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ABSTIRACT

Studies of doxorubicin pharmacokinetics have been
bedeviled by the problems of low assay specificity and the

possible degradation of doxorubicin and its =etakclites

during extraction. The purpcse of this investigaticn was
to provide a sensitive, selective, efficient and
reproducible assay method for doxorubicino and its

metabolites.

A C-18 reversed phase HPLC method was chosen to
analyze the drug concentrations and the Sep-pak cartridges
were used for sample preparation. The Ser—-rak cartridge
retained doxorubicin and its metabolites while interfering
compounds (€.g., proteim, cellular compcnents) in the
biological samples were eluted. Doxorubicin and 1its
metabolites were then eluted with an acid-methanol mixture
and concentrated in a water bath of 40° C. While plasma
samples required no prior treatment befcre extraction,
tissue samples were homogenized and released from kinding
to nuclear compchnents by silver nitrate. The superiority
of the Sep-rak method in sample preparation was e€staklished
by comparing the efficiency, accuracy, processing time and

the ease of operation with the conventional c¢rganic

ii
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extracticn methcd.

The application of the assay method was tested in the
plasma samples of human and rats, and tissue samples from
rats. The results all showed a small variaticn and good
agreenment with the literature data. Pharmacokinetic
profiles or these plasma samples were analyzed Ly AUTCAN
and showea good correlation with those of literature and
with each other. Plasma and kidney samples o¢f the very
young (2 mcaths old) and the very old (2 years old) rats
were analyzed but failed to observe any significant effect

of age on doxorukicin pbharmacokinetics.

During the develorment of the assay methcd, it was
necessary to perform a study of doxorukicin stakility to
ascertain the best conditions for druag apalysis.
Doxorubicin showed to be more stable in acidic mediun and
the effects of pH have Leen quantifieds Its stability in
solution could also be influenced by the Luffering agents
used. The study of doxorubicin stakility in plasna
revealed that frozen [frlasma samples remained stable for 1
month and the thawing/freezing of these samples <should ke

avoided.

Binding data obtained from the ultrafiltration method

were unable to analyzZze due to high degree of tkinding tc the
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Diaflo membranes; This memkrane binding frocrerty of
doxorubicin not only caused an inconsistency amcng rereated
experiments but also failed to provide an oLservation of
the fraction bound However, an ultracentrifugation method
was performed and revealed that 0.7 fraction of doxorukicin

was bound to 4 % albumin scluticn.

This study clearly demcnstrated that the <ccugling of
the Sep—~pak methcd and the reversed phase HPLC systern
provided an efficient, semnsitive, reproducikle and accurate
method for the pharmacckinetic studies o¢f dcxcrukicin.
This new method was also much easier to use than the
organic extraction methcd. The stakility studies indicated
the suitable storage conditions for both plasma samplies amnd
doxorubicin solution during analysis. The binding data c¢f
0.7 fraction bound of total doxorubicin was fprocvided for

future rharmacokinetic studies.
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I. INTKCDUCIION
A. The Clipnical Significance of Doxorukicin

Cancer, perhaps the most feared of all diseases, has
climbed to the seccnd 1leading cause of death since 1976
(1) - Study regarding the chemctherapy of cancer and the
disease itself has Lkeen under extensive and vigcrgous
investigaticn. Numercus chemical agents have been
develored by prodigious efforts of more than a decade.
Clinical results have demonstrated that the wuse <cf these
agents has produced a significant <cure rate of various
neoplasms, particularly the raridly proliferating cancers

of childhocd (2) .

Unfortunately, most antineoplastic agents possess a
therapeutic index that i1s virtaally one, i.€., at an
effective therapeutic level, toxic effects are also -
observed. Among the toxic symtoms, derressicn of bone
marrow and toxicities toward gastrointestinal tract and
muccus membrane are cbserved with the applicaticn of almost
‘all the anticancer drugs (3). Bnother featuzie of these
agents is the schedule—-dependency wbich is the result of
their effectiveness during certain phases of the cell cycle
{4) . Since active single agents are the requisite building

block for a successful comkined chemotherapy strategqy, a




thorough understanding of the pharmacclcgy and
pharmacokinetics cf these agents is imperative for their

safe and effective use.

Doxorukicin was discovered by Arcamore et al. in 1969
and its <chemical structure is shcwn in Fig. 1. It is

produced by a mutant strain of Streptcmyces [feucetius

{(caesius variety), a microorgamism that produces the
closely related antibictic, daunorubicim {alsc known as
rubidomycin or —rukomycin) {Fig. 1) (5) - The attenticn
focused on doxorubicin 1is mainly due to its efficacy
against a broad spectrum of tumors while its parent
compound, daunorukicin, 1is <confipned ©rprincipally to tae
treatment of acute nonlymphocytic leukemia (€-10). In a
report of cancer therary protocols by the Natibnal
Institution of Health in 1981, doxorubicin was employed in
almost 40% of 1106 clinical prctocols (11) . With
consideration of the progress 1in countries cther than
United States, it is imfpossible to overestimate the size of

the ongoing clinical research cf doxorukicin (12).

The clinical usefulness of doxorubicin in treast
cancer, pediatric solid tumors, csteosarccma, soft tissue
sarcoma, Hodgkin's and cther malignant lymphoma attests to

an unprecedented selectivity for cytotoxicity of neoplastic
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Figure 1. The chemical structure of doxorubicin (1.a) and

daunorubicin (1.b)




cells (13). However, normal c¢ells are not exenpt from
their toxic actions. Toxic effects such as alopecia,
nausea, stomatitis and bone marrow depressicm, ccmmon in
most antinecplastic agents, are dJenerally manageable and
reversible. However, a frequent irreversible and often
fatal congestive heart failure, a dose and schedule related
consequence of treatment, seriously restricts the <clinical
usefulness c¢f doxorubicin (6-10,13,14). Although studies
have supported the intravaneous administration ky an
intermittant single Lkolus dose and a cumulative dcse of
less than 550 mg/m* is generally considered safe
(10,13,14). These gquidelines, based on statistical rather
than pathophysiclcgical and pharmacokinetic principles,
often lead to underultilization of doxcrukicin (14). Tc
optimize the therareutic Ltenefits of doxorubicir, study of
its pharmacology, toxicities and pharmacokinetics shouid ke

further emgaged.



B. An Assay Method for Pharmacokinetic Studies

Although doxorukicin has been under investigation - for
more than 10 years, a detailed and accurate pharmacokirnetic
model is not yet developed. It would be advantageous to
ascertain which parameter or parameters are related to the
rharmacelogical activity of doxorukicin, and most
importantly, which parameter is pertinent to the hazardous

cardiotoxicity.

Early studies have suggested extensive accumulation of
doxorubicin in several tissues and a slcw and variable
clearance (15,1€). Clinical studies have clearly indicated

a dose reduction in fpatients with either hepatic failure or

a history of <cardiac complicaticns (16). It 1is only
raticnal that a detailed understanding cf the
pharmacokinetic grcfile of doxorubicin 1is needed to
determine the dose and schedule o¢f administraticn to

patients on an individual kasis. Since doxorukicinol (the
ma jor metabclite) possesses antitumor activity and the
possible involvement of aglyccnes in cytotoxicity, it would
be sensible to 1include these metabolites in this kinetic
study. The relationship between doxorukicin and its
metabolites is depicted in the Lkiotransfcrmaticn fpathway
shown in Fig. 2. Due to the fact that considerakle amcunt

of doxcrubicin 1s not recovered from excreta and cannot be
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Figure 2. The proposed biotransformation pathway of doxorubicin



accounted fcr, it has been proposed that some unknown
metabolites may Le stored in the body (17-19) and the

search of such compounds is encouraged.

1. The Proklen

Confusion over the Fharmacokinetic studies of
doxorubicin arises mainly from the drawbacks of assay
methcds. The +total fluorescence amd the radiociakeled
methods have shown nc specificity, i.e., they are umnakle tc
differentiate doxorulticin amnd its @metabclites (20-22).
Additionally, it is reported that total plasma extractakle
fluofescence may ke elevated due to the presence of certain
steroids of bile acids causing interference, particular;y

at low drug levels (23).

RIA (radioimmumnoassay) and GIC-mass spectrcmetry have
demonstrated high specificity and sensitivity. Hcwever,
they are exrensive, time-consuming tc use and GLC requires
derivatizaticn of the samples (24-27). At present, II1C and
HPLC are the twc methods generally used; this is partly
due to the low cost of the procedures and the availability

cf instruments.

Quantitative TLC analyses are usually bhampered by

various Fprcblems such as non-uniform plate thickuness,



difference in «ccating consistency, low sensitivity in
detection and reproducibility (28). Althcuqgh recent
advances in methodology have improved these deficiencies
(29,30), a standard graph must be prepared for e€ach plate
run together with the samples (31,32). In additiom to
these sensitive variables +that influence reprcducikility
greatly, TLC method is accompanied with the falsely bhigh
levels of doxorubicinol (33). Reich €t al. (1979)
identified artifactual metabolites that ccchrcmatographed
in authentic doxorubicin and aglycones bands on TLC plates,
and they contributed 8 to 15 % to the metakclites levels
(33) . Isreal et al. (1978) cerformed a metabolism and
excreticn study with both HPLC and TLC methods, and found
that at least one artifactuai netakolite was seen c¢nly on
T1.C plates (30). Similar finding was identified by
Benjamin et al. (1973), and they showed that the artifacts
contributed 20% c¢f the total 1fluorescence of extracted
samples (15) - Therefore, TLC methcd is ccnsidered an
unreliakle method unless care is taken to deal with these

variakle and artifactual metalolites levels.

Due to its flexibility and reproducibility, HELC bhas
become the optimal method for the analysis of many draugs;
such as penicillin, cephalcsporins and tetracyclines (34) .
As doxorubicin ’is concerned, HPLC is considered the method

of choice o¢wing toc its 1low volatility and stability.



Various conditions have been developed and all have
satisfactory specificity and semnsitivity (24). Bowever,
reversed-phase chromatography is considered ©fparticularly
suitable for the separation of a homologous series of
compounds, as in this study, doxorubicin and its
metabolites, whose chemical structure may differ omne fronm
another by only one functional group. In addition, this
type of HPLC system elutes samples 1in reversed c¢rder of
polarity which makes +the detection of metakolites easier.
A flucrescence detector is used in this study since it 1is
more specific and =s=ensitive than either U.V. or visikle

spectrophotometry (35).

As sanples for Fharmacokinetic studies are of
biological origin, extraction Lecomes a necessity tc
eliminate the possikle interference cf compcnents in
biological fluids to compounds of interest (doxcrukicin and
its metakolites) and to chrcmatographic system. It is rare
that samples do not reguire processing tc prevent drugs
binding to <cellular components and to protect column
racking and the detector of the HPLC system. This is
‘usually done by homogenizing and extracting. The ordinary
procedure for extraction 1is the <conventicnal <c¢rganic
solvent extraction. Various organic solvents have Leen
used with recovery rates of plasma sampies ranging from 70

% to 100 % (31,36-40).
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Better recoveries from plasma samples were seemn mcstly
with cosolvent extraction, such as chloroform-methanol and
chloroform-isopropancl mixtures or with acidified ethanol
extraction. Although Ekskorg (1978) has demcnstrated, with
chloroform-pentanol (9:1, v/v) mixture, that optimum
extraction cccurs around pH 8.3 for doxorubkicin, pE 8.6 for
doxorubicincl, and pH 8.0 for daunorubicin (41). Acidified
ethanol (by hydrochloric acid c¢f different strengths)
showed a recovery rate of 85%, but the Fossible degradaticn
by bhydrolysis of the glycosidic bond and high fluorescence
blank should bLke heeded (15,42,43). The other cosclvent
extraction methods usually couple with alkalipnizing the
aqueous phase either by a buffer or sodium hydroxide
solution (17,37,38,44,45). The reccvery rates cculd reach
as high as 100 %. However, variation caused by
experimental conditions seems great since different values,
80, 84, 100 % of recovery were reported using the same

method (17,44,45).

Successful application of this pH adjusted solvent
extraction mefhod to tissues énd cells is seen in a smaller
frequency, some even reported as low as 40 and 60 % of
spiked amcunt is recovered (42,4€) . This loss of
doxorubicin and its metabolites is attributed to the slow
release of these compounds from cellular ccmgcnents (39) .

The strcng and ragpid binding akility of doxorukicin tc DNA
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has shcwn the associaticn constant to be in thne range of

0.37 to 11.61x106 M in in vitrc experiments (47).

Schwartz (1973) demonstrated the capability of silver
ions to release doxorubicin and daunorubicin from kinding
to DNA. Silver ions also precipitate protein, flavines and
nucleotides, therefore considerably lower the flucrescence
backgrcund (39) The emplcyment of silver nitrite
increased the recovery rate from 26 % to 100 % for
doxorubicin, and from 55 % to 104 % for dauncrulkicin (39).
The conventional solvent extraction method, however
efficient, is a teadicus method which requires adjuSting
pH, mixing, separating phases, and scmetimes a second even
a third extraction is needed. The develorment cf a simpler

methecd for extracticn is one of the objectives of this

study.
2. Theoretical Framewcrk in Chromatography

HPLC (high rressure 1liquid chromatograrhy) is a
separation technique and in which gquantitation,
reproducibility and simplicity are made Ffossible by the
technical advancement in instrumentation. Chromatograghy
is defined as a separation process that is achieved &Ly
exploiting the different intermclecular fcrces that are

exerted on solutes when distrikuted tetween a mokile and
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stationary phases. Those sukstances that are held more
strongly in mcbile phase pass throuqgh or from the systen
more rapidly than those that are held more strcngly in the
stationary phase. Thus, substances will 1mcve through or
from the system in order of increasing forces that hold

them in the staticnary phase (48).

Althcugh the Separation Frocess is €xceedingly
complex, it 1s ©fpossible to devise simple models and
equations which closely approximate the separation. An
understanding of these simple equations or relaticnshigs is
essential when inprovement of separation is needed. The
ultimate goal of separation in HPIC is the achievement of
the optimum comkination of resolutiom of solutes, sreed of
elution, and economic use of F[fressure. In order tc
understand the relationshir among these parameters, there
are some fundamental terms that should Le defined first

(48,49) .

dead time; wvoid time; t,: the time that requires
for an unretainakble solute to be e€luted from a
colunn

dead vclume; void volhme; Vo: the volume of e€luent
that requires for an unretainable sclute to ke

eluted from a cclumn
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retention time; tg: the time that elapse ketween
injection and elution of a solute

retention vclume; V : the vclume <c¢f e€luent that
passes into the column during retention time

peak width; W; the width of a peak at the Laseline
on a chrcmatcgranm

capacity factor; k';

k,:V_VO:tR_tO
Vo s
separation factor; selectivity; « °
R T PR
x = -V Tt - 1
1 R1

theoretical plates; N;
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The capacity factor, k', is a measure of tbhe
degree of retention of a solute. If value cf k' is higher
than 8, this means the system wastes valuakle analytical
time. Value of k' smaller thanm 1 is also unfavorakle due
to potential interferences from nonretained peaks and early
peaks of 1little or nc amnalytical interest (49). The
separation factor, & , i1s the net retenticn time ratio for
two components. Fundamentally, «x is equal to the ratio of
equilibrium distributicn coefficient, which depends sclely
on the molecular forces between the sclute ard the twe
phases, i.e., the mckile and statiomary phases. N is the
nunber of theoretical plates in plate theory and whase
higher value means better separation and efficierncy. For a
good column, N should ke in the reascmnakle ramge of 1,000
and 20,000 (50). ©EKesolution, K, 1is simply a means of
measuring the degree of separation of two compounds in a
HPLC systen. And resclution can te exrressed in an
equation which is the <combination of selectivity (d),
efficiency (N) and capacity (k') of a column. 1Tbis version
emnphasizes three qualitative requirements for a good
resolution; (1) solutes nust he retained tc different
extents, i.e., « # 1; (2) solutes must ke retained, i.e.,
k* ¥ 0; (3) the <column must be equivalent to a minimun

number of thecoretical plates (N) (48-50).

These parameters, k', x, N, R, are the guidelines to



judge whether a HFLC system 1s satisfactory or not.
Improvement for the separation shculd te resolved from the
tasic Van Deenmter equation which explains how factors in
stationary and mobile phases influence the efficiency of a
HPLC system  (48,49). However, successful sefparations can
be carried out only by careful experimentation prgceded by

shrewd planning.

Among the varicus modes of HELC (LL, 1s, ‘GPC),
reversed—-rhase chromatography has some distinct advantages
as it is less likely to be deactivated, can efficiently
separate toth polar and 1ionic mclecules, and it fprovides
more freedom in choice of eluents. These advantages alsc
act as a bonus in pharmacokinetic studies since highly
polar materials are present in rody fluids. Ancther
advantage is the elution of sclutes in reverse crder of
polarity which makes the detection of metabolites, usually
polar than the parent compound, much easier. Eesides, the
handling of aqueous mctile phase is less hazardcus than the
organic one (48-50) . However, commercially availakle
reversed stationary Frphase sometimes may exhikit 1lower
efficiency and lower lcading capacities than their Trarent
silica gel substrates (48). It is of 1interest to see
whether the applicaticn of doxorubicin analysis 1in Loth
reversed-phase and normal phase 1liquid <chromatograghies

shows any qualitative apnd quantitative differences. 1If no



significant difference is detected in
reversed-phase HPIC stands as a favorable

rharracckinetic study cf doxorubicin.

this

chioce
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study,

for

the
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C. Stakility Study

1. Purpose of This Study

Several fluorometric procedures for the arcalysis of
doxorubicin have been reported (31,36-4C), Ltut 1little
attention is given to its stability. It is very important

to avoid artifacts «caused by degradaticn pfprior tc the

quantitative determination of doxorukicin and its
metakclites.

The sclid products, either as doxorukicin
hydrochloride salt c¢r as a lyophilized mixture of

doxorubicin hydrochloride and lactcse, are stakle if stored
in dry and well closed containers at room temperature (51).
The stability of agqgueocus soluticn o¢f doxcrukicin varies
with temperature, pH and tuffering agents (24,517) .
However, this study examines the effects of ©[rH o¢n the
stability of doxorukicin since only cne luffer system is
used and the experimental conditions seldom suffer any

drastic change of temperature in the whole process.

The same attention should be given to the handling of
tiological samples. khole blood, cwing to the enzymes it
contains, exhikbits metakolic activity toward dozxorubicin.

The plasma doxorukicin concentration cf whcle klcod samgles
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decreased drastically during the first hour of incukation
at 37°C (52). 1his effect is prokakly due tc the cellular
uptake of doxorubicin, as no detectable armounts of
doxcrubicinol appeared in the plasma fractiom during this
peroid of time. Small amount of doxorukicincl did apgear
in the plasma fraction when the whole blocd =samgles gad
teen incubated fcr mcre than 1 hour (52). 1In order to

correlate the plasma levels with the concentrations cf drug

and metabolites in the <circulating Llood withirn the
patients, reduction of this metabolic activity is
desirakle.

Formation of metabolites was reduced ty storing the
blood samples at 1lower temperature (4°C), by the additicn
of glutamate dehydrogenmase or sonication (£3). Though
immediate scnicaticn after the withdrawal of tklood samples
from patients has keen suggested (53), it has Lkeen =shown
that poor recovery (70 %) resulted frcm this treatment
(52) . Since doxorubicin is not metabolized in cell-free
rlasma samples (54), the recommended procedure is immediate
cooling of klood samples atter withdrawal frcm patients and

plasma fractions separated within 6 hours (£2).

Though the usual procedure for handling [rlasma and
tissues is to immediately deep freeze the samples until

analysis (31,36-40), it has Leen demonstrated that there is



15

a decrease in doxorubicin concentration during =stcrage of

t al. (1979)

the frozen r[rlasma samples (£2). Eksborg
attributed this decrease in concentration tc be the result
of a change 1in the rrlasma matrix. This conclusion came
from the observation that the amounts of precipitate in the
thawed plasma samples increased with increasing storage
time. It 1is 1likely that doxorubicin is adsorked om the
precipitate, which in turn decreased the degree cf
extraction into an orgamnic phase (52). If this is the
cause of decreased concentration in frozen sample, it 1is
hoped that the Sep—-rak method (the new method developed in

this study) could overcome this flaw.

Since no direct contact between the plasma and organic
solvent is present in this Sep-pak methcd, the rossibility
of C-18 lLonded-phase silica stripring doxorubicin from its
adsorbent is high. Additionally, the effects of the nubmker
of freezing/thawing cycles and of the storage time on
doxorubicin concentration of frozen plasma samples is undex
investigation. The <comparison of these twc factors by
freezing and thawing frczen plasma samples at different
time intervals could determine the optimal storage
condition. If the storage time [flays a majcr role, it
would be advisable to shorten the storage intervals Letwuween
freezing/thawing. Otherwise, the repeated phases of

freezing and thawing shcula be avoid as often as possikle.
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2. The pH-dependent Ionization of Doxcrukicin

The evidence of enbanced stakility of many drugs when
the hydrogem-ion concentrations are maintained within a
narrow range of pH, as well as of progressively decreasing
stability when the pH departs from the cptimum range, is
abundant (24,41,51,55). Stability of a chemical may result
from gain or loss of a proton by a substrate molecule,
which reduces the reactivity of the molecule. In aqueous
solution, instability may arise thrcugh the catalytic
effect of acids or bases; the former by trarnsferring a
proton to the substrate, the latter Ly accepting a proton

(55) -

That doxorubicin is stable in acidic media and
unstable in more alkaline <cnes 1is well kocwn. This
rhencumenon results from the different ionized fcrms exist
in solutions of different concentrations of hydrogen ion.
These dionized forms not ornly exhikit different
characteristics in stakility, they alsc have different
electronic absorption spectra. An ionizaticn diagram
postulated by Sturgecn and Schulman is presented in Fig. 3,
which shows the relationship among these ionized sgecies

(56).
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Figure 3, The protolytic equilibria of doxorubigin
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From the listed dissociation acid constants in Fig. 3,
it is «cbserved that doxorubicin has several iopnizakle
functional dgroups which are ¢f similar acidity (56).
Therefore, overlapping frrotolysis and equilikria are
possible. There is an indicaticn that three or mcre
absorbing species are present in the soluticns ¢f pH 7-12
regicn because no distinct equivalence-point region 1is
shown in titration curves (56,57); The acid disscciaticn
constant of the momnocation to form the neutral molecule is
8.22, which implies that a significant amount of
doxorubicin is present as neutral form in solution slightly
above this pH ialue. This coincides with tbe fact that
maximum distribution of doxorukicin in organic fhase cccurs
at alkaline media (pH 8.3) (41,56). Due to the e€xisting of
pore than one 1ionized species in pH 7-12, the degradation
process which harpens much faster in strcngly alkaline
media may be due to the instability of one or more ot the
ionized species. It 1is hoped tbhat from this study of the
effects of pH on doxorukicin stakility, mcre infcrmation
regarding the relationship between iconization and stakility
may be found. It should «ke gcted that the pKa values
listed in Fig. 3 are only apprcximate since
self-association of doxorubicin influences the data frco

cne report to ancther (57).

In developing method of analysis for doxorukicin,




N
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careful choice of pH and the analyticai wavelength is
necessary. The prevalence of only one emitting stecies
having intense fluorescence 1in the pH 1-7 region suggests
that the fluorescent analysis of doxorubicin should e
carried out 1in acidic solution (56). The ipfcrmaticn of
the ionization of doxorubicin alsc rrrovides the rational
basis for alkalinizing agueous phase during extraction

PLOCESS.
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D. Protein Binding Study
1. Score and Purpcse of This Study

Many drugs interact with plasma or tissue protein to
form a drug-protein complex. Comglexation of a drug with
rrotein, i.e., drug protein Linding, can influence the
therapeutic, pharmacokinetic and tcxicologic actions of the
drug (58). Only free or urnkound drug can fass thrcugn
cellular membranes and reach the drugqg receprtors or becone
eliminated (58,59). . This relationship is shown in Fig. 4.
However, only bindihqg of drugs to plasma proteins has Leen
extensively studied primarily because the rlasma is readily
accessible to sampling, can be €asily serarated intc its
constituent macrcmolecules, and is easily guantitated.
Tissue rkinding has opone of these advantages and, as a
result, knowledge of the dqualitative and quantitative
aspects of the ttinding of drugs tc tissue ccmpcnents is
pFoorly understood (59) . HKagner (60) and Gillette {61) have
pointed out that tissue bindibng may be much more important
pharmacokinetically than plasma Linding. Cwing to the
difficulties to perform such a study, therefore, study of

the plasma binding is the main goal of this study.

The major ccmponent of rlasma protein respomnsikle for

drug binding i=s albumin, a rprotein molecule with a
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rmolecular weight cf 69,000. Albumin is synthesized Ly
liver and has a half-life of akout 17 to 18 days in fplasma
(147,148). In the body, despite the large molecular
weight, albumin is not exclusivelu retained in the plasma,
bug also distributed extravascularly into skin, muscle,
liver, spleen, e€tc. (59) . Normally, the albumin
concentration is maintained at a relatively constant level
within the plasma compartment at about 3.5-4.% % (w/v) or
5.0-6.5 x 10°% » (58,59). The maintenance of a somewhat
constant intravascular mass of protein (in [fparticular,
albumin) is physiologically <critical Lecause circulating
intravascular protein is the ©principal determination of
plasma vclume (58,59). The change in plasma volume and in
the free drug levels induced Ly a <change 1in altumin
concentraticn may produce significant differences in
pharmacclogic effects fproviding the fraction kound of this

compound is high (58).

Drugs bind +to albumin Lty either a reversiktle or
irreversikle process. In the case <c¢f irreversikle drug
binding which cccurs rarely, the drug is chemically
activated and attached permanently to the protein, usually
by covalent bonding. 1Thus, the permanently pFprctein-tound
drug is unavailakle for therapeutic use (58). When drug
Frotein binding is reversible, the rinding is initiated by

electrostatic forces and the resultirqg complex is further
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stabilized by van der Waals forces, sometines a
configuration change may occur to stabilize the ccuoplex
(61). Therefore, the rrotein-bound drug act as a depot,
sléwly releasing the active drug and replacing the free
drug which i§ eliminated, i.e., there 1is ap equilikrium
state between free and bound drug (58,61). Thus, prctein
binding c¢c£f a drug can influence the distrikution and
elimipnaticn of the compound itself as well as the duration
and intensity of the pharmacologic effects (59). However,
evidence exists that only in case of highly kcund agents

will binding be important in a practical semse (58,59,62).

Quantitative information regarding the fracticn Lound
of doxorubicin that binds to albumin was, however,
unavailable. Harris and Gross (1975) tound that an extent
of 50 % of doxorubicin was tound to rabbit amnd human rlasma
using the wultracentrifuge method (63). Chen €t al. (1978)
re—analyzed the data of Harris and Gross, and determined
the fracticn bound in the therapeutic plasma concentration
range was 0.9 rather than 0.5 with no further explanaticn
for such a change (64). These rerorts leads to a fact that
an accurate and detailed quantitative information regarding
protein binding <¢f dcxorubicin 1is needed. Since the in
vitro exreriment should be performed in a slightly alkaline
medium and the long period of time, 13 hours, 1is required

to perform such a study using ultracentrifuge method (63) .




It appears that the stability factor of doxorubicin should
be considered. This study of doxorubicin kindirg kinetics
in vitro can yield information that is valuakle in the

pharmacokinetic study of doxorubicin.

2. Theory of Protein Einding

The kinetics of reversible drug-protein binding can be
described ty the following equation (58,62) -

i K'Cf
S A S

r : @molar ratio
K : association constant

Cf: the concentration of free doxorukicin

This equation describes the simplest situation, in
which one mole <¢f drug binds to one mole of protein in a
1:1 complex. The extent of the drung-grotein complex

formed is depéndent uron the association kindimg constant,

K.

However, protein molecules are quite large compared to
drug molecules and may contain more than «cre tyrpe of

binding site for the drug. If there is more than one tyge
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of binding site and the drug tinds independently c¢n each
tinding site with its own association constant, then

Eq. 2.1 expands tc the following (58,62):

L e A SN ST
T+ Ky C, T+ K, C,
n Ki-Cf
or r =Z: R -
i1 bt K Cy (2.2)

where the numberical subscript represent differernt types of
binding sites, the K's represent the associaticn constants
and the n's rerresent the numkter of Ltinding sites per

molecule of altumin.

The values of the assocciation constants and the numker
of binding sites can Le oktained by various grafphic methads
Scatchard plct is cne of fhese graphic techniques which
spreads data to give a Lketter line for the estimaticn cf
the binding constants and binding sites. And due to this
ability of spreading data points, Scatchard plot is the
most common technique employed in protein kinding studies.
For a single binding site situation, the fcllowing is

obtained (58,62)

T = N'K'Cf - I"'K.Cf
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A graph constructed ky plotting r/(Cf) versus r yields
a straight line with the intercept keing N*K and the slope
teing -K. Hcocwever, some drug-protein binding data produce
Scatchard graphs of curvilinear lines, i.e., more tham cne
type of binding sites exist (58). And ncn-linear fitting
mathematical model wusing comnputer techniques is more
suitable for such a complicated analysis rather than the
direct estimation from the Scatchard plct. Using ccmputer
techniques, cne can obtain best estimation for each Ni and
each Ki (65). Also, the precision of the fitting procedure
in the neighborhood of a least-squares scluticn can te
examined (65). The development of such a computer progranm,
however, is closely related to the binding method used to

obtain raw data.

3. Binding Method and the Computer Nconlinear Fitting

program

The degree of binding of drug molecules by [frotein can
be estimated by using several methods such as dialysis, qel
filtration, wultracentritfugation, and ultrafiltration.
These methods yield similar, bLkut ©npct always identical
results (62,66). Among them, a continucus wultrafiltration
cbserves the binding behavior under various cconcentrations
of drug with one single run. ‘Thus, it provides a more

accurate okbservation the the discrete data <cbtained Lty
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other methods (67,68).

Ultrafiltration is a process which serarates dissclved
molecules cn the basis of moclecular size. A moderate
pressure (5 to 50 p.s.i) forces the soluticn and low
molecular weight solutes through the thin membrane, but the
rassage of higher molecular weight sclutes is hindered
{66,67) . Semnipermeable dialysis membranes, €.9g., LCiaflc
memnkranes, have been used as filters (67). In addition tc
the much higher efficiency of Diafloc membranes relative to
those used in equilibrium dialysis, these memkranes are
also available with a spectrum of molecular size for

retentivities.

Blatt et ale have demonstrated that the
ultrafiltration method, coupled with the maintenance of
fixed volume in the sample <compartment during the run,
rerfcrmed protein binding studies in a mapner similar to
the ccnventional equilibrium dialysis, Ltut without the
Frotracted dialysis times common to the latter method (67).
In a continuous process, it 1s ©[fossikle to determine
changes in kinding from a single experiment (in a few
hours) by taking aliquots of wultrafiltrate, carefully
measuring the volune, and calculating the drug
concentration (67,68). In comparison to dialysis metiaod,

continuous ultraltration has the advantages of cktaining a
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series of data in a single run, separating tke free drug
cver a short period of time, and the conservaticn of
materials, Farticularly the expensive altumin. In
addition, the memkrane tinding of the drug can bLe easily
corrected by a klank run, i.e., without allumin present in

-

the filtration cell (67,68) .

A series of data regarding molar ratic (r) and free
doxorubicin concentration (Cf) can Lke oktained Ly a
continuous ultrafiltration method. And accordirq to Eg.
2.2, a nonlinear computer program can ke used tc find the
best estimates for n, each Ni and each Ki (€5). This
Erogram alsc makes correction for the void volume of the
system and the non-ideal ©Lehavior <c¢f the memkrane. In
comparison with the direct estimation from a Scatchard
plot, a precision for the fitting procedure is provided and

the prchbakle error for each Ki is calculated.

With this mathematic binding model estaklished for
doxorubicin, the effects of the rphysiologic ccnditicn cf a
patient on protein tinding can be Fredicted. If
doxorubicin which has a small therapeutic index falls in
the category of 'strongly bound?', it would become necessary
to consider protein tinding as a vital parameter imn the

characterization of its Lkehavicr.
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II. METHCDOILCGY

Materials

Chemicals

Doxorubicin hydrcchloride, Sigma Chemical Co.,
(D-1515, Lot 21F-0241)

Daunorukicin hydrochloride, Sigma Chemical COay
(C-4885, Lot 88C-0207)

Dimethyldichlorosilane, Eierce Chemical Co., {83401,
Lot 092581-82)

Hexane, Fisher Scientific Co., (Hf302, Lot 793076)

Methyl alcohol, Burdick & Jackson Lakoratcries Inc.
(Lot AH749)

Phosghoric acid, 85%, Fisher Scientific Co., (A-260,
lot 715056)

Silver nitrate, Mallinckrodt, (2160, Lot HN)

Acetcnitrile, Waters Associates, IncCe., (4935, 1lct
081314)

Sodium lauryl sulfate, Ruger Chemical Co., Inc., (laot
C713284)

Monobasic ammonium Fhosphate, General Chemical

Division, (1312, Lot K202)
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Acetic acid, glacial, Fisher Scientific Co., (A-38,
lot 712081)

Chloroform, Waters Associates, Inc., (84939, AF€12)

Magnesiun chlcride, Fisher Scientific Co., (M-33, 1ot
706396)

Methylene chloride, Fisher Scientific Co., (D-143, Lot
711308)

Toluene, Fisher Scientific Co., (T—-324, Lot 742939)

Uracil, Eastman Kodak Co., (2504, 1ot A121)

BHydrochloric acid, Mallinckrcdt, (2612, Lot KMBYV)

Sodium hydroxide, Fisher Scientific Co., (S-318, Lot
7208509)

Albumin (human), fraction V power, Calbiochem-Behring
Corr., (12666, 1ot 903€35)

Citric acid, Amend Drug and Chemical CO., {Lot
26698M31)

Boric acid, Amend Drug and Chemical Cc., (Ict C611549)

Monopctassium fphosphate, Fisher Scientific Co.,
(D-286, Lct 722964)

Disodium phosphate, Merck, (74241, Lct 6287%)
Equipment and Sufpfplies
Vortex—-genie, Scientific Industries, Inc.

Sep-pak cartridges, Waters Associates, Inc.

Plastirak syringes, Fisher Scientific Co.
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Sample vials and <sample rack of Fisher Madel 130
Sample concentrator, Fisher Scientific Cc.

Tissue grinders, Potter—-Elvebhjem tyre, and telphon
pestles, Thomas Scientific Co.

Magni Whirl constant temperature bath, Blue M Electric
Co.

Vacuum pump, Maodel 0211-Vi€A, Millipore

HA memkrane filters (0.45 umm), Millipore

FA memkrane filters (0.5 umm), Millepore

uBondapak C-18 column, 3.9 mm (ID) x 30 c=m, (10 wuum),
Waters Acssociates, Inc.

Radial-pak B liquid chromatographic cartridge (0.8 mn
(ID) x 10 ¢cm, (10 mm), Water Associates, Inc.

Pellicular media for HPLC, Octadicyl (C-18) group,
{30-38 mm), Whatman, Inc.

Model RCM-100 Module (of the radial cCompression
separation system), Waters Associates, Inc.

Model 60002 solvent delivery systen, haters
Associates, Inc.

Mcdel 420 fluorescence detector, Waters Assoclates,
Inc.

Guard Column, 3.2 mm (ID) X S c¢cm, Rainin Instrument,
Cc. Inc.,

WISP (kater Intelligent Sample Processor) 710B, HWaters
Associates Inc.

Data Module, Waters Associates, I1Inc.



Expandomatic SS—-2 pH meter, Beckman

Dynac 11 Centrifugqe, Clay Adams.

Mettler Balampce, tyre H6T, Mettler Instrument Corpe.
Mettler Balance, tyre H16, Mettler Instrumert Ccrp.

Torsion Balance, The Torsion Balance Co.

36

Series—-parallel R-C combination box Model 1140,

Electric Instrument Co. Inc.
SC 102 Active filter, Analabs
Ultrafiltration unit, model M8, Amiccn
Diaflo ultrafiiters, PM10, Amicon

Centrifree, Amicon
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B. Assay Method

Doxorubicin, its metabolites and daunorukicin (the
internal standard) were extracted from bioclogical samples
by a new procedure developed tc replace tke tedicus
conventicnal organic extraction method. In this new
method, Ser—-pak cartridges are used to prepare protein free
samples for HPLC analysis. These <cartridges are small,
self~contained and packed with 1liquid chrcmatographic
separating materials optimized for sample preparation and
cleanup procedure. Ccomrounds of interest (doxorukicin, its
metakolites and daunorukicin) can Le retained in this
chromatographic ked while materials such as F[frcteins and
nucleotides pass throcugh. Compounds of interest can then

be eluted with an aprrofriate solvent.

Biological samples of interest are buman and rat
plasma, and rat tissues (e.g., liver, kidney, lung, heart,
and krain) which were kindly provided by Rcger &illiams
General Hosrital. Flasma, being a cell-free fluid, could
te directly applied to Sep-pak <cartridges whereas tissue
processing required homogenizaticn. Cells in tissue, upon
homogenization, kroke into a mixture of cellular
compcnents, such as neucleotides, proteins, rilosones,
mitochondria, etc.. When doxorubicin was e€xposed to such

attractive substrates, especially nuclectides and
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ribosomes, it was highly possikle +that dcxaerukicin (DCX)
existed mostly as the DOX-DNA complex in the homogenate
(39) . 1This was further confirmed by the in yvitro Lkinding
studies of doxcrubicin and DNA, which showed a high

association constant of 0.37 - 11.61x10% =# (47) «

The unsuccessful extraction cf doxorulkicin from tissue
homogenates indicated that a stronger reactiom was needed
to dissociate the DCX~DNA <complex rather than the simgple
partition rhenomenon used in the organic extraction method
(42,46). The use of silver nitrate progposed ty Schwartz
solved this proklem Ly precipitating nuclectides and
proteins and thus free doxorubicip from its Lkinding sites
(39) - But in the case of plasma samples, the only rossiktle
substrate is altumin. The organic extracticn method has
been demonstrated to ke sufficient to disrupt the tkinding
forces between doxcorubicin and albumin {31,36-40) .
Therefore, there are different agpproaches for handling
samples, which are dependent on the origins o¢f these
samples, and will be further explained in the following

praocedures.

Human and rat plasma, and rat kidney samples were
available for pharmacokinetic studies. Plasma samples from
four cancer patients with varicus disease were ascsayed.

Doxorubicin was administered as a single Lkolus dgse in all



these patients and plasma sanples were taken at different
time intervals. T[ata were analyzed ky AUTCAN tc cailculate
the pharmacokinetic parameters. It would ke of interest to
see whether these tgparameters, such as half-life, [Fpeak
concentration, vclume of distribution, would ke influenced

by the disease state, age and sex c¢f each fpatient.

Plasma and kidney samples of both young and o0ld rats
were assayed by the Sep-pak method. This study was
inspired by the deerly concerned effects of age on
pharmacokinetics. Pharmacokinetic studies in geriatrics is
of substantial interest with the recognition that the aged
constitute an increasing proportion of patient [pcpulation
(69-71). It 1is hoped that frecm this small scale Study,
some contribution may be made in this field. However, the
results may be partial and inccmplete since only the plasma

and kidney samples were ampalyzed.

Plasma and kxidney csamples of bothk groups (the young
and the old) were taken at 0.5, 1.5, 4, 10, 24, 50 hours
after the tail-vein injection of 15 mq/Gm c¢f dcxorubicin.
There was o¢ne rat at each time interval per sample ¢roug
(A,B,C,D) and 24 rats were used ipn this study. The age of
the young rats (group A and B) were 2 months and those of
the cld rdts (group C and D) were an average of 2 years.

Samples were all frozem at -20°C until analysis. TLata from
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this study was also calculated by AUTCAN and compared

tetween these groups.

1. Silanization of Glass Equipment

All glass equirment, with the exception of the
injection syringe, was silanized Ltefore use Ly treatment
with dichlorodimethylsilane (5 %, Ly volume) in bhexane

overnight, follgowed by washing with methanol.

In crder tc exhibit the effect of silanization,
extraction was also carried out with the ncn-silamnized
glassware. Two sets of glassware (the silanized and the
non-silanized) were used during extraction procedure, aftter
the preparaticn o¢f stock solutions of doxorubicin and
daunorubicin.

~

2. Plasma Sanples

0.1 ml of internal standard (daunorubicin) soluticn in
an appropriate concentration was added tc¢ 1.0 ml pdlasna
sample. Since doxorubicin concentraticn fell from 1,000
ng/ml to less than 100 ng/wl during a study, 4it was
necessary to wuse twe concentrations of dauncrukicin
solution, either 2 or 8 umgy/ml, tc make the mcst accurate

and sensitive detection. After the additicn c¢f intermnal
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standard, the sample was processed Lty the Sep-rak methcd.
3. Tissue Samles

Frozen tissues were thawed and samples ranging from
100 to 400 mng (dry weight) were taken. 0.1 ml of &€ umg/ml
daunorubicin solution was added to the tissue ahd sanmple
was homogenized in 2 ml of water €nfplcying a
Potter-Elvenjem homogenizer. 0.3 ml of S0 % silver nitrate
(freshly prepared, weekly) was then added to the homogenate
and mixed well with the pestle. Finally, 2 ml of water

were added to each sample.

Schwartz employed 0.1% sodium lauryl sulfate solution
to facilitate the 1lysis of 1 1210 ascites cell in the
prescence of silver nitrate (39). The effectiveness of
sodium lauryl sulfate solution 1in tissue homocgenates was
also tested. This test was performed by adding 2 wl of
0. 1% sodium lauryl sulfate to the silver—-icn—-treated
homogenates. Additionally, the efficiency of pH 7.4
Fhosphate buffer to extract doxorﬁbicin and related
compounds (72) was 1investigated. This wWas dcne ky
homogenizing the sample in twc portions cf 4 El phospaate
tuffer (pH 7.4) after the addition of the internal
standard. Homcgenates, obtained from respective

procedures, were then centrifuged at 2,000 r.p.n. for 10
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minutes. The <clear supernant was reserved for extraction.

4. Extraction Methods

a. The Sep-pak methcd

Tc avecid adscrption of doxorubicin onto glass, plastic
syringes were used 1in this Fracedure. The Sefp—-fpak
cartridge was first wetted ty £ ml of methanmol, followed by
10 m1 c¢f water in order to remove residual methanol which
may preciritate rroteins and elute compounds of interest_
prematurely. The plunger was then remcved frcom the syringe
and sample was introduced with Sep—-pak cartridge attached
to the tip of syringe. For plasma samgles, the
intrcduction was simply a direct application. For tissue
samples, it was the <clear surernant of the centriruged
homogenates. After removing the nopn-retainakle fporticns of
sample, the Sep-rak cartridge was washed with 12 nl of
water to remgve any residual protein or silver ions. The
retained compounds in the cartridge were then slcwly eluted
with 7 ml of acid-methanol (& X 10°° M phcsphoric acid in

methancl) into an evaporation sample vial.

The strong acidity of this acid-methancl mixture (fpd
2.34) may rromote the pcssible hydrolysis of the glycosidic

bond cf dcxcrubicin. Therefore, tvwo drops of 20% NaCH in
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methanol were immediately added to the individual eluent to
adjust the pH to around 6. The pH adjusted e€luents were
then concentrated in a 40°C water bath until sample vclunme
was approximate 1 ml (about 3 hours). Samples were then
analyzed by an HPLC system consisted of a solvent pump, a
C-18 chromatographic column, a ftluorcmeter arnd a data

acquisition system (Data Module, Waters).

b. The organic solvent extraction methcd

An existing organic extraction method was tested in
order to determine vwhether extraction efficiency of the
Sep-pak method was superior or not. 0.1 ml of 2 wmgyzol
daunorubicin solution was added to 1.0 ml of spiked plasna.
Two drops of (0.1 N NaOH solution were then added to the
sample to adjust the pH for maximum extraction. 4 ml of a
chlorofcrm and methanol mixture (4:1) was used to extract
doxorubicin thrice. Extract was placed in an evagcraticn
sample vial and concentrated in the <same manner as
previously described. Samples were then Lklown to drymness
using nitrogen gas and redissolved in 1 ml of methapol for

HELC analysis.
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C. Calculation of recovery rates

Three methods were wused to measure the aksclute
amounts of doxorubicin recovered from extracts. The first

method was the standard additicn method which used the

intermnal standard to compensate the quantitaticn
differences caused by complex sample matrices. In this
methcd, the processed sampie from spiked fplasma was

chromatographed first. 1The sample was then spiked with a
known amount of doxorubicin and gquantitated agaim. The
change in the peak height (PH) of the unspiked daunorukicin
(IS) reak was used as an adjustment factor to «correct for
the concomitant sample diluticn The fcrmula fcr the
standard addition method are:

adjusted PH PH of IS5 before spike

A = * PH of DOX spiked
of DOX pree
PH of IS after swvike

amount in amount spiked * PH of DOX unsniked

the sample adiusted PH of DOX - PH of DOX unspiked

The recovery rate could then ke calculated as

following:

amount in the sample

K

100%

recovery rate =
amount spiked before extraction
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The seccond cne was the direct method whose major
difference was the addition of the internal standard after
concentraticn of the extracts. The final addition of
daunorubicin was to correct the sample volume differences.
The peak heights (PH) of doxorubicin apmd daumnorukicip were
measured against the standard doxorukicin and dauncrubicin
soluticn of the same concentration. Recovery rates could

be calculated as the following equaticns:

adjusted PH PH of DOX * PH of IS in STD
of DOX

PH of IS

adjusted PH of DOX
recovery rate = ¥ 100%
PH of DOX in STD

where DOX stands for doxcorubicin and STIC represents

standard solution.

The third one was the elution method which compared
doxorubicin concentration of the unconcentrated eluent from
a Sep-pak cartridge with that of a standard soiution. 7Tbis
was done by assaying the drug concentratiom in the eluenf
from a spiked plasma or tissue sample before concentration
in a water |Dbath. The standard scluticn was prepared by
adding the same sgpiked amount into the same volume ({as that
cf the eluent) of acid-methanol mixture. And the recovery

rate was calculated ty the following eguaticn.
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reccvery conc of DOX in the eluent

i

* 1009

rate cone of DOX in STD

While the extracticn efficiency of the Sep-pak method
was calculated by all three methods, that of the organic
solvent extraction was only calculated Ly the direct

method.

5. High Performance liquid Chrcmatcgragphic Systen

a. Chromatographic system for amalysis

Various liquid chromatographic systems  bhave Lteen
develorped for the amnalysis of doxorubicin and its
metaboclites (15,24,34,35). However, in the present study,
reversed-phase chromatography was used fcr all assays owing

to the advantages descrilked kefore.

A 3.9 mm (IL) x 10 cm stainless steel <cclumn, fracked
with 10 wmm particle-size octadecyl-silica (uBcndapak C-18,
Waters) was used. An isocratic mobile phase <ccpnsisted of
600 m1 of methanol and 400 ml of 0.01 M NH H, PO4 solution
{to the latter, 5 ml of acetic acid was added). This
mobile phase (final FpH=4) will be referred tc as mcbile

phase 1, the methanol and monoammonium phosphate solution
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(60:40) mixture. The flow rate was 1.0 ml/min acd resulted
in a pressure cf 1,500 p.s.i.. The motile phase was
degassed by filtering through FH type filter (0.5 wum,
Millipore) under vacuum. All separations were performed at
ambient temperature. S5amples were 1injected using an

automatic samgle proceSsor (WISP, Waters).

The detection unit consisted of a filter-tyre
flucrescence detector (Model 420, Waters) amd a SC 102
active filter (Apalab). The fluorescence detectcr measured
fluorescent luminescence with ap emission filter of a kand
of wavelengths around 254 nm and an excitaticn filter that
cut off wavelengths greater thanm 495 nm. The fluorescence
detector was eguipped with a 10-ul flow cell. The SC 10z
active filter maintained peak amplitudes while reducing the
baseline noise with no signal distortion. Chromatograms
were recorded and geak height areas (referred to as peak
heights in the following text in c¢rder to distinguished
from total peak area) were integrated by a data acquisiticn

system (Data Module, Waters).

All sample injecticn was performeda Ly the automatic
sanmple processcr (WISE, HWaters). Cue to the wide
Fhysiological range of doxorubicin concentrations
(15,25,31,44,73-75), the adjustment of the imjection volume

of sample was necessary (Appendix). There was alsg a
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lowest detection limit which required the sigmal +tc noicse
ratio to be larger than 5. This restriction in detecticn
limit required that the concentrations of daunorutkicin
changed correspondingly tc those cf doxorukicin (Aprendix).
The automatic sample prccessor resgcnded accurately to beta

adjustments.
k. Measurenment ¢f the efficiency of separation

The separation efficiencies of a chrcratograrhic
system can be easily described by parameters such as
capacity factor (k'), selectivity (x), thecretical rlates
(N) and resolution (R). In order tc measure and calculate
these parameters, the vgid volume of the system should be
determined first. The void volume of c-18 cclumn
(uBondapak, Haters) was measured by injection of
non-retainable uracil with mokile phase Leing a mixture cf
acetcnitrile and water (€0:40). The retention times cf
doxorubicin, dauncrubicin, doxorubicinone (the aglycone)
and doxorubicinol (the major metakoclite) were determined Ly
using the‘same cclumn rut with mokbile phase 1, the methanol
and nmoncammcnium fhosphate solution (60:40) mixture. Then
the capacity factors (k'), number of effective rlates (N),
selectivities {(x), and resolutions (R) ¢of <c¢r amzong these

four ccmpcunds were calculated.
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Daunorubicin and doxorubicin were fpurchased from Sigma
and used as received. Toxorubicinone can ke synthesized by
hydrolysis of doxorubicin in 1 N HCl at 100°Cc for 30
minutes (89). But doxorubicinol was oktained from the
tissue samples. ©DLDue to the lack of doxorukicimncl stampndard,
it wculd be necessary tc verify its existence ty comparing
literature data with more than omne chromatographic systems.
In addition, it would be of interest tc measﬁre the
efficiencies of these systems and tc make sure that the
choice of the analysis system (Sec. 5a) did nct suffer in
efficiency and - sensitivity. The second chromatographic
system consisted of the same C-18 colunmn {uBcndarak,
Waters) and a mokile phase prepared from 0.01 M rhcesgphoric
acid in acetonitrile solution. Various fractions of
acetonitrile were tried to obtain the best separation
profile amd the highest sensitivity. The flcw rate was 1.0
pl/min and produced a pressure of 1,000 fp.s.i. The void
volume was the same as with system 1 since the same column

and tuking were used.

The third system consisted of a normal phase,
Radial-pak B chromatographic cartridge (10 umm, Waters), and
mobile phase€e being a mixture of chlorcformr, methanol,
glacial acetic acid and 3.0 mM magnesium chloride soluticn
(720:210:40:30) . 1This BRadial-pak <cartridge was progerly

pressured in the Model RCM-100 Module. The flcw rate was
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2.0 ml/min with préssure being 1,000 pes.i.. The retention
times c¢f all four compounds (doxcrubicin, doxorukicinone,
doxorubicincl and daunorubicin) were measured with the same
detection unit and recorder. The wvecid vclume of this
system was obtained Ly injection of the ncr-retainable
toluene with mobile phase being methylene chloride. Cther
parameters like K', ¢, N, E, were also calculated. &As for
measuring the sensitivity of each system, <samples <c¢f the
same concentrations of doxorukicin (500 ng/ml) and
daunorubicin (1 uMg/ml) in respective mokile [fhase were

injected and the fpeaks measured.

All mobile phases were degassed by the same vacuun
pump method and separations were [ferformed at ambient

temperature.
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C. Method for Stakility Studies
1. Stability of Doxorubicin in Solutions

The stability of doxorukicin was measured in citrate -
phosphate - borate buffers with pB ranging from 2.00 tc
11.90. Because all sriked samples were prepared fron
agueous solutions of doxorubicin, its stakility in water
was also measured. Additionally, the stakility test was
also perfcrmed in acid—-methancl (eluent in Sep-rak method),
mobile phase 1 {the 0.01 M mcnoammonium phosphate
solution-methanol (60:40) mixture), and EgH 7.0, 7.4
rhosphate buffers. The phosphate buffers was 1included in
this test because it was used inr the ©protein tindiang
studies (pH 7.4) and to detect the e€effects of changing the

buffering agents.

Solutions of 1 umgyml of doxorubicinm imn c¢itrate -
rFhosphate - korate tLtuffers, water, acid-methanol, mcbile
phase 1 and fphosphate buffers (gH 7.0 and 7.4) WELE
analyzed by HPLC at appropriate time intervals (dependent
on the rate of degradation). 1The =©ckile pphase for this
study was 0.01 M phosphoric acid imn 40 % acetcpoitrile
solution. All samples were prepared in triplicate and

analyzed twice.
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2. Stability of Doxcrukicin in Elasna

The effects of storage time and the ruesber of
freezingsthrawing cxcles on the stability of doxcorukicin in
plasma were investigated. Frozen spiked plasma samples of
500 ng/ml doxorukicin were thawed at room temrerature at
intervals ¢f 1, 3 and 5 days. Samples that were thawed
after staying frczen for 10, 30 aund 50 days served as the
control groups. 0.1 ml of dauncrubicin scluticn (7.5
#g/ml) was added to 1.0 ml of a thawed sample and Sefp-rak
extraction methcd was used to extract both compounds frcum
plasma. The concentrated eluents were apalyzed Ly a
reversed-phase HFLC system while mckile phase was fprefpared
from 0.01 M rhostphoric acid in 40 % acetonitrile scluticn.
All samples were _prepared in triplicate and analyzed

thrice.

Eksborg €t al. rroposed that the degradaticon may te
caused by the adsorption of doxorubicin cntao the
precipitate of thawed sample {see Intrcducticm C.1, 53Z).

Therefcre, a visual check~up for the appearance of thawed

sanple was alsc perfornmed.
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D. Methods for Protein Bimndimq Studies

1. The Ultrafiltration Methods

Ultrafiltration was performed with an Amiccn Model M8
ultrafiltration unit. A PHM 10 Diaflo ultrafilter was used
to retain Gparticles of @molecular weights larger than
10,000. Eefore periorming a continuous ultrafilitratiom, a
direct (i.e., a ‘'wash-out!?) exrerikent was carried out
first to determine the appropriate doxorukicin

concentrations used in a continuous methcd.

The ‘wash-out' procedure entailed the filtration ce€ll
with 8 ml of doxorubicin solution of known ccpcerntraticn in
) % albumin sclution (in pH 7.4 phosphate rLuffer).
Dltrafiltration was commenced with a stir fkar ccnnected to
the cap of the filtratiom cell. Agitaticn was needed to
maintain uniform kulk ccmposition ip this compartment and
to prevent polarization or caking out of high molecular
weight species against the wmembrane suriace (©7,68). A
pressure of 10 p.s.i. oOf nitrogen gas was used tc fpush the
free (unbound) doxorukicin through the Diaflc memkrane.
Various concentrations cf doxorubicin were tried until a
significant amount <¢f doxorubicin in ultrafiltrate was
detected. 1This method also provided a rougqh estimaticn cf

the fraction o¢f doxoruticin bound by alkuamin. A Lklank
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'wash-out' experiment was simultaneously carried out tc
guantitate the fracticn of doxorukicin that kound tc the
Diaflo memkrane itself. Therefore, two sets ¢f direct
ultrafiltration experiments were fperformed; one wWith
doxgrubicin and 4 % albumin solution in the filtration
cell, and the <cther (the blank rum) with only doxorukicin
solution. However, it should ke pcinted out that nc 1mcre
than 10 % of the fluid volume in the filtraticr cell (i.e.
0.8 ml) was allowed to collect otherwise the resultant
change of the albumin concertration may significantu.y

affect binding.

From these 'wash—-cut' experiments, the <c¢oncentrations
of doxorubicin used im the continuocus ('wash-in') method
could be determined. In this 'wash-in' experimenpt, 50 «=xl
of doxorubkicim (5, 10, 15 wmg/ml respectively) in pH 7.4
phosphate ruffer was placed in the reservior cell and the
filtration cell was filled with 8 ml of 4 % human alkumin
in pH 7.4 fphosphate tuffer. A pressure cf 10 r[.s.i. wWas
exerted on the reservoir cell to push doxorukicin into the
filtration cell. At the same time, the samé vclume of
liquid was pushed out as the ultrafiltrate. 1ITIc preveat
degradation of doxorubicin caused ty the high gH (pH 7-4),
six drops of 15 % HC1l solution was immediately added per
gram of the weighed ultrarfiltrate to lower the fE tc arcund

5. The pH adjusted ultrafiltrates were again weighed to



compensate for this dilution effect. The EFLccessed
ultrafiltrates were analyzed using the HPLC system as
previously described but with a mobile phase of 0.01 4

phosphoric acid in 35 % acetonitrile scluticn.

The Diaflo memkranes were highly stained ty
doxorubicin, indicating sukstaintial nmemkrane binding.
Correctiocn for memkrane tinding was accomplished by a klank
‘wash-in!' experiment with the same concentraticn oL
doxorubicin in the reservoir «c¢ell and nc altumin (only
phosphate fruffer) in the filtration cell. The
ultrafiltrate thus collected was also treated in the sarne
manner as [fpreviously described. 7The same klank experiment
was also performed in the 'wash—-out' method tc ccrrect koth

menbrane tkinding and void volurme.

2. The ultracentrifugation method

An ultracentrifugation method was performed to see if
the binding data did vary from cne method tc another as
cthers have indicated (154,156). This was done Ly using
the disposakle Centrifrees (Amicon) and cnly one
concentration of doxorukicin was covered due tc the limited
availability. 5 wug/ml of doxorubicinm in 4 % altumin
soluticon (in gH 7.4 phnosphate buffer) was added to tae

sample reservoir of a Centrifree. The Centrifree was then
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spun at 2,000 r.p.nm. for 20 minutes. The filtrate taus
obtained was welighed, neutralized with 15 % BC1l solutico
and weighed again. The pH adjusted filtrate was assayed
chromatographically and correction for the diluticn effect
of neutralization was made. A Lklank rum, with no albuwin
in the sample reservoir, was carried out to determine the

nonspecific adsorpticn c¢f doxorubicin to the memkrane.
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III. EESULTS ANLC LCISCUSSICN
A. 1The Assay Method
1. High Perfgrmance Ligquid Chrcmatagraphic Systems

The efficiencies and sensitivities of three HPIC
systens were 1investigated and the results were shown in
Table 1. <Chromatographic parameters such as cafpacity
factor (k'), selectivity (x), nunkber cf e€effective plates
(N), and resolution (B) were calculated. for e€ach systen.
Comparison was made and the suitable application of each

system was indicated.
a. The phosphoric acid-acetonitrile systen

This mcde of HPLC system consisted of a wBcndapak C-18
column (Waters) and a mobile phase of 0.01 M phosphoric
acid in various fractions of acetcnitrile sclution. The
highest semnsitivity could te oktained when the fracticn of
acetconitrile was over 3¢ % (Yable 1). Although separations
among ccmpounds of interest (doxorubicin, its metakolites
and daunorukicin) were improved by lowering the fracticn of
acetcnitrile, the semsitivities were simultanecusly lesser.
Due to this phencmencn, it was suggested that suitakle

alteration of the acetcnitrile fraction ke made tc meet the
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HFLC system | relative relative specified
atsorbance absorbance uses
of DOX of LDAU
(%) (%)
40%CH3CN 160.00 100.00 for stability
studies
35%CH3zCN 100.00 100.00 for protein kinding
studies
32%CH;CN 63.73 69.38 no specific uses,

the seraration cf
doxoruticincl was
nct gocod

30%CH,CN 53.20 56.85 no specific uses,
the seraraticn of
doxcrubicincl was
not good

65%MeOH 3€.31 42.80 no specific uses,
the separaticn cf
doxorukicinocl was
good enough

60%MeOH 30.74 31.98 good for assay
of the kioclcgical
samples

21% CHC1l; 34.23 €9.29 the capacity factores
were tcc small for
all compounds A_J

*1 This refers to a reversed phase HFIC of a C-18 column and
mobile phase being 0.01M H;PO; in acetcnitrile soluticn.
The percentage of acetconitrile is assaigned.

*2 This refered to a reversed-phase HPLC of a C-18 coclumn and
mobile phase being 0.01 M NH4H, PO4 solution and methanol
mixture. The percentage of methanol is assiqgmned.

*3 This refered to a normal-phase HFIC of Kadial-pak E colunn
and mobile phase consisted of MeOH, CHCl;, MgCl, sclution,
glacial CH3COOH (21:72:4:3).

*4} This measurement was per formed with soluticns of DCX
(doxorubicin 500 ng/ml) and DAU (daunorubicin 1u«g/ml) in
respective mobile phase. The variation was smaller than
5 % and therefore is cmitted from this talle.

Table 1. The relative absorbances and separation conditions for
HEIC systens
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requirements of e€ach type of doxoruticin analysis.

Mobile phase <containing the highest fractiocn of
acetcpitrile, i.e., 40 %, was most suitakle for the
analysis of doxorubicin in stability studies (Fig. 5). PDue
to the 1low interferences in rlasma and rtuffers, gccd
separation and high sensitivity Wwere cobserved during the
whole process. The retention times of doxoruticin and
daunorukicio were 3.93 and 5.34 minutes respectively. 1The
minimal requirement for a good separaticn im HELC is tc set
up conditions so that the selectivities fall intc a ¥ange
of 1.05 - 2.00, and rescluticns are greater than 1.5. 1The
selectivity in this system between the nearest interference
peak and doxorukicin in spiked plasma was 1,59 and that
between doxorubicin and daunorukticin was z.2& (Fig. S.b).
The resclution was 1.64 between the former set cf compourds
and 3.52 between the latter. The application of this
mobile phase was also very €conomic in tine and solvents.
The analysis time of each sample was S @xinutes for

stakility tests ir buffers and 7 minutes in plasma samples.

The mobile phase containing 35 % acetonitrile was used
for all prctein binding studies. As shown in Fig. &, some
degree cf interference did exist for the first few
fractions of ultrafiitrates collected. Apnd this mchilé

rhase could erffectively separate these interferences froer
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il

a. blank plasma sample in 40 % acetonitrile

pox (3.93)
DAU (5.34)

il

b. spiked plasma sample in 40 % acetonitrile

-
‘i 00X (3.89)
-~

c. spiked buffer sample in 40 % acetonitrile

DOX (5.7C)

A

d. ultrafiltrate sample in 35 % acetonitrile

é pox (5.65)
==

e. spiked sample of the neutralized phosphate buffer in 35 % acetonitrile

Figure 5. The chromatograms of doxorubicin and daunorubicin in the phosphnrié acid -

acetonitrile system
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doxcorubicin without 1losing any degree of sensitivity
(Iakle 1). The retentionm time <c¢f doxorubicin was 5.70
minutes. The selectivity between the last peak of
interferences and doxorubicin was 1.39 and the rescluticn
was 1.45 (Fig. 5). 1he analysis time of eachk fracticmn of

-

ultrafiltrate was 7 minutes.

Void vclume fcr the akove calculation of selectivities
were measure by injecticn cf uracil with a mokile phase of
60 % acetonitrile sclution. The vcid vclume tkus cktained
was 2.83 ml. While these mokile ©rhases vwere efficient
enough for stability and ¢fprotein kinding studies, it was
not until the fracticn of acetcnitrile was as low as 30 %
that the detection of doxorubicinol in tissues samples was
possikle. The chromatograms of the liver sampies 1in this
mobile rhase was shown in Fig. 6. The F€aks of
doxorukicinocl and doxorubicinone were barely recognized.
The chromatographic parameters of the compcunds cf interest
were listed in Table zZ. The selectively and resoclutiar
tetween the last peak of interferences and that of
doxorubicinol were 1.12 and 0.52 resrectively. The
resolution was also fpoor Letween doxorubicincne and
daunorubicip. This molkile phase was not aprlicalkle for the

assay of tissue and plasma levels.

The chromatcgragphic data obtained by Ekskcrg showed



= DOXNOL {5.91)

a.

£

blank liver sample

DOX (8.01)

UNKNOWN (11.40)

,§,5TOXN0NE (15.36)

c. liver sample

DAU (14,65)

zﬁ———

DoX (8.13)

UNKNOWN (9.26)

—— pAU (14.71)
DOXNONE (15.80)

I

b.

spiked liver sample

i; i —— DOX (8.26)
>

d. aglycones and doxorubicin in acid hydrolized sample

Figure 6. The separation profiles of liver samples in a HPLC system consisted of a C-18 column

and a mobile phase of 0.01 M phosphoric acid in 30 % acetonitrile with a flow rate

of 0.8 ml/min

29
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a.
chrematograghic DOX CCXNOL DOXNCNE CAU
parameter
retention time (min) 8.01 5.61 15.3¢€ 14.65
Feak width (min) 2.0 0.8 1.3 1.4
capacity factor (k') 1.26 0.67 3. 34 3. 14
effective plates (N) 257 873 2234 i752
k. Selectivity (&)

DCX DCXNOL DCXNCNE CAU
DOX 1.00 1.88 2.6°% 2. 49
DOXNCL 1.88 1.00 4.G¢ 4.69
DOXNCONE 2.65 4.58 1.00 1.06
DAU 2.49 4.69 1.06 1.00
c. Eesolution (R)

DOX DOXNOL DOXNGNE CAU
DOX 0.00 1.50 4.45 3.90
DOXNOL 1.50 0.00 9.00 7.94
COXNCNE 4.45 9.00 0.00 0.52
DAU 3.90 7.94 0.52 0.00
LOX: doxorukicin
DOXNCL: doxorulicinol
COXNCNE: doxorubicincne
CAU: daunorukicin
Table 2. The chromatographic parameters of a EPLC systeén

consisted of a wmBondapak C-18 column and a mokile rhase of
0.01M H3P04 in 30 % acetonitrile solutiocn at a flow rate of

0.8 ml/min.
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that retention times c¢f dqxorubicinol, doxorukicin and
daunorubicin was 3.5, 4.7, and 8.0 minutes resrectively 1in
a LiChrosork EP-8 column and a mokile phase of C.01 M H;FO4
in 31 % acetonitrile (76). Although the column used ikc
this study was a wBondapak C-18 column, Eksborg stated that
elution pattern was the same as for a KEkE-8 <cclumn and
capacity factors were increased Lty 0.2 tc 0.2 ubnits on a
log scale. 1In ccmpariscn with Ekskorg's data, the fposition
cf doxcrubicinocl feak was certain, the verification of
doxorubicinone was performed Ly coinjectico cf the

hydrolyzed products cf doxorukicin.
b. The monoammonium phcsphate-methanol systenm

This HPLC system consisted of the same uBcndapak C-18
column and a mokile phase of 0.01 M moncammonium phcsfphate
solution and methanol (35:65). The chromatograms oktained
are shown in Fig. 7. The same void volumeaof <.83 ml was
used to calculate the chromatographic parareters (Takle 3).
Doxorubicincl was free from interferences in this systen
and resolution bLetween doxorubicincone and dauncrukticin was
improved. But resclution ketween dcxorukicin and
doxorubicinol was poor. A dgreat disadvantage ot this
system is the low sensitivity, which was only 3€.31 % of
the most =<sensitive one bLut was nct too tad compared with

the mobile phase that barely separated doxcrukicincl f{frcnm
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Figure 7.

The chromatograms of aoxorublcin and relatea compounds in a RPLC
system consisted of a C-18 column and a mobile phase of uw.ul o

NH4H9P04 solution and methanol with a flow rate of 1.0 ml/min
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chromatographic DOX COXNCL DCXNGNE DAU
parameter
retention time (min) 6.98 6.00 9.60 11.45
peak width (min) 1.5 0.7 0.7 1
capacity factor (k') 1.47 1.12 2.39 3.04
effective plates (N) 346 1176 3009 2093
b. Selectivity (x)

DOX DOXNOL DCXNCNE DATU
DoX 1.00 1. 31 1.62 2.07
DOXNOL 1.31 1.00 2.13 2.71
DOXNCNE 1.62 2.13 1.00 1. 27
CAU 2.07 2.71 1.27 1.C0
c. Resolution (R)

DOX DCXNCL DCXNCNE CAU
DOX 0.00 0.89 2.3¢ 3.57
DOXNOIL 0.89 0.C0 5.14 6.40
COXNCNE 2.38 5.14 0.C0 2.18
DAU 3.57 6.40 2.18 0.00
COX: doxorukicin
DOXNCL: doxorubicinol
COXNCNE: doxorukicincme
DAU: dauncrubicin
Table 3. The chromatographic parameters of a HPIC system

consisted of a uBondapak C-18 column and a mokile phase of

0.01M NH4H.PO4 sclution and methanol

of 1 ml/min

(35:65) at a flow rate
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the rest in 1.a (£3.26 %) .

Resolution tetween doxorubicin and doxcrukicinol was
improved by lowering the methanol fraction to 0.€, as shown
in the chromatograms in Fig. 8. Chromatographic parameters
Were calculated and showed a geperal imprcvement in
selectivities and resclutions (Iable 4). Simuitaneously,
another 15 % decrease ;n fiuorescent intensities was
sacrificed for this improvement. Due to the great
concentration differences bLbetween the tissue levels of
doxoruticir and doxorubicinol, a goocd resoluticn Letween
these twc compounds was crucial for the accurate detection
of doxorubicinol. As shown in Fig. 8, the very larqge peak
of doxorukicin overlapped the peak cf doxorubicinol to scme
degree in the ©@mobile ©phase having 65 % MeOH. 1Therfore,
this system of a uBondapak C-18 column with mckile phase
being a mixture of 0.01 M moncammcnium pbhcsphate scluticro
and methanol (40:60) was the analysis system cf choice for

all kiclocgical samgles.

Chromagraphic data oktained ty Strauss €t al. (37) and
ry Haneke et al. (77) showed the conccmitant retenticn
times of doxorukicin, doxorukicincl, doxorukicincmne and
dauncrukicin in this study. A study Lty &Katscn and Chan
(31) demcnstrated the existence oi an unknowWw aglycone and

coincided with the peak marked 'unkncwn' in Fig. 7 and 8,
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— —— DOXNOL (6.00) (11.98)

—Ipox (€.98)

FIKNOWN (8. 78)
(___é——u- DOXKONE (9.60)
DOX (11.45)

e ——

F

c. liver sample in 65 % methanol

DAU (15.28)

e. liver sample in 60 % methanol

Figure 8. The chromatograms of Viver samples in the monoammonium phosphate-methanol system
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a.
chrcmatcgraghic DOX DCXNCL DOXNONE DAU
parameter
retention time (min) 9.12 7-15 11.98 15.28
peak width (min) 1.8 0.6 1.1 1.7
capacity factor (k') 2.22 1.53 3.23 4.40
effective plates (N) 412 2272 1898 1293
k. Selectivity (x)

DOX CCXNOL DCXKCNE CAU
DOX 1.00 1.45 1.45 1.98
DCXNCL 1.45 1.00 2.11 2.88
DOXNGNE 1.45 2.11 1.00 1.36
DAU 1.98 2.88 1.3€ 1.090
c. Resolution (R)

DOX DOXNOL DOXNCNE CAU
DOX 0.00 1.64 1.97 3.52
DOXNOL 1.64 0.00 5.€8 7.07
DCXNCNE 1.97 5.68 0.00 2. 36
CAU 3.52 7.07 2.36 0.00
DCX: doxcrubicin
DCXNCl: doxorukicinol
DOXNONE: doxorubicinone
DAU: daunorubicin
Table 4. The chromatographic parameters of a BPIC systern

consisted of a uBondapak C-18 column and a mokile phase of
0.01M NH4H, PO4 solution and methanol (40:60) at a flow rate

of 1 ml/min
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of which the chemical structure has yet to ke defined.

c. The normal phase system

This HPLC systen consisted of a Radial-fak
chrcmatoéraphic cartridge and a mobile phase prepared fromn
chloroform, methanol, 3.0 mM magnesium chloride =soluticn
and glacial acetic acid (72:z1:4:3). The void vclume was
measured to be 1.90 ml ty injection of toluene wkile mchile
Ehase was methylene chloride. The chromatogranms of
doxorukicin and its metakolites +were shown ip Fig. 9.
Chromatographic parameters were calculated and listed in

Table 5.

Among these parameters, the small capacity factors cf
doxorubicincne and dauncrubicin resulted the impossiltle
detection of these ccmpcunds in 1liver samples (Fig. 9).
The resolution Letween doxorubicinone and daunorubicin was
alsc pocr. Improvements in mgbkile phase should e made to
overcome these <shortconrings. Verification oi the peak of
doxorubicinol could ke done ky ccmpairing tne data frcm
Baurain et al. (40) and from Chan et al. (46). And
verification of doxorukicinone was done ty ccinjecticr of

the hydrolyzed prcducts of doxorubicin.

However, the inferiority 1in sensitivity and the
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Figure 9. The chromatograms of doxorubicin and related compounds in the normal

phase system
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a.
chromatographic LOoX DCXNCL DOXNCNE CAU
parameter
retention time (min) 3.80 4.79 2. 26 2.78
peak uidth (nin) 0.8 0.2 0.5 0.6
capacity factor (k') 3.00 4.04 1.38 1.93
effective fplates (N) 361 2294 327 3432
k. Selectivity («)

DOX DOXNOL DCXNCNE CAU
DOX 1.00 1.35 2.17 1.55
DOXNOL 1.35 1.00 2.93 2.9093
DOXNCNE 2.17 2.93 1.00 1.40
DAU 1.55 2.09 1.4C 1.00
c. Resoluticn (R)

DCX DCXNOL COXNCNE CAU
DCX 0.00 1.€5 2.37 1.46
TOXNCL 1.65 0.00 5.62 4.02
DOXNONE 2.37 5.62 0.0C 0.94%
DAU 1.46 4.02 0.94 0.00

POX: doxorukicin

DOXNQL: doxorubicinol
DCXNCNE: doxorubicinone

CAU: daunorukicin

Table t.

The chromatograpaic parameters of a ncrmal thase

HPLC system of a Kadial-pak B column and a mokile phase of

chloroform, methanol,

3.0

and glacial acetic acid (72:21:4:3) at

pl/xin

rate

mM magnesium chloride solutiuon,

2.0
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enployment cf the hazardous, expensive chloroform made this
system unfavorakle. No specific applicaticn was suitakle
for this system. Additionally, this npormal rhase <cclunmn
required a lengthy time, 30 minutes vs. 10 minutes cf the
reversed ghase cclumn, to equilibrate it. This systen,
however, did provide another measurement tc verify the
existence of doxorukicinold. The retention times of
doxorubicincl in all three systems, upon comfgparison with
those of the literature, showed similar results. Although
standard compound of doxorukicinol was unavailakle, it did
exist in the tissue samples cf rats and was akle tc be

detected by each system but with variable resolution.

2. The Sep-pak Extraction Method

a. Fluorescence of extracted doxorukicin and daunorubicin

The fluorescence of doxorulticin and dauncrukicin were
measured after extraction from spiked rplasma and tissue
samples. ‘1The retention time of <e€ach comgpocund remained
consistent throughout the analysis. Calibraticn graghis
were established, therefore, by the peak height «ratio of
these twc compounds versus the spiked concentration of
doxorubicin only, withcout the inciusion c¢i 1etertion time
as suggested <Ly Hulhoven and Desaqger (38) -

Figs. 10,11,12,13, were thus obtained. Ail these standard
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CUrLVES showed a gocd linear relationshirp (reqression
coefficients were greater tham 0.98) Letween reak heiquts

ratios and concentrations of doxorukicin.

All sample injection was perfcrmed Ly the automatic
sample Frccessor (WISP, WNaters) and the gquantitative
determinaticn was calculated as peak hLeigaht Ly the data
acquisition system (Data Module, Waters). The courling cf
these two instruments and the fluorescent detectcr was
tested for its accuracy and sensitivity. The sensitivity
varied with the mcbile phase and chromatographic «cclumn
used in the analysis. The lowest limit of semnsitivity for
doxorubicin was 5 ng/ml for the chrcmatographic conditicns
specified in PFigs. 10,11, and 15 ng/mli for those speciifiied
in Figs. 12,13. The accuracy was determined Ly three
repeated injections of an appropriate sample at 5, 10, 20,
25, 40, 50, 70, 100, 150, 180, 200 wl respectively and the

coefficient of variation was an averadge of 6.1+0.4 %.

The addition of the internal standard, daunorukicin
before extraction or homdgenization was to ccopensate for
the differences in matrix and sample volume. In addition,
the ccorresprcnding changes in daunorubicin concentrations
allowed the detection of the wide [fhysiological rarge of
doxorubhicin levels (10-1,000 ng/ml) inu flasma saumgles

{(15,23,25,31,44,73-75). A wider concentration difference
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was ckserved between the levels of doxorubicin (the highest
could be 4C mgysGm) and those of its metatolites (the lowest
could be 50 ng/6Gm) in tissue samples (18,78-80). Ana the
simultaneous detecticn of these compounds in tissues made
the adjustment of daunorubicin concentration unfeasikle. A
solution was suggested to make <separate assays fcr
doxorubicin and its metakolites, <each =anprle with an
approrriate weight of tissue. This would le feasikle since

extraction procedure was not affected by changes in tissue

weight in the range Lketween 100 - 800 mng and ccmplete
homoginization was assured (Takle 6). Besides, this
alteration would be adventageagus to avoid the

self-aggregation rhencmenon o¢f doxorukicin, rfrarticularly
dimerizaticn. Doxcrubicin begins tc form dimer at 0.5
4gs/ml and this rphenomenon <can significantly reduce nore
than 10 % of the flubrescent intensities when the

concentrations are more than 5 ug/ml (47).

Although peak height ratios showed small variation
(smaller than 10 %) in the calibration curves, these were
performed with only cpne sample per concentration of
doxorubicin (Appendix). Variation in peak height ratios
was tested again with €6 samples per concentraticn as <shown
in Table 7. These results also showed coefficients of
variation tc be smaller than 10 % and demonstrated that the

Sep-pak method was accurate and precise faor doxorubicin
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tissue we:’.glﬂ:’“'a's peak height ratio coefficient of
(mg) variatiocn
liver 102.4%Et.3 0.5732+0.0104 1.82

liver 372.2%7.1 0.5762+0.0295 5.12

kidney 98.5%4.3 0.6166+0.0025 0.40

kidney 388.2+9.4 0.6034+0.0133 2.20

*1 Tissue were from one rat of unknown age whose tissues
served as blank in this study

*2 The results of each tissue weight group were oktained
by the assays of three spiked tissue samples

*3 Spiked comncentraticns cf doxorubicin and daunorulicixc
were 500 nqg and 100 ng fer sample respectively

Table 6. The relationshif between tissue weight and fpe€ak height

ratio
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sample*"2 Sep-rak processed standard solution*4
(DCX/DAU) Flasma sample
| peak height ratio C.VT3 peak heigat ratio| C.V.
307200 0.0226+0.0114 5.10 0.2313+0.0114 4.923
100,200 0.6819+0.0064 0.94 0.6792+40.0280 4. 14
300,200 1.8870+0.0202 1.07 2.0844+0.1372 6.58
700,800 4.6778+0.0543 1. 16 4.7059+0.0850 1.81

*1 samples are expressed as the concentration cf doxorubicin
{(DOX) and daunorukicin (DAU) in ng/ml

*2 The results in each concentration group were obtained Ly
6 spiked samples

*3 C.V. is the abkreviation of coefficient of variation

x4 Standard solution was referred to DOX and DAU in mokile
phase 1

Table 7. Comparison of the variation tetween Ser-rak Fprocessed

samples and standard solutions
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analysis. Similar results of this test of variaticn among

tissue samples were also observed in Takle 6.

b. Recovery rates and silanization

The standard addition method was first used to
calculate the reccvery rates and a typical result cf stiked
samples was shown in Tacle 8. Two unusual phenomena were
observed; one was that apparently greater than 100 % of
the spiked amount was recovered and the other was that
there was a large variation within an individual sample.
In order to determine the <causes of these phenomena,
control groups were assayed and calculated. The «results
shown in Table 9 demonstrated that even stamdard solutions
of mobile phase and of the acid-methanol nmixture suffered
these flaws. From this compariscn, Sep-pak method was
definitely not the cause and, instead, the calculation by
the standard addition method was suspected to Le the cause.
Therefore, the direct method and the elution method were
used as different approaches to calcuiate reccvery rates

(Tablie 10).

Results in Table 10 showed wvivid differences in
recovery rates calculated by these three methods. %ith tke
silanized glassware, the reccovery rates calculated Lty the

standard addition method, the direct methcd and the elution



sample* peak height C. V. of | Recovery | C. V. of

(DOX/DAU) ratio ratio rates LEecovery

30,800 0.3798 8.94 122.8 10.91
+0.0339 +13.4

50,800 0.€426 3.14 166. 4 13.€0
+0.0202 16. 6

70,800 0.8919 9.29 122.3 6.72
+0.0829 +8.2

200,800 1.5885 6.79 106.1 20.17
+0.1079 +21. 4

400,800 3.2367 4.86 122.1 52.04
+0.1574 *63.6

600,/800 5.9501 1.74 114.3 5.30
#0.1034 +6.0

800,800 6.4997 0.44 182.6 0.50
+0.0283 +0.9

1000/800 8.7547 3.12 185.9 18.64
+0.2728 +34.65

1200,/800 9.9112 1.92 166.01 28.66
+1.1900 +47.6

1400,/800 12.6124 2.37 135.€ 4.58
+0.2991 +6.8

1600/,800 13.9111 5.55 271.1 105. 27
+0.7718 +285.4

2000/800 15.5264 4.54 98.5 8.65
+0.7048 +8.51

* The results in each sapple group were obtairned from one
sample Lty three determinaticnhs

Table 8.

The

spiked kidpey samgles

peak height

ratios

and recovery rates of

83
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. »
concentration

of doxorubicin

tyre of sample

mobile phase'2

acid-methanol

Sep-frak processed

(ng/ml) mixture™?® solution™?®
30 130.4+ 9.3 127.8+ 8.3 130.6+18.8
100 151.2+10. 4 122.7+427.17 117.1+50. €
300 97.8+ 2.8 135.8+ 3.3 111.6+14.9
700 130.6453.9 110.2+15.3 94.2433.7

*1 The result in each sample group was obtained from three
spiked samfles
%2 Mobile phase is consisted of 0.01 M rhosphoric acid in
32 % acetonitrile 3
*¥*3 Acid-methanol mixture is the eluent, 5.0X10° M phosphoric

acid in methanol,

used in the Sep—-pak methcd

¥4} Sep-pak prccessed solution is prepared from the addition
of standard compounds into the concentrated e€luent of
blank rplasma by the Ser-pak method

Table 9. The recovery rates of different types of samples.




samplé'”’2 standard addition direct method elution
methaod rethed
silanized | non- silanized { non- silanized
silanized silanized
organic extraction method
plasma - - 88.6 54.8 -
+10.9 +E. U

Sep-pak method

Flasma 113.7 83.0 107.2 86.1 102.2
+22.7 +14.9 +7.0 4.0 +5.6

liver 120.5 72.8 188.9 83.0 99.4
+27.7 +14.5 +6.5 +2.1 +2.1

kidney 122.1 68. 5 158.7 78.0 G8.6
+23.2 +15.1 +6.3 +1.3 *4.3

lung 12S.7 - 201.1 - 96.4
+27.2 +5.5 +7.2

heart 112.6 - 217.2 89.7 92.4
+21.4 +4.8 *6.5 +5.8

mean 119.7 74.8 178.6 84.2 97.8

#STLC +21.7 +17.4 #39.3 *5.6 +5.8

ave.*? 21.9 3.9 S5l

STD

*1 Results in each group were obtained by three spiked samples

*2

500 ng and 1000 ng per sample respectively

%3

methcd

Table 10.

Spiked concentrations cof doxorubicin and daunorukicin were

Ave.STD represents the averaged standard deviation of each

The recovery rates of spiked biological samples

85
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method were 119.7+21.7, 178.6+39. 3 and ¢7.8+c£.8 %
respectively. The results calculated by the standard
addition method were not convincing due to the high
variation (coefficient of variation averaged 18 %). The
high reccvery rates (averaged 178.6 %) that calculated ©Ly
the direct methcd arose from the high fluorescent tlanks in
. tissue samples. The high variation in recovery rates (39
%) calculated by the direct method was éaused by the lower
fiuorescent backgrcund that was <ckserved alone 1in the
plasma samples. The fluorescent absorbances of rlank
samples of tissues were shown to ke twice as high as tkat
of plasma blank. The exclusion of internal standard during
extraction (see Methodology) left the high fluorescent
Eackground in tissue samples uncorrected and the degrece aof

fluorescent contrikution varied.

The elution method, then, seemed tc be the cnly method
that reflected the true recovery rates of the extraction
procedure. This method was similar to the direct metacd
tut did not show a high fluorescent kackgrcund due ta the
dilution effect of the large vclume of the eluent (7 ml).
The slightly lower recovery rates okserved in heart and
lung samples were probably attributed to the difficulties
in homcgenizing these tissues. The only disadvantage 1in
using the elution method was the difficulties in

determining the extraction efficiency of samgples srpiked
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with low dozxorubicin concentration. However, all three
methods showed little <c¢r no variation when the spiked

amount of doxorukicin changed.

The high variaticm im recovery rates that only
observed in the standard addition method were the result of
compounded variation in calculaticn. The peak heights of
doxorubicin and dauncrubicin were subijected to a
coefficient of variation of 6.1+0.4 & According to the
calculation equations used by each methad {see
Methodology), the standard addition @method wmay have a
compcunded variaticn of 36 % while +the other two method
have only c¢ne <single variation. The results in Takle 10
agreed very well with the predicted values, i.e., the
coefficient of variation was an average of 21.9 % in the
standard addition method, 3.9 % in the direct method and

S.4 % in the elutiocn methad respectively.

Silanization played an important role during
doxcrubicin extractiocn. Table 10 revealed that at least
25% of the doxorubicin was lost toc the glass wall and that
dimethyldichlorosilane could effectively prevent this

adscorption phencrenon.
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c. Comrarison with other methcds

The recovery rates for organic extraction method were
lower than those of the Sep-pak methcd, Tegardless of the
calculation methods used. The Sep-pak methcd is definetely
superior to the organic extraction method in the ease of
operation, the required time for processing, and
efficiency. Factors such as pH of the aquecus rhase, the
volume ratio between organic ard aqueous phases, the mixing
time and separating of phases that should ke carefully
controlled to obtain maximal efficiency in the organic
extraction method were disregarded in the Sep-fpak metkod.
The Sep-pak method required only a Sep—-pak cartridage and
an arppropriate solvent for the elution of doxorubicit and
related compounds. It also eliminated the consumgpticn of
the hazardous chloroform and reduced the prccessicg time

from 30 minutes to 1 minute Eper samfple.

The hydrolysis of doxorubicin which may ke «caused by
the strong acidity (pH=2.34) of the acid-methanol mixture
could by prevented by adjusting the pH to 4 - 5. The
addition cf two drops of 20 % NaCH in methanol right after
elution from the Sep-pak cértridge We€re enough tc¢ T[Ffrevent
the hydrolytic reaction while 5.2 % of doxoruticir irn the
control group were hydgolyzed to doxorubicincne. Thgs, the

hydrolysis of doxorukicin was influenced Ly pH and needed
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incubation time to proceed hydrolysis. The only
disadvantage in the Sep-pak method was that Sep-pak
cartridge ccoculd nct ke re-used and a reduction of more than
10% in efficiency was okserved in the second use. Excert
this shogtcoming, Sep-pak method provides a fast, easy,

efficient and convenient way for sample preparation.

Since the extraction efficiency for tissue samples was
dependent cn a ccmplete extraction from the celluiar
components, reagents such as silver nitrate, scdium lauryl
sulfate and phosphate fuffer were investigated fcr the most
efficient conditicns. The results of these trials are
shown in 1Table 11. Schwartz proposed the use of 0.1 #%
sodium lauryl sulfate sclution which facilitated fhe cell
lysis and thereby maximize doxorukicin extraction (39).
But sodium lauryl sulfate sclution failed to ke helpful 1in
this study. The pH 7.4 phosphate Yuffer proposed by
Johansen was not e€fficient (32.4 vs. 83.0 %) when <coupled
with the Sep-pak method (72). Besides, the phosphate
tuffer method showed a higher deqree of interferences 1in
the tlank <samples as shown in Fig. 14. Therefore, the usec
of S0 % silver nitrate solution alone was demonstrated to
be the method of choice with respect to both efficiency and

resoclution.

It shculd be noted that the difference in reak height



method*‘ peak height apparent percentage
ratio of recovery by the
: direct method
33% AgNOGs 1.0368 61.8
0.1% sLs** +0.0176+1.6
33% AgNO; 1.1020 6c.7
+0.0183+1.1
50% AgNQ; 1.2875 76.8
0.1% S1Ls +0.0351+2.1
50% AgNGC, 1.3917 8§3.0
$0.0344%2.1
[H 7.4%3 0.5432 32.4
tuffer +0.0219+1.3

*1 This method is the homogenization of 3 spiked liver
samples with the reagents indicated and with
non-silanized glassware

*2 S1S is the abbreviation of sodium lauryl sulfate

solution

*3 This buffer is the rhosphate buffer of pH 7.4

Table 11. The recovery rates of spiked 1liver <camples

different methods
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methods. Thc HPLC system consisted of a C-18 columi and o mobile phase of U.U1 M H3P04 in

30 % acetonitrile with a flow pate of U.8 ml/uin.
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ratios between adding daunorubicipn in the keginning and
after the extracticn process (homogenizationm and Sep-pax
method) was shown tc be almost two-fold. This phenomenon,
however, did not exist for plasma samples. The ditfferent
extraction efficiencies of daunorubicin ketween plasma and
tissue samples indicated that although Sep-pak cartridge
had the same efficiency toward both doxorubicin and
daunorubicin, almost half of the daunorubicin was not
extracted by the homogenization step. "~ This 1loss of
daunorubicin suggested that daunorubicin may not ke the
internal standard of chcice for doxorubicip extracticn fronm
tissue, despite the fact that structural difference letween
these two compounds is only one hydroxyl group. This
rhencmencn also coincides with the very different
phamacokinetic and rpharmacological properties tetween

doxorubicin and daunorukicin.
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Be. Fharmacokinetic Studies
1. Plasma Samples

Plasma samples from four patients were assayed and the
results are shown in Figs. 15,16. Doxoruticin levels in
J.C. and M.C. were neasured by the organic extraction
method while those of the J.M. and A.D. were measured
following the Sep-pak approach. Pharmacokinetic
parameters, ., A, initial concentration (Co) and
micrc-constants such as rate constants of distritution
between the first (central) and the seccnd ccmpartments
(K2 and K; ) and rate constant of eliminaticn (Kg ), were
calculated by AUTCAN. These parameters are Jlisted 1in
Table 12 and the smooth curves in Figs 15,16 represented

the simulated plasma levels.

The pharmacokinetic profiles of all zfour patients!
data could be exrressed by the two compartment model. The
initial concentration (C,) and the volume of distrikution
were in a good agreement with the assay methods. These two
groups cf samples, organic extraction methcd versus Seg-pak
method, were processed separately and these samples arrived
at different time. Other thamn this, the «, B, half-lives
and micro-constants (K;2 , Ka, and Kz ) all =howed

remarkable agreement. The low regression coefficient (F),
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patient M.D J.C. A.D J. M.

dose (mg) 90 60 64 60

age and sex |F-61 F-72 F-48 M-€8
disease cervical endometrial colon mesothalial
status carcinoma carconoma carcincma carcinoma
L square 0.9981 0.9505 0.9982 0.8447
alpha(hr™' ) |5.1506 4.9596 6.0842 4.8380
beta (hr™') 0.0769 0.1210 0.1008 0.1792

ty (alpha) 0.134 0.140 0.114 0.143

(hr) {(min) (8-1) (8-4) (6-8) (8-6)
tz(teta) 9.01 5.73 6.88 3.83

(hrs)

Co {ng/ml) 7406 4024 1216 943
Vd(liters) 12.15 14.91 52.61 63.61

K., (hr™') 3.8305 4.4985 4.0320 2.0766

K,, (hr™") 0.4538 0.3262 0.3168 1.1225
Kg, (hr™') 0.8901 1. 1362 1.6808 1. 0759
Table 12.

sanples of four cancer patients

The pharmacokinetic parameters concerning the piasma
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and fhe large deviation in &, A and micro-constants in J.M.
were the results of missing data bhetween 1.0 and 12.0 bours
after the administration of doxorukicin. Insufiicient
volume, less tham 0.3 ml, o¢f these samples <failed the
detection limit of 15 ng/sample specified in the HPIC

system and therefore made the quantification imrcssikle.

The initial concentrations of doxorubicin vwere in
agreement with those of the literature, which had Co
between 1-5 wug/ml (15,44,45,79,80) . Only Lee g€t al.
reported initial <concentrations after a simnqle Lkclus i.v.
of the usual dosage (40-60 mg/m*) to be around 10 wmg/ml
(81) . No data from the literature concerning the volume of
distribution were available, due to the regcrted total
dosages, fcr ccmparison. The half-lives calculated fron
and alsc showed similar values as those of the
literature (15,23,25,31,44,73-75). The calculated value of
the half-life of o phase was 8.0 versus 10 minutes of the
literature and that of the half-life of (2 phase was 6.4
hours in thais stgdy versus 10 hours in the literature. The
large variation in volume ¢f distrikution, Lkowever, wuwas
unaccountable. From Takle 12, it was chserved that the
youngest patient (A.D.) did exhibit taster rates for Lkoth
distribution and elimibnation. Its siguificamce was hard to
determine since no other young patients were included in

this study. The sex and disease status did not have
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significant effects in this study. Metabolites were not

detected in any of these four patients.

Data from rat plasma were also analyzed Lty AUTICAN and
depicted in Fig. 17. to show Loth the cbserved and the
predicted values. Pharmacokinetic parameters were also
calculated and 1listed in Table 13. Due to the missing
information of total doses, the volumes of distrikution
were unable to <calculate and thereby nmissing froum this

takle.

Pharmacokinetic parameters such as «, R, hali-lives,
Co, and micro-constants did show a higher degree of
variation than those of buman Flasma samples.
Statistically, cnly group B was different from the rest. A
closer observaticn revealed that the aged groups (C and D)
showed higher rate constants of elimination and higher
initial concentrations. This observation did nct correlate
with the physiolcgical conditions of +the agqed, which
usually show a slow distribution phase that leads to higher
initial concentrations and a slow e€limination phase that
leads to lower elimination rates. However, t-test was nat
perfcrmed due to the insufficient samples in e€ack grcug
(n=2).

iy

The difficulities in interpreting the eifects o0f age
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group A B C L

age 2 months 2 months 2 years 2 ye€ars
r square 0.9¢%87 0.775 0.9326 1.000
alpha (hr™") 1.2374 0.0062 0.2476 0.0319
beta (hr™') 0.0220 0.2800 1.20€0 1.3392
ty(alpha) (hrs) 0.56 2.48 0.57 0.52

t), (beta) (hrs) 31.51 111.80 14.5¢€ 21.75
Co (ng.ml) 798 584 3185 1299
Kia (hr™") 0.8595 0.1804 1.0403 0.9487
Ka (hr™") 0.2825 0.0357 b.uuus 0.2552
Ker (hr™') 0.0962 0.0417 0.3189 0.1673
Table 13. The pharmacokinetic parameter concerning the plasima

samples of rats
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on doxorubicin pharmacokinetics was partly due tc the small
sample size and partly due +to the r[rocrly defined age
groups. The age groups of 2 months and 2 years scemed to
fall, respectively, in the very young and the very old
parts of the life span of rats. ‘There were mno ccntrol
groups {(of medium aqe) for this study. Since the very
young species have similar physiological abnormalities as
those of the very o¢ld species, such as decreased [roteir
binding, decreased volume of distrikution, a Ligher fat
content, reduced metabolism, etc. (59,69-71). Cne may not
necessarily see much differences Letween these two age

groups.

Fromp Fig. 17, a conparison with the literature data
was made. The cbserﬁed doxorubicin levels ip rat plasma
were sigpnificantly lower than those reported ty Marafino et
al., Sonpeveld et al. and Czacls et al. (16,759,82) Lut were
in good agreement with those of Jchansen, Broggini et al.
and Pacciarini et al. (72,83,84) The plasma samgples of rats
also exhitkited two metabolites; doxorubicincl and
doxorubicincne, and their <concentrations as doxorukicin
equivalents were 1listed in Table 14. These metalkclites
appeared in the Lkloodstream almost simultanecusly with
doxorubicin itself as shown in Figs. 18-Z1. This
phencmencn was also cbserved in the plasma samples of human

and rabbits, which was attrikuted to metabolism cccurred in



group| time™' |(doxorubicin doxorubicinol |doxcrukicinone
of (hours)| concentration | concentration |concentration
rats (ng/ml1) (ngsml)** (ng/ul)**
A 0.5 512.2+ 20.4 492.1+70.9 202.0+47.4
1.5 267.2+ 21.0 339.5+46.2 163.2+12.0
4.0 171.3+ 9.4 183.0+19.6 0.0
10.0 128.6+ 5.2 87.5+17.9 35.7+ 3.0
24.0 103.2+ 18.2 80.7+ 1.§ 101.7422.7
50.0 58.6+ 11.2 122.8425.8 0.0
B 0.5 548.6+ 2Z5.:z 151.2+18.6 0.0
1.5 373.6+ 12.2 131.2+420.1 0.0
4.0 287.7+ 56.5 103.7+19.6 0.0
10.0 99.2+ 11.0 64.2+14.7 0.0
24.0 62.6+ 9.7 21.6+ 5.2 0.0
50.0 53.3+ 12.5 53.3+ 1.7 0.0
C 0.5 1641.7+ 28.5 123.9+12.1 0.0
1.5 811.1+ 42.8 69.0+15.8 0.0
4.0 763.6+103.8 104.6+17.2 0.0
10.0 213.6+ 2z1.3 41.8+ 6.1 0.0
24.0 96.2+ 0.2 53.5%12.7 0.0
50.0 60.7+13.6 0.0 0.0
D 0.5 770.2+ 6.8 0.0 0.0
1.5 356.2+ 6.7 78.5+15.8 0.0
10.0 161. 4+ 21.0 52.0+ 4.8 0.0
50.0 45.1+ 8.9 0.0 0.0

*1 The results shown at €ach time interval in each
group were oktained ky repeated assays of three
samples from cne rat.

*2 The concentrations of metalbolites(doxorukicinol and
doxorubicincne) are exrressed as the doxorukicin

equivalents.

Table 14.

levels - of

plasma ty the Sep-pak method

doxorubicin
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and its metabolites in rats?
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Figure 18. Plasma levels of doxorubicin (., —), doxorubicinol (¥, ---)
and doxorubicinone (8,—-—) in group A rats.
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the kloodstream (15,44,45,85). TLoxorubicincl levels in rat
plasma did not show significant difference Letween the
"young and old rats. Only grour A was statistically
different from the rest. This observaticn did not
correspond with that of doxorukticin levels im which grcufp B

was significantly different.

Therefcre, this study did nct reveal the [fecssitktle
roles of age in dcxorubicin pharmacokinetics. The
difficulties in analyzing the data from rat plasma arose
from the small sample size of each group and the lacking of

°

contrcl groupse.
2. Tissue Samples

Kidney samples of four groups of rats were assayed and
the results shown in Table 15. A higher variation was
observed when conééntrations of doxoruticin or
doxorubicincl fell below 5 ug/Gm cf tissue. This was due
to the detection 1limit of the HPLC system which, as

mentioned before, could not tolerate the signal to ©wnoise

ratiocs to fall below 5.

As shown in Fig. 22, there was a 40-fold difference
ketween the concentrations of doxorubicin and

doxorubicinol. And the only possible way fcr accurate



group| time® | DOX*? c.vV. DCX NOL ** c.V.
of {hrs) | conc. conc.
rats (ng/Gm) (ng/Gm)
A 0.5 3.57+40.66 18. 37 0.0 -
1.5 42.44+6.67 15.71 1.13+0.27 23.71
4.0 15.20+1.60 10.54 0.29+0.07 25.38
10.0 14.11+0.70 4.96 0.25+0.03 13.€C
24.0 9.89+0.98 9.91 0.16+0.01 g.€3
£0.0 14.58+1.39 9.56 0.47+0.03 6.56
B 0.5 16.89+0.34 2.04 0.0 -
1.5 17.27+40.74 4.28 0.15+0.04 23.317
4.0 18.50+0.19 1.03 0.12+0.03 z22.1¢
10.0 16.48+1.47 8.91 0.24+0.05 19.94
24.00 | 16.94+1.24 7.30 0.52+0.09 17.10
50.0 7.74+0.66 8.53 0.34+0.05 15.88
C 0.5 28.84+1.79 6.21 0.64+0.11 17.€€
1.5 17-33+1.20 6.92 0.95+0.13 13.60
4.0 21.48+2.44 11. 34 0.80+0.10 12.10
10.0 34.44+6.55 19.03 0.78+0.14 18.5:Z
24.0 25.46+5.26 20.66 0.79+0. 15 19.47
50.0 16.07+0.37 2.29 0.89+40.12 13.54
D 0.5 20.66+4.22 20.43 0.08+0.01 14.40
1.5 36.87+6.4¢ 17.52 0.85+0.14 15.90
10.0 17.83+0.26 1.47 0.46+0.07 15.54
50.0 12.02+0.52 4.31 0.43+0.10 22.€4

*1 The results shown at each time interval in each group
were obtained from repeated assayed of three samples

from one rat.
*2 DOX conc.

*3 c.v.
¥4 DOXNCL conc.

as doxorukicin equivalent

Table 15.
kidney

= doxorubicin concentration
= coefficient of variation
= doxcrubicinol concentration expressed

The levels of doxorukicin and doxorubicirnol
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Figure 22. Kidney levels of doxorubicin (., —) and doxorubicinol
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quantification of both compounds was the separate analyses,
as suggested before. Many articles ignored the metabclites
in rat tissue samples «claiming their amcgunts WELE
insignificant (18,54,72,79) while <cther rercrted high
fractions (upto 40 %) of the total doxorubicin equivalents
in tissue were the nmetabolites (78@86). Although the
cbserved results shown in Table 15 coincided with the
former, further studies in other tissues =such as bheart,
liver, lung, spleen, Ltrain, etc., should re engaged tg
confirm the common existance of this phencnenon. I1f this
holds true for all tissue, it would not te worthwhile tc
carry out another analysis tc gquantitate suck a mimocr

component.

The kidney levels of doxorubicin were c¢nly half of
those reported in the literature (16,72,83). 1This was due
to inaccurate determination of internal standard whose
signal to noise ratio was 1lower than 5. This was
unavoidable since only one concentration o¢f daunorubicin
soluticn was used. However, these errors occurred cnly fcr
a few sanples vwhen doxorubicin concentrations exceeded 20
4g/Gm of tissue. Since the guantities of kiduey
metabolites were determined as wminor components, future
assays of tissue samrles should te carried out with a
smaller sample size apnd an appropriate coamcentraticn of

daunorubicin to cover the range of 8-40 wuqg/Gm c¢cf tissue.




The smaller sample size of tissue is alsc encouraged by the
fact that the <celf-aqgqregaticn, if happens above 5 ug/ml,
will significantly reduce the fluocrescent intensity of

doxorubicin (47).

A graph of doxcrubicin levels in all four groups of
rats revealed the same difficulties in recognizing the age
effects (Fig. 23). As discussed previocusly, the small
sample size and the lacking of control groups were the

CausSesa.
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C. The Stability Study
1. The Stakility cf Doxorubicin in Solution

Rates of doxorukicin degradation at various
concentrations were first quantified and they were shown tc
be the same. Therefore, a first order degqradation process
was assumed. A semi-log plotting procedure was appiied to
these data and the superimposed straight lines cconfirmed
that the deqradation process of doxorubicin was a farst
order reaction. The stability evalution was then performed
with tuffers of varicus pHs, different buffering systens,
water, acid-methanol mixture and mobile phase of the
analysis system (0.01 M moncamonium phosphate scluticrp and
methanol (40:60)). These rate constants as well as the
Tq's, expressed 1in either hours or days, were liéted in

Table 16.

The Tq, would be a more suitakle parameter to evaluate
the degradation tham the <conventicgnal Tgo - Eecause it
indicated the time when only 10 % of doxorukbkicin in
solution has degraded rather thanm 50 %. This criterion 1is
the maximal time fperiod for doxorubicin soluticn to exhibit
acceptable stability since this antineoplastic agent Las

such a small therapeutic index (87).
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medium rate constant Tqo _
(hr~' ) hours days

pcB” pH 2.00 | 2.16x10™* 487.8 20.3
PCB pB 3.00 | 1.11x10™% 494, 2 39.5
PCB pH 4.00 | 1.28X10°% 823.1 34.3
PCB pH 5.00 | 2.00Xx10°¢ 526.8 22.0
PCB pH 6.00 | 3.76x10°% 280.2 11.7
PCB pH 7.00 | 5.63x107% 187.1 7.8
PCB pH 8.00 1.41x10°3 74.7 3.1
PCB ph10.00 | 2.38x10°? 4.43 -
PCB pH11.00 | 5.65x107 1.86 -
PCB pH11.90 | 0.129 ©0.82 -
P-B" pH 7.40 1.85x107° 5.70 -
P-B pH 7.00 | 1.18x107 8.93 -
A-M"> pH 2.34 | 8.97x10* 1174.8 48.95
H,0 pH 5.62 | 1.82Xx10™* 585.3 24. 39
M.P:* pH 4.00 | 8.32x107° 1266.6 52.77

*1 PCB is the buffering system consisted of phosthate,
citrate and borate .

*2 P-B is the phocsphate buffer

*3 A-M is the acid methanol mixture used in Sep-rak
extraction method

%4 M.P. is the mokile phase used in the HPLC analysis
systen

Table 16. The rate constants of doxorubicin degradation in

various media



From Table 16, it ié observed that a change not only
in pH but also in the tuffering agents shcwed a different
rate of degradatiomn. However, ¢H did not have a
significant effect on degradation once it dropped kelow
5.00. 1The variation in these rate constants (pB < 5.00) was
thought to ke a deviation from a true value rather than the

effects cf fH.

A graph of the rate <constants in the =<same Lufier
system (the <citrate - phosphate - borate tuffers)
explicitly demonstrated the effect of pH on doxorukicin
stakility (Fig. 24). This grarh =showed that the rate
constants dropped sharply around prH 11 and doxorubicin was
stable in a pH range o¢f 2.0 to 7.0. 1This phenomenon
justified the raising pH of eluents to only 5-6 1im the
Sep-pak method and the neutralization of ultrafiltrates in

the protein binding study.

The ruffering agents also demonstrated a <sigonificant
effect cn doxorukicin degradaticon. The rate constants of
soluticns of the same FH 7.00 were 5.36x10°% hr for
Fhosphate-citrate-torate tuffer and 1.18x107? hr for
Fhosphate ruffer. Such a wide differemnce in stability
cauticned the chcice o©0f storage medium or the infusion
fluid when long 1.v. infusion (uptc 96 hours) was chaosen

to be the route of administration (88). A qraph ot the
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rate constants, expressed as the rercentage of doxorukbicin
remaining, clearly showed the effects of pH and kuffering
agents (Fig. 25). And the advised storage time <cf Tg
could be determined by the points the intercept of an

akscissa of 90 %.

The degradaticn products of doxorubicin hydrochlcride
have not yet been identified. Since they did not show any
chromatograrhic peaks in any of the three HEIC systenms
used, they possessed 1little, if any, fluorescent
prbperties. Therefore, it was impossikle tc postulate the
fossible degradation gproducts from doxorukicin icnization
iﬁ which the icnized species all have fluorescent

properties (Fig. 4).
2. The Stability of Doxorubicin in Flasma

The corncentraticn of doxorubicin 1in spiked frozen
plasma samples decreased during stcrage. This degradation
was further aggravated by the numker of freezing/thawing
cycles (TIakle 17). Frczen plasma samples, thawed at the
intervals of 0, 1, 3, 5 days respectively, were extracted
using the Sep-pak method and analyzed chrcmatocgraphically.
While samples experienced a 1loss of 40 % after 10
freezing/thawing cycles, the contrcl grougs lcst only 3.9

%, 15.2 %, 29.2 % of the original doxoruticin. An
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sample group thawing/freezing doxorubicin % of DCX
cycles concentraticn | remaining
(ng/mi)
interval=1 day 1 753.2+30. 1 100. 4
2 722.1+40.6 96.3
3 685.0+34.2 31.3
4 650.4+29.5 36.7
g 619.3+37.1 82.6
6 579.1*40.5 77.2
7 S542.8+21. 4 72.4
8 514.2+430.8 68.6
S 486.5+29.2 o4.9
10 452.9+25.4 50.4
control group* 0 721.5+40.1 96.1
(10)
interval=3 days 1 750.3+38.6 100.0
p: 713.3432.5 5.1
3 688.4+38€.9 91.8
4 65C.6+28.6 3€.17
5 617.1+35.8 32.3
6 578.6+42.1 77.1
7 E40.2+428.5 72.0
8 511.6+35.1 68.2
9 486.7+423.4 64.9
10 451.8+29.6 c0.2
control grcug* 0 €36.1+38.2 84.8
(30)
interval=£t days 1 747.6+27.1 99.7
2 715.4+29.8 95.4
3 680.2+41.1 90.7
4 651.0+37.1 86.8
5 622.5440. 4 83.0
6 575. 1+45.6 76.7
7 537.7432.2 71.17
8 508.3+29.7 67.8
9 489.1+35. 4 65.
10 446.2+31.2 59.5
control group* 0 531.2+427.4 70.8
(50)

* Contrcl grcugps were the sample remained frozen for
the days designated in the parentheses

Table 17. The ' concentraicn of doxorurubicin in frozen plasma
which experienced different freeaing/thawing cycles
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acceptable storage fperiod, with no thawing permitted, was
set to be 1 month according to these data from tlke <ccntrcl
groupse. Also observed from Table 17 was the more
significant effect of freezing,/thawing cycles than that of
the time period between cycles. A graph of the
freezinqg/thawing cycles versus dcxorubicin ccncentration

could further demcnstrate this relationship (Fig. 26).

This discovery was very important in handling flasma
samples and implied that a reasonable storage time of a
month was tolerable as long as the repeated
freezing/thawings were avoided. Eksborg et al. suggested
that adsorption of doxorubicin onto the ¢fgrecipitates of
these thawed samples might ke the reascon for degradation
(52). Although precipitates did occcur in thawed plasama,
they could be easily disrupted and became hcocmcgenized by
well stirring. The persistent precipitates ever existed
was the plasma samples of more than three mcnths cld and
bad experienced at 1least S5 <cycles of freezing/thawing.
Therefore, reasonably ifresh rlasma {(no more than 3 months

0ld) was used in all spiked experiments.

Therefore, the most suitable storage <conditions for
plasma samples 1is to deep—-freeze the samrles until assay
and repeated freezing/thawing should ke avoided as much as

Fossikle. And it 'would be wise to perform the repeated
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assays within a week and confine the deep—-Iireeze period to

no more than 1 month.



D. Frotein Binding

1. Direct Ultrafiltration Method

Direct ultrafiltration ('wash—cut') method was <first
perfcrmed to determined the appropriate doxorubicin
concentration in the reservior cell that wused in the
continuous ultrafiltration. And 5 wg/ml c¢f doxorukicin
turned out to be the minimal detectakle concentratioa.

Since only the unbound drug could pass the Diaflo memkirane,

the ultrafiltrate thus collected also provided a
measurement of the fraction of doxorukicin bound tc
albumin.

In an ideal membrane, the Diaflo memkrane should ke
non-retainable tcward doxorubicin and concentration in the
ultrafiltrate should te exactly the same as that in the
filtration cell. But the highly stained Diaflo memkrane
indicated that there was some degree of memkrane tindixng,
and this tinding <could be quantified by the ccncentration
difference Lkeween the ultrafiltrate and the filtratiom cell
solution in the klank run. The concentration difference
between ultrafiltrate and the filtration cell sclutiocn of a
normal. run (with 4 % albumin in the filtration
cell) ,consequently represented not only the fraction tLtound

to albumin but also the fraction bound tc memkirane.
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consequently decreased tke availakle surface area for
doxorukicin binding (67) . Thus, a competitive tinding
toward the Diaflc memtrane was observed between doxorukicin
and albumin. The memkrane binding phencmenon usually could
be lessened by increasing doxorubicin concentration in the
filtraticn cell. Experiments were carried out with higher
concentration {uptec 20 wug/ml) tut no significant
improvement was detected. Therefore, na information
regarding the fraction bound c¢f doxorubicin was availakle
from this direct ultrafiltration method. And this unusual
result implied that doxorubicin may not be highly bound to
albumin otherwise, the effect of memkrane bkinding would

have been insignificant.

2. The Continuous Ultrafiltration Method

Ultrafiltrates of a *wash—-in' (continuous) experiment
were ccllected and assayed <chromatographically. Small
fractions of ultrafiltrate (0.5-1.0 ml) were collected for
the first 15 ml and ultratiltraticon was stopped after the
collection of about 40 ml of ultrafiltrate. A tlank run
with no albumin in the filtration cell was performed to

correct for memkrane tinding cf doxorubicin.

For an ideal memnbrane, i.e., the dialyzalkle species

penetrates unretarded through the memtrane and dces not
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bind to the membrane (67), the following expression holls

true in this case:

Cr: the concentration of drug in reservoir cell

Cf: the concentration of drug in ultrafiltrate

V : the cumulative volume of ultrafiltrate

V': the aprarent void volume of the systgm

Vo: the average sample vclume in the filtration éell

during the run

This relaticnship shows that a plot of 1n(Cr/(Cr-Cf))
versus V should be a straight line with slcfre equal tc 1/V,
and an intercept of 1ln(Cr/(Cr-Cf)). Representative plots
are shown in Fig 27. Although the above equation holds
true for either a blank or normal run, the apparent void
volume (V') and the sample vclume of the filtration cell
(Vo) could be Letter estimated from the klank run since

less interference existed.

The samzple vclume of the filtratian cell (V,)
calculated from the slcre (slore=1/V,) of the the blank rurn

in this grocup, was 97.9 ml. This value was much higher
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O 5 10 15 20 25 30 35 4O 45 50

CUMULATIVE VOLUME (ML)

Figure 27. Ultrafiltration «f doxorubicin (20 mg/ml) Through the
Diaflo PL~10 membrane at 10 p.s.i..

Data were obtained with a blank run (albunin = )

(¥, -==) and with a normal run (alouwnin = 46) (.,—).



than the cbserved value of 8 ml. Therefore, memkrane
binding was significant for doxorubicin. This mewmkrane
binding property could also ke observed from the 1large
apparent void vclume (V'=17.0 ml) and the large area
tetween sigmoid curves of the klank run and of the normal
run. For dozxorukicin, Diaflo memh;ane did not Lehave
ideally and did retain doxorukicin to some degree, i.e.,

the reflection coefficient (r) was not equal to zero. The

reflecticn coefficient is defined as folliows (€7) :

O":]__(C'/Cf) (2.2)

where c' is the free drug concentration in the filtration
cell and Cf is the drug concentration in the ultrafiltrate.
Accordingly, equation (2.1) should ke modified as fcllows:

-

C v - (1 -g) V

) = (2.3)
T f VO

The slcpe of the straight line from a klank run should
then ke (1-¢)/Vo - The reflecticn coefficient thus
calculated, taking Vo as the observed value of &€ ml, was
0.918. This value was much higher than those of Blatt et
al., which ranging from 0.1-0.25 (67). 1Tberefore, eifort

was made to decrease this memkrane binding rhencmenon.
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Correction for memkrane binding can ke made, as
suggested by Blatt et al., by either an increase in ratio
of the sample voiume (i.e., the volume of filtration cell)
to memkrane area or by an increase in the concentratica c¢f
reservoir cell (67). Due to the fixed ratio of the <cample
cell and nmembrane area in the ultrafiltr%tion unit,
increment in doxcrubicin concentration was made to decrease
memkrane binding. Higher <concentrations of doxorubicin
were prepared for the reservoir cell and the results showed
in Fig. 28. From Fig. 28, the apparent veoid vclume of the
system were 12.20 mnl, 21.08 ml, 22.91 ml respectively for
reservoir concentration of 20, 10, 5 mg/ml. The reflection
coefficient did decrease to 0.511 when reservoir
concentraticn of 'doxorubicin was 20 4g/mi. This
concentration of 20 ugy/ml, however, was beyound the normal
physiological range of doxorubicin (1 - 10 wqg/ml) and it
wgould be mnmeaningless to perform such a study

(15,44,45,79-81) .

Three repeated runs of 10 wug/ml were perfcrmed and the
Scatchard plots of these data showed in Fig. 29. It was
cbserved from these ©[plots that there were more tham oae
binding sites in albumin for doxorubicin. Therefore, the
following equation would be adequate to express tkis tyge

of kinding(58,62) :

n 5 C
r :Z N, % (2.4)
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Figure 28.

CUMULATIVE VOLUME (ML)

Ultrafiltration of doxorubicin through tne Diaflo Pui—-10
membrane for various corcentrations at 10U p.s.i..
Data were obtained from blank runs (albumin = U) of 5, 10

and 20 ug/ml of doxorubicin solutions.



131

7 .24
]
6.4
[N
o ]
X 5.6
o ]
[45)
~
[ 4
L 4, 84
e 1
[N,
:
O ]
g b0
o i
b
= |
3.2+
9 -
= ]
< ]
x -
2.4
]
] f
1.6
] 3
)
0.8
]
]
4
0.
L LA B S S B S B S S S et S S S B S LSLAREAEAAN EL R i
0.0 0.2 0.4 0.6 0.8 1.0
MOLAR RATIO (r)
Figure 29. Scatchard plots of the albumin pinding of doxorubicin

(10 mg/ml) using the ultratfiltration method witn the

albumin concentration being 4



For doxorubicin, Ni, Ki should be the same for a fixed
concentration of albumin. This was not the case in the

curvilinear plots shown in Fig. 29.

The variationm may result from the binding variation
among the T@Diaflo memkranes used. A protein binding study
of methyl orange was performed umder the <same conditions.
The Scatchard [plots o¢f these data showed in Fig. 30. 1Ihe
tinding patterns changed, i.e., with different Ni and Ki,
only when the concentration of altumin differed. TLCata of
the same albumin concentration superimposed with eacn cther
regardless c¢cf the concentration of @metnyl orange. The
reflection coefficient and void volume were 0.022 and 1.2
ml for curve A (0.1 % alktumin solution) and 0.521 and 1.4
ml fer curve B (0.2 % albumin solution). And it was
confirmed that the much larger void volume of the
doxorubicin data was resulted from the delayed elution of
doxorubicin caused by membrane binding. And the higher
values in the reflecticn coefficient in doxoruticin tinding

study was also attrituted to memkrane binding.

In sumary, continuous ultrafiltration proved to te an
inadequate method for studying the [frotein tinding of
doxorubicin. The Diaflo memkrane showed such a large
degree of binding tcward doxorukicin that caused an

inconsistancy among data. And the higher doxorucicin
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concentration that would have eliminated suchk phencmenan
(20 ug/ml) was way beyound the rage of doxorubicin levels

in plasma samples (15,44,45,79-81).

The major obstacle of studying doxorubicim protein
binding, therfore, was the kinding to Diaflc memkrane in
- the ultrafiltration method. A similar okservation was made
by Harris and Gross when a dialysis methsd was attempted to
interpret doxorukicin protein binding (63). The
curvilinear behavior on the Scatchard plot was difficult to
interpret due tc the binding of doxorubicin tc cellulose
dialysis bage. Houever,‘an ultracentrifugation method of 18
hours was performed and an extent of 50 % dcxorukicin kound
to humap plasma was determined. Chan et al. re—-analyzed
the originmal Scatchard plot data of Harris and Gross and
determined that the fraction bound in the therapeutic
plasma concentration range was 0.9 rather than the crginal
reported 0.5 (64). They did not offer specific reasomns for
such a modificaiton and the resultant data of 0.9 fraction
bound was, therefore, not convincing. And
ultracentrifugation seemed to be the las; resort for the
determination of the fraction bound of doxorubicin to

albumin sglution.




3. The Ultracentrifugation Method

The results from the ultracentrifugaticn method showed
that 70.5+2.4 & of doxorubicin was bound to 4 % altumin.
This value was obtained after the correction for

non-specific adsorption of 3.6 % was made.

Although this result was obtained Ly covering only one
concentration of doxorubicin solution it provided an
initial estimation of the protein tinding of dcxorubicin.
Thus, doxcrubicin was not highly &Lkound toc altumin. And
rlasma levels or even tissue levels would not likely ke
influenced ky changes of protein binding. Therefore, the
Fossible role of plasma doxorubicin serving as a depot was

e€xcluded frcm this okservation.
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IVv. CONCIUSICNS

The Sep-pak method was coupled with the reversed thase
liquid chromatograprhy and thus provided a seunsitive,
efficient reproducible and simple assay method for

doxorukicin and its metakolites.

The Sep-pak method recovered 107.3 % of the spiked

amount from plasma and 97.8 % from tissue sarngples.

Plasma samples required no preliminary treatment while
tissue samples needed to ke homogenized and freed fronm
tinding c¢f doxcrubicin to nuclear components Ly silver

nitrate.

The Sep-pak method was superior to the comnventional
extraction method in efficiency (107.3 % vs. 8c¢.1 %),
rrocessing time (1 minute vs. 30 minutes f[er samgie),
and ease of creration (one single procedure vs. three

extractions).

The HPILC system consisted of a chromatographic column, a

solvent delivery system, a fluorescence detector, a SC
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102 active filter, an automafic sample processor and a
data acquisiticn system. And various modes of EHPLC,
different in the <column and mokile phase used, were
under investigation. The HPIC system that emrloyed a
C-18 colunn and a mokile phase cf 0.01 M H3FQ4 in 40 %
acetonitrile scluticn was good for stability studies of
doxorubicin. The retention times ¢f doxcoruticin and
daunorubicin were 3.93 and £.34 minutes respectively,
which provided a gcod resclution Letween these twc
compounds and saved the time and solvents c¢f amnalysis.
The HPLC system that used a C-18 column and a mokbile
phase of 0.01 ¥ H3PC, in 35 % acetonitrile scluticn was
good for ©protein binding studies. This system provided
a good resolution between interferences and doxoruticir
and a short reterntion time {(5-70 minutes for
doxorukicin) to be economic of time and solvent of
analysis. The HPIC system that used a C-18 cclumn and a
mobile phase o¢f a mixture of 0.01 M NH4H, FO, solution
and methanocl (40:60) wvas used for the apalysis of
doxorubicin and its metabolites in biological samples.
It provided a good rescluticn among doxcrukicin and its
metabolites, however, 68.02 % o0of sensitivity was
simultaneously lost. A normal phase HELC =system was
studied and offered no advantages over the systems

menticned above.
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Pharmacokinetics of doxorubicim and its metabolites,
using the developed assay methcd, were studied in human
and rat plasma, and rat kidneys. The concentrations of
doxorubicin have Lkeen demonstrated to ke in good
agreement with those of the literature and have a smail
variation in regeated assayse. Pharmacokinetic
parameters, such as initial <ccncentraticn, volume oOf
distrikution, half-lives and microconstants (K2 , Kz

and K¢, ), were obtained by AUTOAN and they showed gcod

agreement with each other, pFparticular in human plasma

samples. The half-lives of x and /3 phases correlated
well with literature data. However, a ccmparison of the
pharmacdkinetic parameters Letween the young and cld
rats failed tc demonstrate significant effects of age on
dcxorubicin pharmacokinetics. These studies did
demonstrate the successful application of coupling of

the Sep-rak method and the reversed phase HPLC systen.

Doxorukicin was more stable in acidic media. In a
buffer SYStem of <citrate-phosphate-borate uffer, its
stability dropped drastically around FH 11. The
stability of doxorukicin was also influenced Ly tae
bufferiﬁg agents wused aund the difference in rate
constants may be 20-fcid in different truffers of the

same pH.
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The recommanded storage conditions for doxorubicin in
plasma was to deep-freeze the samples until aralysis and
the repeated thawing/treezing shculd ke avoided as much
as possikle. Plasma samples reamained stakle (i.e.,
degraded nc nmore tham 15 % of original doxorukicin)
within one month and the length of the time intexvals
ketween thawings had no significant effects on

doxorubicin degradatien.

Oltrafiltraticn was found to ke unsuitakle for the
protein kinding study of doxorukicin. The bigh degree
of membrase binding hindered the observation cf fraction
bound by the direct method and caused incomsistant data
in the continuoas method. Euf the ultracentritfugatiorn
methcd revealed that 0.7 fraction of doxorukicin was
bound to plasma solution (4 % alkumin in B 7.4

phosphate tuffer).

Future Studies

Several rossibilities for future investigation have

resulted from this wcrk:

3

The stability of doxoruwicin in tissue samples shoudid be

investigated. The <suitable storage conditiors for
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tissue samples <could be established only after the
maximal storage period and the eifects of
thawing/freezing cycles on degradation have been
determined.

2. The fraction bcund of doxorubicin to albumin should te
determined by the ultracentrifugation methcd with more
than one concentrations in the phsiological range.
These experiments will buffer the possikle variation in
the frac;ion tound caused by difference 1in doxorubicin
concentrations and, therefore, provides a mcre accurate
data. BPBesides, it would be advantageocus to oktain a
series data of moclar ratios at different free
concentrations of dcxorubicin and thus the e} of =
important binding farameters, such as the numker of
independent kinding sites, the numker of doxorubicin

molecules binds to each site and the association

constants, could then ke determined.

3. A complete pharmacokinetic prcfile of doxornticin in
rats should ke estaklished Ly assaying the levels of
doxcrukicin and its nmetabclites in plasma, liver,
kidney, spleen, 1lung and heart. After a detaiied
understanding of the kinetics of distrikution and
elimination of doxorubicin, a suitakle pharmacokinetic

model cculd then pe established. By this
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pharmaccokinetic model, Bonitors of cardiac toxicities
could ke possibly estabtlished and suitable dose and
schedule of administration can te determined to reach
the predicted drug concentrations in plasma and tissues

on an individual ftasis.

Larger sample size (n>»3) of rats of young, medium and
old age should be included in the study of the =ffects
of age‘on'doxorubicin pharmacokinetics. Since there 1is
an increasing proportion of the aged in total patient
population, this pharmacokinetic study in geriatrics may
Frovide tetter means to determine the dose and schedule

of admininstration of doxorubicin.
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sanple* injection peak height coefficient
(DGX/DAD) volume ratio cf variation
(ng/ml) (v1)
207100 200 - 0.1353+0.0059 4.34
40,7100 200 0.2458+40.0262 10.66
60/100 200 0.5010+40.0085 1.69
100,100 200 0.6341+0.1000 15.717
150,100 200 0.8950+0.0167 1.86
2007400 100 1.2927£0.0722 0.94
300,400 100 0.1803+0.0113 0.61
400/400 100 1.9282+40.5233 2.71
500,400 50 3.0074+0.3020 10.04
600/400 50 3.2724+0.1593 4.87
800,400 50 4.3371+0.1067 2.46
1000,400 50 5.0563+0. 1565 3.09
1200400 25 7.0102+0.1808 2.58
1600400 25 8.8926+0. 1562 1.76
20006/400 25 9.791040.3743 3.86

* The samples are expressed as the concentration of
doxorubicin (DOX) and daunorubicin (LCAU) in ng/ml

Table 1. The peak height ratios of the standard curve of spiked
plasma samples by organic extraction Bethod. The HPIC systen
consisted cf a C-18 column, a mokile phase of 0.01 ¥ H3FO, in
32 % acetonitrile and a flow rate of 1.0 ml/min
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L

sample® injection peak height coefficient
(DOX-DAU) volume ratio cf variation
(ng/ml) (ul) '
10-200 200 0.161740.0132 | 8.20
30-200 200 0.461340.0438 | S.50
50-200 200 0.749740.0380 | 5.07
75-200 100 1.125340.0195 | 1.74
100-200 100 1.552540.0252 | 1.63
200-200 50 2.6621+0.0679 | 2.55
300-200 50 4.769140.2572 | £.39
400-800 40 6.4345£0.2u54 | 3.81
500-800 25 7.1413+£0.0794 | 1.11
600-800 25 8.8011+0.1483 | 1.68
700-800 25 9.540040.0400 | C.u2
800-800 10 11.1401£0.1547 | 1.39
900-800 10 12.0020+0.4290 | 3.57
1000-800 10 13.6960+0.7998 | S5.84

* The samples are expressed as the concentration of
doxorubicin (DOX) amnd daunorubicin (DAU) in ng/ml

Table 2. The peak height ratios of the standard curve cf spiked
plasma samples by Sep—-pak method. The HPLC system consisted of a
C-18 column, a mocbile phase of 0.01 M HyPO4 in 32 % acetonltrlle
and a flow rate of 1.C ml/min.
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{

sample* injection peak height coefficient
(DQX-DAU) volume ratic cf variation
(ng/sample) (ul)

50-800 100 0.2308+0.0057 2.46
100-800 100 0.4446+0.0205 4.62
200-800 100 0.7579+40.0172 2. 26
400-800 75 1.3191+0.0612 4.64
600-800 75 1.1729+40.0408 z. 36
800-800 50 2.3547+0.7794 7.62

1000-800 50 2.5961+0.0998 3.84
1200-800 40 3.3504+0.1051 3.14
1400-800 30 4.7392+0.1543 3.26
1600-800 30 _ - 5.176340.2663 5.14
1800-8400 25 5.9337+0.3815 6.43
2000-800 25 7.402240.6456 8.72

* The samples are expressed as the concentration of
doxorubicin (DOX) and daunorubicin (DAU) in ng/sample.
Since the final sample volume was approximate 1 »l,
this expression was similar to that used for the
the plasma samples.

Table 3. The peak height ratios of the standard curve of spiked
liver samples by Sep-pak method. The HPLC system sonsisted of a
C-18 column, a mobile phase of 0.01 ¥ NH4H.PO4 solution and
methanol (40:60) and a flow rate of 1.0 ml/min. ‘
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sanple* ihjection peak height coefficient
(DOX-DAD) volume ratio of variation
(ng/sample) (ul)

30-1000 120 0.0627+0.0060 | 9.54
100-1000 100 0.1666+0.0106 €.39
200-1000 100 0.430840.0128 2.96
400-1000 100 0.7896+0.0169 2.14
800-1000 50 1.2831#0.0159 1.24

1200-1000 30 | 1.8715%0.0376 2.01
1600-1000 20 2.4533+0.1242 5.06
2000-1000 20 3.1644+0.0518 1.64
2400-1000 14 3.7609+0.0912 2.43
2800-1000 14 4.8768+0.2053 4.21

* The samples are expressed as the concentration of
doxorubicin (DOX) and daunorubicin (DAU) in ng/sample.

Table 4. The peak height ratios of the standard curve cf spiked
kidney samples by Sep-pak method. The HPLC system consisted of a
C-18 column, a mobile phase of 0.01 ¥ NH4H;EO1 solution and
methanol (40:60) and a flow rate of 1.0 ml/min.
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