Tissue 2 3 Mean(CV) 

Seruma 59.6 49.6 59.3 56. 1 (10. 1) 
Heart 3.52 3.43 3.67 3.54(3.4) 
Kidney 7.15 7.43 7.23 7.27(2.0) 
Liver 3.02 3.48 3.47 3.32(7.9) 
Lung 3.14 3.40 3.46 3.35 (5.1) 
Small Intestine 3.02 4.85 3.35 3.74(26.1) 
Spleen 5.70 5.49 3.61 4.93(23.3) 
Ta il-l 16.1 4.62 11.3 11.3(52.7} 
Tail-2 16.3 21. 1 22.6 20.0(16.5) 
Tail-3 25.8 43.6 35.1 34.8(25.6) 

aConcentrations are in ng/ml. 
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Table I.3 Adriamycin Concentrations (~g/ml) at Two Hours 

Animal Number 
Tissue 2 3 Mean(CV) 

Seruma 25.4 36.0 16.0 30.3(17.6) 
Heart 3.41 2.76 4.10 3.42(19.6) 
Kidney 5.55 5.68 6.13 5.79(5.3) 
Liver 1. 91 1. 76 2.09 1.92(8.6) 
Lung 2.38 2.99 4.13 3.17(28.0) 
Sma 11 Intesti ne 1.98 2.68 2.67 2.44(16.4) 
Spleen 4.60 3.33 4.09 4.01 (15.9) 
Tail-1 5.17 5.60 13.8 8.19(59.4) 
Tail-2 15.5 10.8 13. 1 13.2(19.0) 
Tail-3 11.0 20.1 12.7 14.6(33.1) 

aConcentrations are in ng/ml. 

Table I.4 Adriamycin Concentrations (~g/ml) at Three Hours 

Animal Number 
Tissue 2 3 Mean(CV) 

Seruma 15.3 10.7 16.0 14.0(20.6) 
Heart 2.60 2.36 3.29 2.75(17.6) 
Kidney 3.71 5.48 6.49 5.23(26.9) 
Liver 1. 51 2.77 2.42 2.23(29.2) 
Lung 2.96 3.20 3.57 3.24(9.5) 
Sma 11 Intesti ne 2.21 2.99 3.55 2.92(23.0) 
Spleen 5.02 5.98 5.47 5.49 (8.7) 
Tail-1 6.46 10.3 12.5 9.77(31.4) 
Ta il-2 18.6 5.92 9.74 11.4(57.1) 
Ta il-3 17.0 10.5 7.49 11.7(41.5) 

aConcentrations are in ng/ml. 
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Table I.5 Adriamycin Concentrations (pg/ml) at Four Hours 

Animal Number 
Tissue 2 3 Mean(CV) 

Seruma 13.6 10.0 11.4 11.7(i5.5) 
Heart 2.62 2.63 4.15 3.13(28.1) 
Kidney 4.39 5.33 6.30 5.34(17.9) 
Liver 1. 21 2.21 2.35 1.92(32.4) 
Lung 2.67 3.48 3.79 3.31(17.5) 
Small Intestine 2.62 2.75 4.20 3.19(27.5) 
Spleen 4.30 5.45 4.83 4.86 (11 .8) 
Ta il-l 10.5 7.69 5.22 7.80(33.9) 
Tail-2 9.26 10.7 10.7 10.2(8.2) 
Tail-3 8.58 11.8 16.7 12.4(33.0) 

aConcentrations are in ng/ml. 

Table I.6 Adriamycin Concentrations (pg/ml) at Eight Hours 

Animal Number 
Tissue 1 2 3 Mean(CV} 

Serum a b 6.8 10.0 8.4 
Heart 1. 98 1.20 2.32 1.83(31.4 
Kidney 3.27 3.23 3.26 3.25 ( .64) 
Liver 0.75 1.28 1,56 1 . 20( 34.1) 
Lung 1. 92 2.53 2.22 2.22(13.7) 
Small Intestine 1. 25 1. 72 1.78 4.58(18.4) 
Spleen 4.56 4.42 2.72 3.90(26.3) 
Tail-l 3.08 8.35 8.48 6.64(46.4) 
Tail-2 9.23 14.5 12.9 12.2 (22. 1 ) 
Tail-3 13. 1 12.9 11.9 12.6(5.1) 

~Concentrations are in ng/ml. 
Below assay sensitivity. 
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Table I. 7 Adrialllycin Concentrations (llg/ml) at Twelve Hours 

Animal Number 
Tissue 2 3 Mean(CV} 

Seruma 13.6 b 7.1 8.0 
Heart 1. 16 0.98 0.95 1.03(11.0) 
Kidney 1.68 2.76 3.17 2.54(30.3) 
Liver 0.47 1.03 1. 37 0.96(47.4) 
Lung 1. 33 2.15 1. 91 1. 80(23.4) 
Sma 11 Intesti ne 1.07 1.65 1.72 1.48(24.1) 
Spleen 3.11 4.11 3.32 3.51 (15.0) 
Tail-l 5.52 1. 76 4.39 3.89(49.6) 
Tail-2 8.54 11. 1 9.24 9.63(13.7) 
Tail-3 10.1 13. 1 10.5 11.2(14.5) 

~concentrations are ng/ml. 
Below assay sensitivity. 

Table 1.8 Adriamycin Concentrations (llg/ml) at Eighteen Hours 

Tissue 
Seruma 
Heart 
Kidney 
Liver 
Lung 
Small Intestine 
Spleen 
Tail-l 
Tail-2 
Tail-3 

6.0 
1. 19 
1. 79 
0.61 
1.62 
0.93 
3.34 
6.46 
10.0 
13.2 

Animal Number 
2 

b 
0.51 
1. 96 
0.53 
2.10 
1. 29 
4.22 
3.77 
11.3 
13.6 

aConcentrations are in ng/ml. 

3 

4.8 
1.03 
2.62 
0.58 
1. 49 
1. 17 
2.13 
7.04 
7.45 
5.41 

Mean(CV) 
5.4 
0.91(38.8) 
2.12(20.7) 
0.57(7.0) 
1.24(18.5) 
1.13(16.2) 
3.23(32.5) 
5.76(30.3) 
9.58(20.4) 
10.7(43.2) 
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Table I.9 Adriamycin Concentrations (~g/m1) at Twenty-Four Hours 

Animal Number 
Tissue 2 3 Mean(CV) 

Seruma 4.0 4.5 5.2 4.5(13.1 ) 
Heart 0.58 0.76 1.14 0.83(34.9) 
Kidney 1. 38 1. 97 2.77 2.04(34.2) 
Liver 0.37 0.70 0.89 0.65(40.5) 
Lung 1. 14 1. 79 1. 61 1.51 (22.2) 
Small Intestine 0.94 1. 43 1.62 1.33(26.3) 
Spleen 2.53 3.73 3.20 3.15(19.1 ) 
Tail-1 7.29 4.37 7.22 6.29(26.5) 
Ta il-2 8.50 9.62 7.40 8.51(13.0) 
Ta il-3 7.44 11.5 3.66 7.53(52.1) 

aConcentrations are in ng/m1. 

Table I.10 Adriamycin Concentrations (~g/m1) at Forty-Eight Hours 

Animal Number 
Tissue 2 3 Mean(CV) 

Seruma b b b 
Heart 0.34 0.33 0.54 O. 40( 30. 1) 
Kidney 0.87 l.11 1. 41 1.13(24.0) 
Liver 0.30 0.26 0.22 0.26(14.9) 
Lung 1. 15 1.00 1.05 1.07(7.1) 
Small Intestine 0.62 0.58 0.98 O. 73( 30. 1) 
Spleen l.85 l. 91 1. 76 1. 84( 4. 1 ) 
Tail-1 3.84 3.65 3.39 3.63(6.2) 
Tail-2 4.14 6.83 6.55 5.84(25.3) 
Tail-3 5.77 7.19 3.83 5.60 (30. 1) 

aConcentrations are in ng/m1. 
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Table 11.1 Adriamycinol Concentrations (ng/ml) Following Intraarterial Administration of 
Adriamycin as a Solution 

Time(hours} 
Tissue .5 1.0 2.0 3.0 4.0 8.0 12.0 18.0 24.0 

Serum 10.1 8.4 11.0 a a a a a a 

Heart a 103.0 81.0 112.0 a 89.0 108.0 85.0 97.0 

Kidney a 63.0 92.0 43.0 69.0 44.0 61.0 a 59.0 

Liver 95.0 106.0 98.0 98.0 63.0 50.0 a a a 

Lung 45.0 50.0 63.0 65.0 53.0 52.0 a 49.0 56.0 

Sma 11 Intesti ne a a a 75.0 76.0 40.0 48.0 70.0 57.0 

Spleen a 49.0 52.0 62.0 65.0 57.0 a 58.0 69.0 

Tail-l a a a a a a a a a 

Tail-2 a a a a a a a a a 

Tail-3 a a a a a a a a a 

aBelow assay sensitivity. 

48.0 

a 

66.0 

58.0 

a 

57.0 

58.0 

59.0 

a 

a 

a 

OJ 
~ 
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Serum Compartment: 

(IIL1) 

Lung Compartment: 

(IIL2) 

(IIL3) 

Liver Compartment: 

dCli 0 . 
V11. -- = (Q - 0 - 0 ) Cs + 22- C • + Q ce 

dt li 'si 'sp R. S1 sp sp 
S1 

(III.4) 

Small Intestine Compartment: 

dC . ( C . ) V ~ = Q C S1 
si dt si s - ~ 

S1 

(IIL5) 



Spleen Compartment: 

Heart Compartment: 

Tail Segment 1 Compartment: 
e 

dCt1 qt1 _ qt12 Ce _ qt11 Ce 
crt = ve Cs Ve t1 Ve t1 

t1 t1 t1 

c 
ht1 (e Ct1 ) 
Ve Ct1 - Rt1 
t1 
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(IIL6) 

(IIL7) 

(IIL8) 

(IIL9) 

(II1.10) 

(IIL11) 

(111.12) 

(II1.13) 
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Tail Segment 2 Compartment: 

(III,14) 

(III,15) 

Tail Segment 3 Compartment: 

e 
dCt3 qt23 e qt31 e 
-- = -- C - -e- Ct3 dt V~3 t2 V

t3 

(III,l?) 
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integer n,meth,miter,index,iwk(17),ier,k 
real y(17),wk(476),x,tol ,xend,h 
external fcn,fcnj 
n=17 
x=O.O 
y( 1)=0.0 
y(2)=0.0 
y(3)=0.0 
y(4)=0.0 
y(5)=0.0 
y(6)=0.0 
y(7)=O.O 
y(8)=0.0 
y(9)=0.0 
y( 1 0 )=0.0 
y( 11 )=0.0 
y(l2)=0.0 
y(13)=0.0 
y ( 14) =0.0 
y(15)=0.0 
y(16)=0.0 
y (17) =0.0 
tol=.OOOOl 
h=.OOOOl 
meth=2 
mi ter=2 
index=l 
do 10 k=1,96 

xend=float(K)*30.0 
call dgear(n,fcn,fcnj,x,h,y,xend,tol,meth,miter,index,iwk,wk,ier) 
if(ier.gt.128)go to 20 
a=y( 1) 
b=(.88*y(2)+.43*y(3))/1.31 
c=y( 4) 
d=y( 5) 
e=(.18*y(6)+.33*y(7))/.51 
f=(.31*y(8)+.51*y(9))/.82 
g=(.78*y(10)+.95*y(11))/1.73 
h=(.86*y(12)+1.62*y(13))/2.48 
p=(.68*y(14)+1.29*y(15))/1.98 
q=(.67*y(16)+1.27*y(17))/1.94 
write(6,100)x,a,b,c,d,e,f,g,h,p,q 

100 format(lx,f7.2,3x,f5.3,2x,9(f6.2,2x) 
10 continue 

stop 
20 continue 

write(6,200)tol,n,y,xend,h,x,ier 
200 format(f7.5,lx,i2,lx,10(f8.2,2x),2x,f5.2,2x,f7.5,2x,f6.2,2x,i3) 
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stop 
end 

subroutine fcn(n,x,y,yprime) 
integer n 
real y(n),yprime(n),x 
if(x. leo 1.0)then 

j=O 
else 

j=l 
end if 

C MASS BALANCE EQUATIONS 

C SERUM COMPARTMENT 
yprime(1)=2.375*y(2)-2.375*y(1) 

C LUNG COMPARTMENT 
yprime(2)=.0721*y(4)+1.9318*y(8)+11.7*y(10)+.00568*y(12)+ 

.. 00568*y( 14)+. 0170*y( 16) -30. 2*y( 2) - .9091 *y( 2)+. 00089*y( 3) 
yprime(3)=1.8605*y(2)-.00183*y(3) 

C LIVER COMPARTMENT 
yprime(4)=1. 1175*y(1)+.0020*y(5)+.0691*y(6)-.014827*y(4) 

C SI COMPARTMENT 
yprime(5)=.78611*y(1)-.00318*y(5) 

C SPLEEN COMPARTMENT 
yprime(6)=3.33*y(1)-3.33*y(6)-5.556*y(6)+.00615*y(7) 
yprime(7)=3.030*y(6)-.00335*y(7) 

C HEART COMPARTMENT 
yprime(8)=5.4839*y(1)-5.4839*y(8)-3.8710*y(8)+.0151*y(9) 
yprime(9)=2.353*y(8)-.00916*y(9) 

C KIDNEY COMPARTMENT 
yprime(lO)=13.205*y(1)-13.205*y(10)-3.205*y(10)+.00468*y(ll) 
yprime(11)=2.632*y(10)-.00384*y(11) 

C T-l COMPARTMENT 
yprime(12)=.0291*y(1)-.0058*y(12)-.01163*y(12)-.0070*y(12)+ 

.. 00058*y(13)+60.0*(30.0*x**2-60.0*x**3+30.0*x**4)*(1-j) 
yprime(13)=.0037*y(12)-.00031*y(13) 
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C T-2 COMPARTMENT 
yprime(14)=.01471*y(12)-.0074*y(14)-.01471*y(14)

.. 00882*y(14)+.00074*y(15)+80.0* 

. (30.0*x**2-60.0*x**3+30.0*x**4)*(1-j) 
yprime(15)=.0047*y(14)-.000388*y(15) 

C T-3 COMPARTMENT 
yprime(16)=.01493*y(14)-.0224*y(16)-.0090*y(16)+ 

.. 00075*y(17)+70.0*(30.0*x**2-60.0*x**3+30.0*x**4)*(1-j) 
yprime(17)=.00472*y(16)-.000394*y(17) 
return 
end 

subroutine fcnj(n,x,y,pd) 
integer n 
real y(n),pd(n,n),x 
return 
end 
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Table V.l Adriamycin Concentrations (~g/ml) at Thirty Minutes 

Animal Number/Scaling Factora 

Tissue 1/0.80 2/0.84 3/0.92 
Serumb 
Heart 
Kidney 
Liver 
Lung 
Sma 11 Intesti ne 
Spleen 
Tail-l 
Tail-2 
Tail-3 

35.2 
2.36 
6.32 
5.39 
2.43 
1.29 
5.42 
2.78 
11.6 
5.28 

44.6 
2.37 
6.80 
8.40 
2.27 
2.60 
2.76 
4.73 
13.5 
6.76 

aScaling fa t r = 1.88 mg/kg 
b c 0 Administered dose/kg 
Concentrations are in ng/ml. 

31.5 
3.00 
6.41 
5.79 
3.06 
2.42 
1. 43 
3.57 
13.6 
8.02 

Mean(CV) 
37.1(18.2) 
2.58(14.2) 
6.51 (3.9) 
6.52(25.1) 
2.59 (16.1) 
2.10(33.8) 
3.20(63.5) 
3.69(26.6) 
12.8(8.0) 
6.67(20.6) 

Table V.2 Adriamycin Concentrations (~g/ml) at One Hour 

Animal Number/Scaling Factora 

Ti ssue 1/0.90 2/0.62 3/0.85 
Serumb 
Heart 
Kidney 
Liver 
Lung 
Small Intestine 
Spleen 
Tail-l 
Ta il-2 
Tail-3 

20.2 
2.44 
5.69 
5.14 
3.02 
2.93 
4.97 
3.07 
11 .9 
7.03 

13.8 
1.57 
4.85 
2.84 
3.05 
1.69 
2.99 
1. 41 
11.0 
4.45 

a. _ 1.88 mg/kg 
Scal1ng factor - Administered dose/kg 

bConcentrations are in ng/ml. 

18.2 
1. 91 
4.42 
3.99 
2.23 
1.89 
1.57 
3.53 
22.8 
16.0 

Mean(CV) 

17.4(18.8) 
1.97(22.3) 
4.99(12.9) 
3.99(28.8) 
2.77(16.8) 
2. 17 (30.7) 
3.18{53.7) 
2.67(11.8) 
15.2(43.2) 
9.16(66.2) 



Table V.3 Adriamycin Concentrations (l1g/1111) at Two Hours 

Animal Number/Scaling Factora 

Tissue 1/0.75 2/0.81 3/1.28 
Serumb 
Heart 
Kidney 
Liver 
Lung 
Small Intestine 
Spleen 
Tai1-1 
Tail-2 
Tail-3 

13.7 
2.11 
3.53 
3.19 
2.28 
1. 49 
3.82 
2.15 
10.6 
3.22 

25.7 
1.85 
5.48 
4.30 
3. 18 
1. 92 
4.98 
1.07 
9.85 
6.37 

aSca1ing factor = 1.88 mg/kg 
b Administered dose/kg 
cConcentrations are in ng/m1. 
Below assay sensitivity. 

16.9 
2.04 
4.15 
3.64 
3.62 
1.98 
1.63 
c 
24.6 
12.1 

Mean{CV) 
18.8(33.1) 
2 .00{6. 7) 
4.39{22.7) 
3.71{15.0) 
3.03{22.5) 
1. 80{ 14. 8) 
3.47{48.9) 
1. 61 
15.0{55.3) 
7.23{62.3) 

Table V.4 Adriamycin Concentrations (l1g/m1) at Three Hours 

Animal Number/Scaling Factora 

Tissue 
----'-, 

1/1.5 2/0.68_ 3/1.43 
Serumb 
Heart 
Kidney 
Liver 
Lung 
Sma 11 Intesti ne 
Spleen 
Ta il-l 
Ta il-2 
Tail-3 

10.8 
1. 91 
4.28 
3.54 
2.30 
1.80 
3.93 
1. 21 
11.2 
7. 16 

8.9 
2.04 
3.79 
2.95 
2.65 
1. 26 
2.67 
1.63 
7.75 
6.39 

aScaling factor = 1.88 mg/kg 
b - Administered dose/kg 
Concentrations are in ng/ml. 

12.3 
2.04 
2.89 
2.12 
2.97 
1. 30 
1.66 
1.77 
23. 1 
5.0 

Mean{CV) 
15.9{10.7) 
2.00{3.8) 
3.65{19.3) 
2.87{24.9) 
2.64{12.7) 
1. 45 (20.8) 
2.75{41.4) 
1.54{18.9) 
14.0{57.4) 
6.18{17.7) 
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Table V.5 Adriamycin Concentrations (~g/ml) at Four Hours 

Animal Number/Scaling Factora 

Tissue 1/0.67 2/0.81 3/0.67 Mean(CV) 
Serumb 8.8 8.3 c 8.6 
Heart 1. 56 2.11 0.78 1. 48( 45.2) 
Kidney 2.57 3.72 1.42 2.57(44.7) 
Liver 2.41 3.41 1. 20 2.34(47.3) 
Lung 1. 61 2.10 1. 45 1. 72(19. 7) 
Small Intestine 1. 13 1. 85 0.64 1. 20 (50.3) 
Spleen 1. 74 2.93 0.54 1.74{8.7) 
Tail-l 1. 37 2.36 0.16 1. 30{84. 8) 
Tail-2 8.11 6.52 9.80 8.14(20.2) 
Ta il-3 2.76 4.36 1. 31 2.81(54.3) 

aScaling factor = 1.88 mg/kg 
Administered dose/kg 

bConcentrations are in ng/ml. 
cBe 10w assay sensitivity. 

Table V.6 Adriamycin Concentrations ()..Iq/ml) at Eight Hours 

Animal Number/Scaling Factora 

Tissue 1/0.86 2/0.47 3/1.0 Mean(CV) 
Serumb 4.8 3.5 7.8 5.4(40.8) 
Heart 1. 18 0.68 0.94 0.93(26.9) 
Kidney 2.36 1. 55 2.27 2.06(21.6) 
Liver 3.31 1. 94 2.32 2.52{28.1) 
Lung 1.25 1. 10 2.07 1.47{35.5) 
Small Intestine 1.09 0.72 1.09 0.97{22.0) 
Spleen 2.80 2.10 1. 21 2.04(39.2) 
Tail-l 0.44 0.32 1. 67 0.81(92.2) 
Ta il-2 8.42 10.8 11.9 10.4(17.0) 
Tail-3 1.11 1. 17 2.10 1 .46 (38.0) 

aScaling factor = 1.88 mg/kg 
Administered dose/kg 

bConcentrations are in ng/ml. 
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Table V.7 Adriamycin Concentration (~g/ml) at Twelve Hours 

Animal Number/Scaling Factora 

Tissue 1/0.38 2/0.83 3/1.26 
Serumb 
Heart 
Kidney 
Liver 
Lung 
Small Intestine 
Spleen 
Ta il-l 
Tail-2 
Tail-3 

3.7 
0.93 
2.02 
2.27 
1. 45 
0.82 
2.25 
1.62 
4.76 
0.59 

6.2 
1.00 
2.76 
2.06 
1.50 
1.10 
2.95 
1. 25 
6.68 
3.41 

aSca1ing factor = 1.88 mg/kg 
b Administered dose/kg 
cConcentrations are in ng/ml. 
Below assay sensitivity. 

c 
0.71 
1. 61 
2.17 
1. 75 
0.86 
1.40 
2".71 
17.4 
3.07 

Mean(CV) 
5.0 
0.88(17.2) 
2.13(27.4} 
2.17(4.8) 
1.57(10.2) 
0.93(16.3) 
2.20(35.5) 
1. 86 (40.3) 
9.6(70.9) 
2.36(65.2) 

Table V.8 Adriamycin Concentrations (~g/ml) at Eighteen Hours 

Animal Number/Scaling Factora 

Tissue 1/0.86 2/0.77 3/0.72 Mean(CIJ) 
Serumb 4.6 c c 
Heart 0.90 0.27 0.48 0.55(58.3) 
Kidney 1.88 0.84 1. 15 1.29(41.4) 
Liver 1. 81 0.96 1. 27 1.35(31.9) 
Lung 0.95 0.57 1.23 0.92(36.0) 
Small Intestine 0.88 0.70 0.60 0.73(19.4) 
Spleen 2.77 1. 17 0.84 1 .59(64.9~ 
Ta il-l 1. 35 0.91 0.06 0.77(85.2 
Tail-2 7.66 7.90 2.37 5.98(52.3) 
Tail-3 4.97 2.79 0.77 2.84(74.0) 

aScaling factor = 1 .88 mg/kg 
b Administered dose/kg 
cConcentrations are in ng/m1. 
Below assay sensitivity. 
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Table V.9 Adriamycin Concentrations (~g/ml) at Twenty-Four Hours 

Animal Number/Scaling Factora 

Ti ssue 1/01.16 2/0.69 3/1.49 
Serumb 
Heart 
Kidney 
Liver 
Lung 
Small Intestine 
Spleen 
Tail-l 
Tail-2 
Tail-3 

b 
0.68 
1. 81 
2.24 
1.43 
0.87 
2.64 
0.83 
2.11 
1. 51 

b 
0.34 
1. 19 
1. 50 
0.81 
0.77 
1.84 
0.74 
3. 15 
1. 46 

a Scaling factor = 1.88 mg/kg 
b Administered dose/kg 
cConcentrations are in ng/ml. 

Below assay sensitivity. 

b 
0.64 
1.27 
1.53 
1. 34 
0.82 
0.85 
O. 18 
6.51 
4.38 

Mean(CV) 

0.55(33.8) 
1.42(23.7) 
1.76(23.8) 
1 . 19 (28.2) 
O. 83( 6.1) 
1. 78(50.4) 
0.58(60.7) 
3.92(58.7) 
2.45(68.2) 

Table V.l0 Adriamycin Concentrations (~g/ml) at Forty-Eight Hours 

Animal Number/Scaling Factor a 

Tissue 1/1.57 2/0.48 3/0.87 Mean(CV) 
Serum b 

c c c 
Heart 0.44 0.04 0.10 0.19(13.5) 
Kidney 1.43 0.39 0.40 0.74(80.8) 
Liver 1. 30 0.52 0.37 0.73(68.4) 
Lung 0.90 0.30 0.28 0.49(71.9) 
Sma 11 I ntes ti ne 0.66 0.33 0.12 0.37(73.6) 
Spleen 0.89 0.70 0·.60 0.60(58.5) 
Tail-l 1. 35 0.34 b 0.85 
Tail-2 2.06 0.81 0.63 1 . 1 7 (66.6 ) 
Tail-3 0.52 0.42 b 0.47 

aScaling factor = 1.88 mq/kq 
Administered dose/kg 

bConcentrations are in ng/ml. 
cBelow assay sensitivity. 
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Table VI. 1 Adriamycinol Concentrations (ng/ml) Following Intraarterial Administration of 
Adriamycin Via Magnetic Albumin Microspheres 

Time (hours) 

Tissue .5 1.0 2.0 3.0 4.0 8.0 12.0 18.0 24.0 

Serum a a a a a a a a a 

Heart 34.0 118.0 51.0 40.0 b b 55.0 80.0 40.0 

Kidney 125.0 109.0 64.0 331.0 298.0 134.0 208.0 314.0 301.0 

Liver b b b b b b b b b 

Lung 68.0 88.0 64.0 b 69.0 66.0 64.0 83.0 40.0 

Sma 11 I ntes ti ne 200.0 107.0 63.0 77.0 53.0 55.0 54.0 76.0 b 

Spleen 151.0 117.0 88.0 52.0 45.0 75.0 126.0 168.0 145.0 

Ta il- 1 b b b b b b b b b 

Tail-2 b b b b b b b b b 

Tail-3 b b b b b b b b b 

alnsufficient sample to perform analysis. 

bBelow assay sensitivity. 

48.0 

a 

42.0 

116.0 

b 

42.0 

b 

b 

b 

b 

b 

N 
a 
a 
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Liver Compartment: 

a) Carri er 

be 
b dCli .e cbe .e cbe .e bee 

Vli -----at = Jtlli tl + J t 2li t2 + J t 3li Ct~ - hl ; Cli 

dCe
l 

V,. e e 
Vev 

f Cbe _ k Ceve 
1; dt = 'li 1; li li 

Tail Compartment 1: 

a) Carri er 

dCeve 
ev tl e be eve 

V tl dt = htl Ctl - ktl Ctl 

o 
+ ..2£. C 

Rsp sp 
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(VII.l) 

(VII. 2) 

(VII.3) 

(VII.4) 

(VII.5) 
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b) Free 

dC~l_ = qtl C _ qt12 Ce qtll Ce htl 
- -e- tl - -V-

dt Ve s Ve tl V
tl 

tl 
tl tl 

(VII.6) 

(VII.?) 

Tail Compartment 2 

a) Carrier 

be 
b dCt2 .em be e be .em () be 

Vt2 ~ = J t12 ul(t) Ctl + jt12 u2(t) Ctl - J t 23 ul t Ct2 

.e (t) Cbe .e Cbe he Cbe k Cbe 
- J t2 3 u2 t2 - J t 2li t2 - t2 t2 - t2 t2 

(VII.8) 

dCeve 

Vev t2 he Cbe k Ceve 
t2 dt = t2 t2 - t2 t2 (VI I. 9) 

b) Free 

k 
+ ~ Cbc + I

t2
(t) 

Ve t2 
t2 

(VIL10) 

(VII.ll) 



Tail Compartment 3: 

a) Carrier 

bc 

Vb dCt3 .cm (t) Cbc .c (t) Cbc _.c Cbc 
t3 ---crt = J t 23 ul t2 + J t23 u2 t3 Jt3l i t3 

dCevc 

Vev t3 = hC Cbc _ kt3 Cevc 
t3 dt t3 t3 t3 

b) Free 

e 
dCt3 qt23 e 
--=--C 

dt 'il t2 
t3 

r' for t > 30 minutes 
u

l 
(t) = 

1 , for t < 30 minutes 

{ 0, for t < 30 minutes 
u

2
(t) = 

. 1, for t > 30 minutes 

} 
" 

} 
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(VII.13) 

(VII.14) 

(VII.15) 

(VII.16) 

(VII.l?) 
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integer n,meth,miter,index,iwk(25),ier~k 
real y(25),wk(900) ,x,tol ,xend,h 
external fcn,fcnj 
n=25 
x=o.O 
y(l)=O.O 
y(2)=0.0 
y(3)=0.0 
y(4)=0.0 
y(5)=0.0 
y(6)=0.0 
y(7)=O.O 
y(8)=0.0 
y(9)=0.0 
y(lO)=O.O 
y(ll )=0.0 
y (12) =0.0 
y(13)=0.0 
y(14)=0.0 
y(15)=0.0 
y(16)=0.0 
y( 17)=0.0 
y(18)=0.0 
y ( 19) =0.0 
y(20)=0.0 
y(2l)=0.0 
y(22)=0.0 
y(23)=0.0 
y(24)=0.0 
y(25)=0.0 
tol=.OOOOl 
h=.OOOOl 
meth=2 
miter=2 
i ndex=l 
do 10 k=1,96 
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xend=float(k)*30.0 
call dgear(n,fcn,fcnj,x,h,y,xend,tol,meth,miter,index,iwk,wk,ier) 
if(ier.gt.128)go to 20 
a=y( 1) 
b=(.79*y(2)+.42*y(3))/1.2l 
c=y(4)+(.60*y(24)+7.35*y(25))/7.95 
d=y(5) 
e=(.18*y(6)+.33*y(7))/.51 
f=(.28*y(8)+.47*y(9))/.75 
g=(.70*y(10)+.85*y(11))/1.55 
h=(.86*y(12)+1.63*y(13))/2.49 
p= ( .66 *y ( 14) + 'I . 24 *y ( 15) ) / 1 .90 



q=(.61*y(16)+1.13*y(17))/1.74 
r=(.016*y(18)+2.47*y(19))/2.49 
s=(.014*y(20)+1.89*y(21))/1.90 
t=(.014*y(22)+1.73*y(23))/1.74 
u=h+r 
v=p+s 
w=g+t 
write(6,100)x,a,b,c,d,e,f,g,h,p,q,r,s,t,u,v,w 

100 format(lx,f7.2,3x,f5.3,2x,6(f6.2,2x)/9(f6.2,2x) 
10 continue 

stop 
20 continue 

write(6,200)tol,n,y,xend,h,x,ier 
200 format(f7.5,lx,i2,lx,10(f8.2,2x),2x,f5.2,2x,f7.5,2x,f6.2,2x,i3) 

stop 
end 

subroutine fcn(n,x,y,yprime) 
integer n 
real y(n),yprime(n),x 
if(x.le.l.O)then 

j=O 
else 

j=l 
end if 

if(x.le.30.0)then 
k=O 

else 
k=l 

end if 

if(x.le.30.0)then 
m=l 

else 
m=O 

end if 

C MASS BALANCE EQUATIONS 

C SERUM COMPARTMENT 
yprime(1)=2.370*y(2)-2.370*y(1) 

C LUNG COMPARTMENT 
yprime(2)=.07155*y(4)+1.899*y(8)+11.65*y(10)+.00633*y(12)+ 

.. 00633*y(14)+.0190*y(16)-30.0*y(2)

.1.013*y(2)+.000996*y(3) 
yprime(3)=1.905*y(2)-.00187*y(3) 
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C LIVER FREE COMPARTMENT 
yprime(4)=1.082*y(1)+.00194*y(5)+.0755*y(6)+ 

.. 00126*y(25)-.01531*y(4) 

C LIVER CARRIER COMPARTMENT 
yprime(24)=.000833*y(18)+.000S33*y(20)+.000833*y(22)-. 333*y(24) 
yprime(25)=.0272*y(24)-.00136*y(25) 

C SI COMPARTMENT 
yprime(5)=.7090*y(1)-.002S7*y(5) 

C SPLEEN COMPARTMENT 
yprime(6)=3.33*y(1)-3.33*y(6)-5.556*y(6)+.00615*y(7) 
yprime(7)=3.030*y(6)-.00335*y(7) 

C HEART COMPARTMENT 
yprime(S)=5.357*y(1)-5.357*y(S)-4.2S6*y(S)+.0166S*y(9) 
yprime(9)=2.553*y(S)-.00993*y(9) 

C KIDNEY COMPARTMENT 
yprime(10)=13. 14*y(1)-13.14*y(lO)-3.571*y(lO)+.00521*y(11) 
yprime(11)=2.941*y(10)-.00429*y(11) 

C T1-FREE 
yprime(12)=.0291*y(1)-.005S*y(12)-.01163*y(12)-.0070*y(12)+ 

.. 0005S*y(13)+.00116*y(18)+ 

.14.S*y(30.0*x**2-60.0*x**3+30.0*x**4)*(1-j) 
yprime(13)=.0037*y(12)-.00031*y(13)+.00061*y(19) 

C T2-FREE 
yprime(14)=.0152*y(12)-.0075S*y(14)-.0152*y(14)

.. 0091*y(14)+.00076*y(15)+.00152*y(20)+19.4* 

. (30.0*x**2-60.0*x**3+30.0*x**4)*(1-j) 
ypr"j me( 15)=. 004S4*y( 14) -. 00040*y( 15 )+. 00081 *y (21) 

C T3-FREE 
yprime(16)=.0164*y(14)-.0246*y(16)-.009S*y(16)+.00164*y(22)+ 

.. 000S2*y(17)+16.8*(30.0*x**2-60.0*x**3+30.0*x**4)*(1-j) 
yprime(17)=.0053*y(16)-.00044*y(17)+.0008S*y(23) 

C Tl-CARRIER 
yprime(lS)=4500.0*(30.0*x**2-60.0*x**3+30.0*x**4)*(1-j)

.6.25*y(lS)*(1-k)-.625*y(lS)*(1-m)-.0313*y(lS)-.00625*y(lS)

.. 0625*y( lS) 
yprime(19)=.000041*y(18)-.0004*y(19) 
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C T2-CARRIER 
yprime(20)=7.l43*y{18)*{1-k)+.7l43*y{18)*{1-m)-

.. 00714*y(20)*(1-k)-.7l43*y{20)*(1-m)-.0357*y{20)-.007l4*y(20)

.. 07l43*y( 20) 
yprime(2l)=.000053*y(20)-.00053*y{2l) 

C T3-CARRIER 
yprime(22)=.007l4*y(20)*(1-k)+.7l43*y(20)*{1-m)-

.. 0357*y(22)-.007l4*y(22)-.07l43*y(22) 
yprime(23)=.000058*y(22)-.00058*y{23) 
return 
end 

subroutine fcnj(n,x,y,pd) 
integer n 
real y(n),pd(n,n),x 
return 
end 
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