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The stability of 1 3-bis(2-chloroethyl)-1-nitrosourea

(NSC 409962)(BCNU) was investigated in several buffered

aqueous media, in mixed solvent and in nonaqueous solvent

systems, and in the presence of several electrolytes and

nonelectrolytes. The degradation rate constant of BCNU in

these systems was calculated from the parameters of the

linear regression of the logarithm of BCNU remaining on time.

The calculated degradation rate constants in buffered

aqueous media were utilized to ascertain both the presence

of a pH at which minimum degradation ocurred and the value

of this minimum pH. The existence of specific base catalysis

and absence of specific acid catalysis were observed. In

addition, evidence for the presence of general acid catalysis

and no evidence for general base catalysis were found.

The apparent activation energies for BCNU degradation

in the buffered aqueous media were calculated. An apparent



relationship between pH and the activation energy was

observed. This relationship was found to be log - linear

with a positive slope. This relationship is probably due

to the effect of the activation energy for the specific base

catalytic rate constant on the apparent activation energy

of degradation.

The calculated degradation rate constants for BCNU in

mixed and nonaqueous solvents revealed that the degradation

rate constant decreases as the dielectric constant decreases.

The activation energy for BCNU degradation in these solvents

indicated the lack of a relationship between the apparent

activation energy and macroscopic dielectric constant.

From the studies in several electrolytes no consistent

effect of ionic strength on BCNU stability could be observed.

The degradation rate of BCNU in the presence of several non-

electrolyte compounds disclosed no effect either to enhance

nor diminish the stability of BCNU when compared to unbuff-

ered aqueous media.

An effect on BCNU stability of a hydrophilic surfactant

at several concentrations was not observable. On the other

hand, in the presence of a comparatively hydrophobic surfac-

tant, the degradation rate constant for BCNU was found to

be about one half that in unbuffered aqueous media. This

effect may be attributable to the stabilizing effect of the

micelles formed by the surfactant in which BCNU is solubil-

ized and protected against solvolysis.



Several recommendations aimed toward the logical devel-

opment of an optimum parenteral formulation for 1,3-bis(2-

chloroethyl)-l-nitrosourea were made as well as the rationale

supporting these suggestions.
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Preformulation Studies with 1,3-Bis(2-
chloroethyl)-1-nitrosourea(NSC 409962)

I. Introduction

Cancer is regarded as a major health menace in the

world today. The various forms of cancer result in about

380,000 deaths in the United States yearly (1), Of the

several means of treating neoplastic disease, treatment

with drugs has received a great deal of research attention,

Several thousand chemical agents are systematically screen-

ed yearly for antineoplastic activity. Among those chem-

icals screened, a small percentage exhibit activity and are

further tested for clinical utility. Many chemical classes

of drugs have been studied and several have shown antineo-

plastic activity. Of these, the nitrosoguanidines (Fig, 1)

and nitrosoureas (Fig. 2) show promise as a source of im-

portant therapeutic agents in the treatment of cancer.

NO NH

I II /N -C -N
R"

NO 0 Rt
I II

R-N C N

R"

General Nitrosoguanidine General Nitrosourea
Figure 1 Figure 2

A nitrosoguanidine, 1-methyl-l-nitroso-3-nitroquan-

idine(NSC 9369) (Fig. 3), was found somewhat effective in

treating mice inoculated with L1210 leukemia (2,3). This



finding prompted investigation into structurally related

compounds including 1-methyl-nitrosourea (Fig. 4) (4).

The activity exhibited by NSC 9369 prompted synthesis

and testing of several of its homologs as well as homo-

logs of structurally similar nitrosureas (5,6,7,8,9).

Of the many nitrosoureas synthesized and tested for anti-

neoplastic activity, one of the most promising was 1,3-

bis(2-chloroethyl)-1-nitrosourea (BCNU, NSC 409962) (Fig.

5). This compound was found to be effective in treating

L1210 leukemia including cases in which the central ner-

vous system was involved (10,11,12,13).

NO NH ON 0
I II I IIH3C-N- C NHNO5 H3C- N -C- NH2

1-methyl-l-nitroso- 1-methylnitrosourea
3-nitroguanidine Figure 4

Figure 3

NO 0 H

II I

CI -CH2-CH2- N- C-N- C112-CH2-CI

1,3-bis(2-chloroethyl)-1-nitrosourea
Figure 5

As with most compounds with potential for use in

neoplastic disease, BCNU has been tested for effectiveness

against many types of cancer and has shown varying degrees

of activity against different forms of cancer (3,14,15).

BCNU has shown its greatest therapeutic promise as



3

the sole therapeutic agent in the treatment of cerebral

neoplastic disease, and in combination with other agents,

such as cyclophosphamide (NSC-26271; CytoxanR) (Fig. 6),

arabinosylcytosine (NSC-63878; CytosarR) (Fig. 7), and

methotrexate (NSC-740) (Fig. 8) in the treatment of sev-

eral other neoplastic diseases (11,16,17).

0
0 CF12-C1-12- CI

N,
CH2- CH2- CI

Cyclophosphamide
Figure 6

Oy-N NH2

OH

Arabinosylcytosine
Figure 7

0=C- NH-CH CH2 CH2COOH

COOH

Methotrexate
Figure 8

Because BCNU crosses the blood-brain barrier more readily
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than many other therapeutic agents, its most noteworthy

clinical potential resides in the treatment of neo-

plastic disease of the central nervous system (11).

A great deal of experience with BCNU in both animal

and human clinical trials has been obtained (3,17-19).

Despite the clinical experience and the fact that BCNU

has been in Investigational New Drug status for several

years and a New Drug Application has been filed by Bristol

Laboratories, BCNU has not yet been introduced into the

marketplace.

One possible reason for the delay in marketing BCNU

is its toxicity, especially since BCNU is known to elicit

an anomalous delayed toxic reaction (3,17,20-22).

This delayed toxicity is manifested approximately three to

four weeks following administration and has been seen in

both test animals and man. Toxic effects are manifested

in the hematopoietic system as leukopenia and thrombo-

cytopenia, and by hepatotoxicity as evidenced by elevated

serum glutamate-oxaloacetate transaminase (SGOT) and renal

toxic effects as evidenced by elevated blood urea nitrogen

(BUN) (3,11,20,23).

In addition to the usual curiosity directed at deter-

mining why a drug acts as it does, the delayed toxicity

which BCNU demonstrates has spurred activity in elucidating

the mechanism of action of this drug. Current evidence
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suggests that BCNU is an alkylating agent though the

evidence is not unequivocal (10,16,24-27).

In addition to being life sustaining therapeutic

agents, nitroso-compounds are of interest as environ-

mental toxicants. These toxicants are principally

nitrosamines occuring in such things as tobacco smoke,

smoked nitrite-treated food products, and smog. As a

result, there has been some work involving in vitro

reactivity of several nitroso-compounds with materials

of biological interest, primarily thiols such as cysteine

and S-methylglutathione (28,29). Experiments have shown

that a nitrosoguanidine can react with cysteine (29) to

produce chromatographically resolvable products which are

the same as those produced by a reaction of a methane

diazohydroxide with both cysteine and S-methylglutathione

(28). It has been suggested by several authors that BCNU

degrades with an analogous alkyl diazohydroxide as an

intermediate (13,24).

Uncertainty of mechanism and significant toxicity

have not proved insurmountable in the introduction of

other therapeutic agents. However, these facts when

combined with the interest in other nitroso-compounds as

environmental toxicants may have resulted in enhanced

regulatory caution which has delayed introduction of BCNU

onto the market.



II. Stability Studies in Solution

A. Nitroso-compounds

Prior to the interest in nitrosoureas as therapeutic

agents, a study with the nitrosourea, 1-methyl-l-nitroso-

urea (NSC-23909), indicated it was unstable in aqueous

solution (31). Later, work with a nitrosamide-containing

antibiotic, streptozotocin, demonstrated the lack of

aqueous stability of the compound (32). Following the

systhesis of BCNU, the kinetics of its degradation were

considered to a limited extent and substantiated the an-

ticipation that this nitrosourea also is unstable in

aqueous media (13,24). Before the formulation of a

therapeutic agent such as BCNU in which stability is a

major factor can take place, a study in which the kinetics

of stability of the therapeutic agent are considered under

conditions approximating conditions of use and storage

would seem of fundamental concern (33). These studies

could provide valuable input into the formulation inves-

tigations enabling a more efficient path toward attain-

ment of a clinically optimal formulation. Because BCNU

is most often administered in solution and predominantly

via the intravenous route (3,17), consideration of its

stability in various aqueous media as well as in non-

aqueous or mixed solvents suitable for intravenous use
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would be desirable. To accomplish this end, an under-

standing of the kinetic principles of the compound in

solution is indicated.

B. General

The effects of solvents and other adjuvants on

drug degradation under some constant conditions can most

often be described according to the first power of the

drug concentration (34). A nitroso-containing compound

related to the nitrosureas, as well as several nitroso-

ureas, has demonstrated first order rate dependency (13,

24,32,35,36). While existence of apparent first order

kinetics for BCNU is well substantiated, from a thera-

peutic standpoint it would matter little if first order

kinetics did not apply. This is due to the observation

that from zero to about 20% degradation, which includes

the acceptable therapeutic limits which are about 10%

degradation, the appearance of the degradation profile

of all drugs, whether following zero, first, or second

order kinetics, is quite similar (37).

The primary degradative reaction of drugs in solu-

tion is solvolytic in nature and related to some power,

usually the first, of the solvent concentration. However,

although the solvent is involved in the reaction, because

of its extreme molar excess, the solvent concentration
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remains essentially constant over the course of the

reaction compared with the drug concentration. Because

the solvent concentration remains essentially constant, the

order of the reaction is referred to as apparent or pseudo-

first order and the solvent concentration is included in

the apparent first order rate constant.

The first order rate constant derived from the con-

centration-time relationship is (38):

In c(t) = -kt + In c(o) (Equation 1)

where In c(t) = natural logarithm of the concentration at
time, t

k = apparent first order rate constant(time -)

t = time

In c(o) = natural logarithm of concentration at time,
0

Equation 1 is obtained from integrating the rate ex-

pression describing the instantaneous rate of change of

drug concentration with time (39):

dc = -k c(t) (Equation 2)
dt

From equation 1, one can estimate the half-life or thera-

peutic life expectancy of the drug for the conditions under

which the equation was obtained (40).

The study of the temperature dependence of the degra-

dation of a particular drug is of interest in two notable

circumstances. In the first, estimation of the useful

shelf life is possible through accelerated stability anal-
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ysis. This technique is beneficial in circumstances in

which observation of the drug formulation under conditions

of actual storage for the necessary time is impractical.

Rigid adherance to the results obtained by these studies

may, however, result in misleading conclusions (34). In

the second application, the study of temperature dependence

provides data useful in determining desirable storage cri-

teria for useful formulations.

Quantitative determination of the temperature depen-

dence is obtained by generating rate constants with all

conditions constant except the temperature. The relation-

ship is found using a form of the Arrhenius equation (41):

where

or:

k(T) = A e (-AO/RT)

A = frequency factor

AH* = heat of activation

R = gas constant

T = temperature, 01.

In k(T) = In A - AO/R(1/T)

(Equation 3)

(Equation 4)

The frequency factor, A, contains two components, the

entropy factor, el\S*/R, and a transition state decomposition

factor, kT/h or RT/Nh, in which AS* is the entropy of acti-

vation, k is the Boltzman constant, h is Planck's constant,

and N is Avogadro's number (42,43). The frequency factor

may be regarded as nearly constant since the change of

(k T/h)(eASI/R) is negligible compared with the large
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changes in e (- H /RT )
(44). That is, the change in

In A or ln(kT/h) +ASt/R is very small compared to the

absolute magnitude of the change inAH /RT. If the

transition state of the reactants closely resembles the

reactants thenAS:z."0 and A'.:%kT/h or Al7e2 x 1010T (45,46).

Conversely, the entropy of activation may differ from

zero. The entropy change may be positive or negative

depending on the extent of rearrangement in transition

state formation (46). When a reaction takes place in

different solvents the frequency factor may differ among

the solvents while the activation energy remains approx-

imately constant. This phenomenon results from changes in

the solvation of the reactants in the different solvents

(47). When both the frequency factor and the activation

energy change in different solvents, this is known as the

Compensation Effect and in some cases has been shown (48)

to follow either

lnA=b0 + b1 E (Equation 5)

or AS /R = bo + b' AHt (Equation 6)

where bo, bj) = intercept of straight line

b1 b' = slope of straight line
1, i

A common means of stabilizing formulations is through

the use of mixtures of solvents or non-aqueous solvents.

However, the influence of a change in solvent on drug deg-

radation rate is complex and not generally predictable (34,
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49). The solubility parameters of the reactants and

transition state complex in a solvent have an influence

on the rate of degradation. Simply stated, if the "po-

larity" of the products resembles that of the solvent

the reaction rate will be greater than in an ideal solu-

tion while if the "polarity" of the reactants resembles

the solvent the reaction rate will be less than in an ideal

solution (50,51). An ideal solution here means one which

will have no effect on the reaction rate. The dielectric

constant is a readily measured property of solvents and

solvent systems and is related to the "polarity" of the

solvent. A solvent or solvent system with low dielectric

constant will have low "polarity". However, replacement

of aqueous vehicles in attempts to retard degradation by

lowering the dielectric constant may not succeed in en-

hancing the stability of the drug (52). The lack of

success is likely to occur in systems in which the pro-

ducts of the degradative reaction have low "polarity"

like that of the vehicle. Therefore, a study of the

solvent effect on stability, especially when the solvent

system has been advocated as a means of enhancing solu-

bility, is desirable to circumvent potential false starts

in formulation. The quantitative relationship between

dielectric constant and reaction rate is expressed as (53):



e I \
In K In Kg + I
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where kg = rate constant in gas phase

E = dielectric constant
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(Equation 8)
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When the reaction involves two ions, the terms in-

volving zi are included and those involving p are dropped.

On the other hand, for reactions between dipoles having no

net charge the zi = 0 and drop out. For reactions between

a dipole and an ion all terms are included, though the

terms involving z are frequently small (53). Caution is

indicated in interpreting results obtained using Equations

7 and 8 since the relationship is not rigorously quan-

titative due to local effects on dielectric constant by

reactants, thereby limiting results to the appropriate

sign and order of magnitude of the effect (46,54,55).

In addition to dielectric constant of the solvent

system the ionic strength or total ion concentration of

the system plays a role in modifying the magnitude of the

rate constant and is referred to as a primary salt effect.

The quantitative relationship is (56,57):

log K = log Ko + 2QZAZBI2 (Equation 9)

where
Q=

N2e3 (2 ) 1/2 2636

2.303( KT)3I (l000) 2 T3'1

ZAZi= net charge on A and B, respectively

K,K0 = rate constants at observed ionic strength
and at zero ionic strength, respectively

N = Avogadro's number

e = electron charge

Equation 9 predicts that the rate constant will increase
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with ionic strength for ions of like charge, will de-

crease with increasing ionic strength for ionic species

of opposite charge, and is not affected by increasing

ionic strength for uncharged reactants (57). Because

Equation 9 was derived, and only holds rigorously for

very dilute solutions, further treatment is necessary if

only one of the species is ionic or if the ionic strength

is considerable. In this case the dependency of the rate

constant on ionic strength becomes (58):

In K = In Ko + (bA + bB Jot) I (Equation 10)

where bA,b = coefficients introduced by Huckel re-
lated to the activity of A, B, and ac-
tivated complex (0, respectively.

The effect on reaction rates of weakly electrolytic

species by added salts is known as secondary salt effect.

This effect is due to an ionic effect by these added salts

on the dissociation of the active species (59,60).

The rates of many reactions are affected, not only by

dielectric constants and ionic strength of solvent systems,

but also by the presence of a catalyst. For drugs in solu-

tion, some of these catalysts may be either hydrogen ions,

hydroxyl ions or both. When these species are responsible

for the catalysis, the drug degradation reaction is said

to undergo specific acid-base catalysis (34,61,62). The

relationship of the rate constant and the hydronium and

hydroxyl ion concentration is (34,62,63):
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K = Ko + K
H+

+ KOH [01r1 (Equation 11)

where K0 = rate constant for uncatalyzed reaction in

KHA-,K0H

[HI [OHj

the solvent

= catalytic rate constants for hydrogen and
hydroxide ion, respectively

= concentrations of hydrogen and hydroxide
ion, respectively.

A more convenient form may be obtained by using the re-

lationship: Kw = 1111-] thereby giving:

K = Ko + KH+ + KoHKw/ [H+] (Equation 12)

and K = Ko + Kw/ [OFF] + KOH pr] (Equation 13)

It should be noted that in many cases either the term in

[1-1 or [01-1] is negligibly small compared to the other

term and may be neglected. If the equation is rearranged,

and the hydroxide ion concentration is negligible, then:

K - K = K [H1
H.

(Equation 14)

Similarly, on rearrangement of Equation 11 where, in this

case, the hydrogen ion concentration is negligible, then:

K - Ko = KOH )1-11

Taking the logarithms

KOHKw/

of both sides

(Equation 15)

of Equation 14 and 15

gives Equations 16 and 17, respectively (34,62,64):

log K' = log K + log [H +] = log KH+. - pH (Equation 16)

log Ku = log KOHKW - log[H1 = log KOHKW pH (Equation 17)
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where 10 K" = K - K0. It can be seen that both

Equations 16 and 17 are equations for a straight line.

If the rate constant data are plotted as log K vs. pH, a

slope of -1 is indicative of specific hydrogen ion catal-

ysis (34,62,64). Regions of nondependence of the magni-

tude of the rate constant on pH are attributable to un-

catalyzed solvent reaction. The rate constant vs. pH

profile may elucidate both specific hydrogen and hydroxide

ion catalysis, catalysis by only hydrogen or hydroxyl ion,

or no catalysis whatsoever. If the rate constant vs. pH

profile exhibits deviations from expected behavior, that

is, slope of other than +1, the system may likely be catal-

yzed by species present in the system other than hydrogen

or hydroxide ion. These species are classified as general

acid-base catalysts (34,65,66). The rate constant may be

generalized for catalysis by both acids and bases as (34):

/C0-1-1KH-1- [111 K"rtill HAI

KAi + K
B [B.] + KBHt H1 (Equation 18)

where K K-KKHA.., A.' B.' B.11-1- = catalytic constants for gen-
eral acid, general acid con-
jugate base, general base, and
general base conjugate acid,
respectively

HA. = general acid

= conjugate base of general acid

Bi = general base
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BiH+ = conjugate acid of general base

The summation symbol is used when several catalytic

species are involved. These catalytic species may be from

chemically different catalytic agents, from sequential

stages in the ionization of a single multiprotic or multi-

basic compound, or both. However, it is unlikely under

one set of experimental circumstances that both acids and

bases as well as their conjugates would be present in

effective catalytic quantities, thereby somewhat simpli-

fying measurement of their effects.

When the reaction rate is plotted against pH with

ionic strength and other effects held constant, and the

slope deviates measurable from +1, depending on pH region,

this effect may be ascribed to general acid or base catal-

ysis by one or more of the species in Equation 18 (50).

Several other factors may affect the reaction rate

constant. Some brief comments about these are warranted.

One of these is the effect of viscosity which is known to

play a role in diffusion controlled reactions. This effect

is demonstrated in a change of the frequency factor in the

Arrhenius equation (67). Another factor which might affect

the reaction rate constant is the concentration of sur-

factants for poorly soluble drugs. These drugs with poor

aqueous solubility would, in the presence of surfactants

whose concentration exceeds their Critical Micelle Concen-
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tration, tend to partition preferentially into the lipid-

like interior of the micelle. Drugs thus solubilized may

be stabilized against hydrolytic degradation. However,

whether drug stability is enhanced or not is dependent on

several factors including the chemical nature of the sur-

factant and the magnitude and sign of the charge on the

micelle, if any, resulting from the chemical nature of the

surfactant (68).

III. Analytical Measurement of Nitroso Compounds

In order to evaluate the stability of a drug, consid-

eration must be given to the means of monitoring the amount

of intact drug present in the various systems under study

at various time intervals. Until quite recently, analyti-

cal methods for nitroso-compounds were comparatively ne-

glected (69). Interest in sensitive analytical methods

has increased due to potential environmental contamination

by carcinogenic nitroso-compounds (70,71). The principal

group of nitroso-compounds under scrutiny are the nitro-

samines which, as mentioned previously, are present in

such items as tobacco smoke and cured food products. Ana-

lytical methods useful for nitrosamines have proliferated

(72,73,74,75). Among the analytical methods for nitro-

samines are those utilizing gas chromatography both in

which the nitrosamine is converted to nitroamine and the
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nitroamine then quantitated (72,76) and in which the

nitrosamine is measured directly using gas chromatog-

raphy coupled with a mass spectrometer which detects the

NO+ fragment (73). Polarographic techniques have been

utilized in quantitating aromatic nitroso compounds (77),

the nitrosomethylamide containing antibiotic, streptazo-

tocin (32), and several N-methyl-nitrosoureas as well as

BCNU (78). Oxidation-reduction titrimetry has been found

useful for selected nitroso and nitro compounds using

titanous chloride and ferric ion under an inert atmosphere

(79,80) as well as a technique utilizing, in sequence,

ferrous sulfate, sulfuric acid, ammonium thiocyanate and

finally titration with mercurous nitrate (81).

Methods which have been more widely employed to this

time are the spectrophotometric or colorimetric methods.

Included in these is a reflective spectrophotometric

method by which nitrosamines are detected in cetyl alcohol

solution. Unfortunately, reflectance is not strictly pro-

portional to concentration (82). Spectrophotometric

methods in the 230-260 nm. region are commonly used to

quantitate various nitrosoureas including BCNU (13,24,35,

36,78,83). Linear sensitivity is reported between 10 and

50 mcg./ml. (13). However, a potential ambiguity is

reported since the wavelengths of absorbance by the nitroso

group and the azo group are similar. Because an inter-
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mediate in the degradation is said to contain an azo

group, this coincidence of absorbance could yield mis-

leading results (13). To circumvent this asserted am-

biguity, severalcolorimetric techniques have been devel-

oped and some are specific for nitrosamines (32,84,85,

86). An automated colorimetric method for nitroso com-

pounds utilizing the Technicon AutoanalyzerR with sen-

sitivity to about 1 mcg./ml. has been described (87).

All these methods are based on the Griess Reaction

(88) in which the nitroso compound is decomposed under

acidic conditions which generates nitrous acid. The in

situ generated nitrous acid reacts with sulfanilic acid

forming a diazonium compound which then is conjugated

with either 1-naphthylamine hydrochloride (89) or N-(1-

naphthyl)ethylenediamine dihydrochloride (32,86). This

conjugate is quantitated colorimetrically at 550 nm. A

colorimetric method with good sensitivity (0-5 mcg. /ml.)

has been described which is a modified Bratton-Marshall

procedure. This technique measures BCNU in both simple

solution and after extraction from biological samples.

Acidic degradation of the nitroso compound yields nitrous

acid which forms a diazonium salt with sulfanilamide.

This conjugate is then coupled with N-(1-naphthyl)ethyl-

enediamine dihydrochloride to form a colored complex

which is quantitated colorimetrically at 550 nm. (90).
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The methods based on the Griess reaction and utilizing

a modified Bratton-Marshall procedure are the same for

the most part. The only difference in the quantitation

of nitroso-compounds is the choice of the sulfa compound

to be diazotized.

IV. Purpose of Study

Few studies directed toward optimizing a parenteral

formulation for BCNU have been published. Studies to

date have emphasized technological considerations such as

lyophilization of drug solutions and dry-filling with

sterile solids (30,91,92). A formulation for clinical

use has been prepared by dry filling vials with sterile

solid BCNU and sterile, screened mannitol (91,92). Al-

ternately, a solution of BCNU in absolute ethanol is

filtered through a Millipore 0.25/u UG membrane and

lyophilized (30,91). It is recommended for the above

formulations that they be used within one hour and two

hours, respectively, following reconstitution with ethanol

and dilution with saline (30,92).

The lack of an adequate dosage form might be contrib-

utory toward delay of introduction of BCNU onto the market.

Criteria for a "suitable" formulation might derive from the

demands of the clinician. From the clinicians' viewpoint a

formulation should meet several criteria including posses-
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sion of adequate shelf-life, should be convenient to

handle and use, and should not induce extraneous toxi-

cological consideration. Some BCNU formulations used in

trials possessed clinically useful lifetimes which were

remarkably short. For example, a formulation used in

clinical trials directed the clinician to reconstitute

and administer the dosage form within two hours. Recent

work indicates that major improvement in this area has

not been forthcoming (30).

Quantitation of the degradation rate of BCNU in vitro

generates data useful in preformulation, formulation, and

clinical use studies. These data are useful in directing

investigations into the nature of the formulation dictated

by the degradation profile, such as, a formulation neces-

sitating extemporaneous reconstitution or refrigeration.

Further, these data facilitate development of guidelines

for more effective in vivo utilization of the formulation

and in generating an estimate of the therapeutically use-

ful lifetime of a particular formulation (37).

Kinetic studies of BCNU degradation have not addressed

themselves in most cases to consideration of circumstances

of interest in preformulation investigations. Rather,

their work has been directed toward the isolation of end

products of decomposition in various media (24) or estab-

lishing bases for evaluation of pharmacokinetic behavior
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(13). Tangentially, it seems, these studies have in-

cluded data useful in design of optimum formulations.

This dearth of preformulation information regar-

ding BCNU, as well as other antineoplastic nitrosoureas

of clinical interest, has prompted the present investi-

gation. It is anticipated that the formulation derived

from these studies will enable formulation of a dosage

form of BCNU whose clinically useful lifespan is greater

than is currently available. While, obviously, other

clinically interesting nitrosoureas do not have identical

physicochemical properties, it is hoped that the similar-

ities will permit the use of data obtained for BCNU as

guidelines for rational improvement or development of

formulations for other nitrosoureas.

In the course of this investigation with BCNU, the

stability of BCNU was studied: 1) in several solvent

systems and in several buffered systems which are approved

for use, and have previously been used, parenterally; 2)

in the presence of several adjuvants which possibly would

be added to or be present in a formulation; 3) in the

presence of adjuvants which might be contained in fluids

used to dilute the formulation for parenteral administra-

tion. These studies have taken place under several temper-

ature conditions to study the temperature dependence of

BCNU degradation under various environmental conditions.
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The data collected were analyzed to provide a composite

of BCNU degradation rate dependencies providing guidance

in the preparation of rational dosage forms of BCNU.
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Experimental

Degradation Experiments

Studies were set up in the following manner. All

media prepared as described in the Appendix, were pre-

equilibrated to the temperature at which the experiment

was to be run. In ambient temperature (22 +1°C) and

physiological temperature (37.0 + 0.5°C) experiments, the

media were allowed to equilibrate for at least 16 hours

prior to initiation of the experiment in the laboratory

and a forced air oven, respectively. For experiments at

reduced temperature the media were chilled in an ice bath

(1.0 + 0.5°C) for at least 15 minutes prior to initiating

the experiment.

To the volume (ca. 40-45 ml.) of pre-equilibrated

media was added 1.0 ml. of the BCNU stock solution (1 mcg.

/ml.) and the volume rapidly brought to 50 ml. with the

appropriate media, shaken, and the time recorded. A zero

time sample (0.2 ml.) was taken for analysis and the ex-

perimental solution stored in the appropriate temperature.

At designated time intervals a sample volume was removed

for analysis. The sample size varied among 0.2, 0.5, 1.0,

2.0 ml. The criterion used to determine the actual sample

volume removed was that the measured apparent concentra-

tion should not fall below 1.0 mcg./ml. nor exceed 5.0 mcg.
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/ml. with an optimum range of 2-4 mcg./ml. The sampling

time interval depended in part on previously observed or

anticipated rate of degradation.

The sample was analyzed using the method of Loo &

Dion (90) described in the Appendix. The measured %

transmittance was converted to concentration in mcg./ml.

using the standard curve. The time of sampling was

recorded in hours with the exception of systems in which

degradation proceeded sufficiently rapidly to warrant

use of minutes.

Calculation

The logarithm of the concentration of BCNU remain-

ing, in mcg. /ml., was plotted vs. time and gross esti-

mates of the suitability of the apparent first order model

were ascertained. A Least Squares regression of the na-

tural logarithm of BCNU concentration on time was calcu-

lated and the linear parameters estimated using sub-

routines from the Statistical Interactive Programming

System (SIPS) of the OS-3 system at Oregon State Univer-

sity (93). The standard error of the linear parameters,

the slope and intercept, were also calculated and tabu-

lated.

Curvilinearity was estimated qualitatively by exami-

nation of residuals (94) as well as more quantitatively
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by utilizing a multiple regression of the natural log-

arithm of BCNU concentration on a third degree poly-

nomial in time (94,95). The multiple regression was

performed in a forward stepwise manner and an Analysis

of Variance (ANOVA) was calculated at each step to enable

visualization of the individual variance contribution or

the linear, quadratic, and cubic components (94).

The dependency of the degradation rate constant on

reciprocal dielectric constant, ionic strength, and tem-

perature, was determined using a Least Squares regression

of the natural logarithm of the rate constant on the app-

ropriate independent variable and the regression coeffi-

cent(s) were computed. Evidence for specific acid and

base catalysis was obtained by regression of the loga-

rithm of the rate constant on pH separately for the regions

of apparent negative and positive slope. Homogeneity of

the activation energy in buffered aqueous systems as well

as that in solvent systems was evaluated using covariance

analysis (96).
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Results and Discussion

Several criteria were used in selecting the analy-

tical method of choice. The method chosen should unam-

biguously measure BCNU, be readily adaptable to large

numbers of samples, be free from interferences, not require

inaccessible equipment, utilize techniques familiar to or

readily learned by, the investigator, and be sensitive to

BCNU.

While methods utilizing gas chromatography coupled

with a mass spectrophotometer are specific and sensitive,

the coupled equipment was not readily accessible. Polar-

ographic and redox titrimetry were not sufficiently spe-

cific. Results from polarographic analysis were dependent

on both temperature and pH (78) while the redox titri-

metric methods required stringent exclusion of all oxygen

(80). Spectrophotometric techniques were suitable in all

respects save sensitivity and lack of ambiguity (13,90).

By this elimination procedure a colorimetric technique was

chosen. The Bratton-Marshall reaction method (90) and a

method using the Griess reaction (86,89) were compared.

From this comparison the Bratton-Marshall procedure was

chosen since under conditions of comparison the Bratton-

Marshall technique possessed lower minimum sensitivity;

that is, the concentration-transmittance curve was linear

to about 0.5 mcg./ml. Also, the slope of the concentra-
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tion vs. logarithm of transmittance standard curve had

greater absolute magnitude indicating greater sensitivity.

Using the method of Loo and Dion (90), the standard

curve generated was found to be linear between 0.5 mcg./ml.

and about 7-8 mcg./ml. Therefore, a conservative useful

range was chosen between 1.0 mcg./ml. and 5 mcg./ml. When

subsequent batches of reagent solutions were used neither

batch nor time dependent variation in results were found.

Since no substantial variation was detectable, all color-

imetric readings were converted to concentration using a

standard curve generated from the pooled data.

The apparent first order degradation rate constants

for BCNU were computed from a linear regression of the

amount of BCNU remaining on time using Equation 1. The

degradation rate constants computed for BCNU in several

buffer systems appear in Tables I, II, III, and IV.

Examination of the linear regression lines for the data

revealed no significant departures from linearity for

the data when examined for quadratic and cubic curvature.

Gross inspection of the tabulated data reveals an apparent4

minimum between approximately pH 5 and pH 6. When the

rate constants for the buffer solutions are plotted as

logarithm of rate constants vs. pH, the degradation rate

minimum appears between pH 5.2 and pH 5.5. The rate

constants computed at a particular pH, regardless of the



TABLE I: Degradation Rate Constants for BCNU in
Citrate Buffer

Rate Constant (104hr.-1)(S.E.)

Temperature( °K): 278 295 310

pH 3.0 10.2(0.40) 127.6(4.01) 173.3(29.87)

pH 4.0 8.9(0.29) 103.7(4.04) 182.7(31.52)

pH 5.0 7.9(0.35) 116.2(5.02) 424.7(26.36)

pH 6.0 10.9(0.24) 159.8(14.48) 584.8(62.24)



TABLE II: Degradation Rate Constants of BCNU
in Acetate Buffers

Rate Constant (10 4
.-1)(s.E.)
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Temperature(°K ): 278 295 310

pH 3.6: 8.2(0.23) 110.0(1.42) 142.4(26.90)

pH 4.0: 8.3(0.33) 106.8(2.95) 271.9(45.04)

pH 5.0: 7.8(0.20) 74.2(5.56) 252.8(59.53)



TABLE. III: Degradation Rate Constants for BCNU
in Phosphate Buffers

Rate Constant (10
4

hr.
-1

)(S.E.)

Temperature(°K): 278 295 310

Ionic Strength: 0.2

pH 6.0 12.6(0.30) 197.2(3.11) 1281.5(83.98)

pH 6.6 22.8(0.45) 353.3(24.20) 2818.4(85.51)

pH 7.6 58.9(2.82) 1069.0(24.34) 5428.9(549.29)

Ionic Strength: 0.05

pH 6.0 12.9(0.22) 179.4(24.89) 1395.2(31.18)

pH 6.6 24.5(0.45) 397.2(11.48) 2922.4(81.61)

pH 7.6 68.2(1.17) 1053.3(20.98) 7431.1(384.5)



TABLE IV: Degradation Rate Constants for BCNU in
Barbital Buffer

Rate Constant (104hr.-1)(S.E.)

Temperature ( °K): 278 295 310

pH 7.4 55.7(0.92) 1044.7(85.55) 6946.1(116.88)

pH 8.0 86.8(1.53) 3990.1(600.96) 13204.0(135.82)

pH 9.0 314.5(7.35) 11944.0(552.92)
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buffer system, remain similar, indicating the lack of

catalysis by any one buffer species.

While the degradation rate constant calculated for

a single experiment are quite precise, there is, in some

cases, considerable variation between replicate exper-

iments. An explanation for this occurence is not apparent.

Some variation might be attributable to minor changes in

the pH of the buffer system (A- 0.05 pH units) or minor

temperature fluctuations due to these factors may be suf-

ficient when combined with expected variation to account

for the observed differences.

Of fundamental interest in a study of degradation in

solution is the presence of either specific or general acid

or base catalysis of the solvolytic degradation under study.

Specific acid catalysis is detectable using Equation 17 in

which a slope of minus one would indicate the presence of

specific acid catalysis. On the other hand a non-zero slope

significantly different from minus one would be indicative

of general acid catalysis. If no significant non-zero

regression coefficent exists then a purely solvolytic mech-

anism is said to be working. The results of regression of

the logarithm of the degradation rate constants for BCNU on

pH in acetate and citrate buffers in the range of pH from

3 to 5 are summarized in Table V. The regression coefficent

is non-zero and not equal to minus one using (97,98):



TABLE V:
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Regression of Logarithm of Rate Constant
on pH for Citrate Buffer pH 3.0, 4.0, 5.0,
and Acetate Buffer pH 3.6, 4.0, 5.0 at
278° K

Regression Coefficent (S.E.) Intercept

-0.106 (0.026) 0.001
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t
(1- = 1
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b

where, t = Student's t

1-0c= probability level

n-2 = degrees of freedom
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(Equation 19)

b.
I,

b
o
= regression coefficents of interest (i) and
the standard (o)

Sb = pooled standard error of the regression co-
efficent.

Therefore, there is no reason to expect specific acid

catalysis. Because the regression coefficent is signi-

ficantly non-zero the presence of only solvolysis is also

ruled out and general acid catalysis is likely. Determin-

ation of the catalytic constants for the general acid ca-

talysis was contemplated. To estimate the catalytic

degradation constants, a multiple linear regression is

necessary which demands that, for a meaningful estimation,

there be at least as many levels as regression coefficents

estimated. Because none of the conjugate components except

the hydroxide anion concentration could be ignored over the

pH range studied, the circumstances for both acetate and

citrate buffers resulted in one more regression coefficent

than levels of observation. Therefore, these circumstances

necessitate only a qualitative statement that general acid

catalysis exists and that the constants for the conjugate

acid-base pairs are not estimatabie from the current data.
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Detection of specific base catalysis is possible

using Equation 16 in which the logarithm of the apparent

degradation rate constant is regressed on pH. A regres-

sion coefficent of one is indicative of specific base

catalysis and general base ca.alysis occurs if the slope

is non-zero and not equal to one. Lack of a significant

non-zero regression coefficent of the logarithm of the

apparent degradation typifies conditions of uncatalyzed

solvolysis. The results of the regression of logarithm

of the apparent degradation rate constant for BCNU on pH

for citrate, phosphate, and barbital buffers in the range

of pH between 6 and 7.6 appear in Table VI and are shown

in Figures 9 and 10. The slope of the line is significantly

non-zero but is also significantly different than one by

Equation 19. This indicates that in addition to specific

base catalysis, general base catalysis was also present.

This result is disconcerting in view of the fact that when

only the phosphate buffers are used the regression co-

efficent is non-zero and not significantly different than

one using Equation 19. The results are also shown in

Table VI. While the slope with combined citrate, phosphate,

and barbital buffers appears to increase with temperature,

the slope for only the phosphate buffers shows no such

tendency. An explanation for this effect might reside in

the rate constants themselves. If the degradation rate



TABLE VI: Regression of Logarithm of Rate Constant
on pH (Specific Base Catalysis)

Temperature(°K) Regression Coefficent(S.E.) Intercept

Citrate Buffer pH 6.0;
Phosphate Buffer pH
Barbital Buffer pH

6.0,
7.4,

6.6,
8.0

7.6;

295 1.27(0.07) 8.86 x 10-6

Phosphate Buffer pH 6.0, 6.6, 7.6

278 1.01(0.04) 2.91 x 10-6

295 1.07(0.05) 3.26 x 10-5

310 0.93(0.13) 5.46 x 10-4
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constant in either the citrate or barbital buffer was

abnormally low or high, respectively, the result would be

a slope on pH greater than one. The former appears to be

the case, that is, the degradation rate constants for BCNU

in citrate buffer appear to be somewhat lower than the rate

constants in comparable phosphate buffer. This difference

seems to increase with increasing temperature. While the

difference at 278°K is consistent but not very great, the

difference at 310°K amounts to a factor of about two. Some

of this difference can be attributable to the difference in

temperature coefficents for the two buffer systems but the

magnitude of the difference in temperature coefficents is

small by comparison. That this result is anomalous is not

likely since it is consistent over all replications of both

buffers. These data indicate that at pH 6 citrate seems to

have a stabilizing effect on BCNU. While the converse, that

phosphate has a catalytic effect on nitrosourea degradation,

has been asserted (24,36) and denied (13), these data do not

support the hypothesis of phosphate catalysis. Phosphate

catalysis is not supported primarily since the degradation

of BCNU in phosphate buffers is independent of phosphate

concentration as shown in Table III. Although the mono-

hydrogen phosphate anion is said to be the catalytic species

(24,36), degradation rate determinations for BCNU at dif-

fering total phosphate concentrations, and thus differing
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monohydrogen phosphate anion concentrations, will pro-

vide a measure of any effect. Since the rate constants

at any particular pH and temperature with phosphate buffers

were the same within replication error, evidence for phos-

phate catalysis is lacking. The observation that the slope

of the logarithm of the apparent rate constant vs. pH for

the phosphate buffers is one supports the view of no cata-

lytic effect by phosphate. Finally, from observation of

Table III and IV it can be seen that the degradation rate

constants for BCNU in barbital buffer at pH 7.4 and for

phosphate at pH 7.6 are similar. This suggests that

no catalytic effect by both phosphate and barbital is

taking place. This latter would suggest gene.al base ca-

talysis rather than a specific catalytic effect of phos-

phate and monohydrogen phosphate in particular. These

observations tend to rule out the likelihood of specific

phosphate catalysis on BCNU degradation.

The temperature dependence of the apparent degrada-

tion rate constant for BCNU in the various buffer systems

provides data used in performing accelerated stability

analyses as well as generating pertinent data used in the

formulation and kinetic evaluation of the compound. The

activation energy for the degradation of BCNU in the

various buffer systems was calculated by determining the

regression coefficent for the regression of the logarithm
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of the apparent degradation rate constant on reciprocal

absolute temperature using Equation 4. The activation

energies of BCNU in the various buffer systems appear in

Table VII. From examination of the activation energies

tabulated, it appears that the activation energy is pro-

portional to the pH at which the activation energy was

calculated. To examine this possibility the hypothesis

that the activation energies are the same was tested using

ANOVA (95). The calculated values obtained appear in

Table VIII. The results indicate that the hypothesis that

the activation energies are identical should be rejected.

To examine the possibility that there is a relationship

between the activation energy and pH, a regression of the

activation energy on pH was calculated. The results are

summarized in Table VIII. While the regression of acti-

vation energy on pH is highly significant, the deviations

from linear regression are also highly significant. This

is apparent in the graph of the activation energy vs. pH

(Figure 11). This relationship, however, seems linearized

using a graph of the logarithm of the activation energy

vs. pH. These results are summarized in Table VIII and the

linear relationship is apparent in Figure 12.

This effect of pH on the activation energy might be

explicable if specific base catalysis is'assumed. Because

the rate constant used in determining the activation energy
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;TABLE VII: Activation Energies of BCNU in
Buffered Aqueous Media

Buffer and pH Activation Energy(Kcal./mole)(S.E.)

Citrate pH 3.0:
pH 4.0:
pH 5.0:
pH 6.0:

Acetate pH 3.6:
pH 4.0:
pH 5.0:

Phosphate pH 6.0:
(1=0.02) pH 6.6:

pH 7.6:

Phosphate pH 6.0:
(1=0.5) pH 6.6:

pH 7.6:

Barbital pH 7.4:
pH 8.0:

13.63 (1.56)
15.40(1.14)
18.94(1.43)
20.17(1.34)

17.29(1.98)
19.88(1.20)
19.14(0.74)

19.25(2.02)
25.55 (0.79)
24.75(0.81)

25.30(0.37)
25.95(0.35)
25.14(0.39)

25.92(0.02)
27.31(0.12)
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TABLE VIII: Examination of Homogeneity of Slope of
Activation Energy of BCNU at Several pH
Values and Regression of Activation
Energy on pH

Homogeneity of Slope:

Source of Variation df SS MS

Among Regression Coefficents

Within Regression(Weighted
Mean of Deviations)

9

14

6.8

2.4

x

x

105

10 2

7.6 x

1.7 x

104

101

Regression of Logarithm Activation Energy on pH:

Source of Variation df SS MS

Linear Regression 1 0.525 0.525

Deviation from Linear
Regression 8 0.069 0.008

Within pH groups 5 0.048 0.009

Regression Equation:

lnAH (Kcal./mole) = In 10.51 + 0.12(+0.016) pH
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is the apparent rate constant, that is, the experimental

degradation rate constant, this apparent rate constant

includes contributions of all catalytic species. Since

the microscopic rate constant for the hydroxide anion has

the greatest magnitude of the catalytic constants, the

apparent degradation rate constant for which the activa-

tion energy is calculated is:

Ko + KOH Pr] = Kapparent (Equation 20)

In fact, then, the apparent activation energy computed is

a function of the activation energy for K as well as for

KOH. Aside from demonstrating that there is a marked tem-

perature dependence of the hydroxide anion rate constant,

the results indicate that the temperature dependence of

the uncatalyzed solvolytic rate constant for BCNU is not

particularly strong.

Appropriately buffered aqueous media provide one means

of maximizing drug stability. Another means of accentuating

drug stability for some drug agents is by using alternate

solvents. By changing the solvent the dielectric constant

is altered and the degradation rate constant is affected

according to Equation 8. Caution is advised in inter-

preting the results obtained from Equation 8 since the

microscopic dielectric constant in the vicinity of the

drug molecule can differ from the macroscopic dielectric

constant due to solvation of and intermolecular forces
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affecting the drug molecule (47,54,55). The results are

best interpreted qualitatively or semi-quantitatively at

most.

Degradation rate constants for BCNU in various sol-

vents were calculated from concentration-time data in the

same manner as for aqueous buffer systems. These rate

constants are tabulated in Table IX. The rate constant

data reveal that 95% ethanol as a solvent provides a

minimum rate constant. These rate constants in 95% eth-

anol are at least half the rate constant in the next best

solvent and about an order of magnitude smaller than the

degradation rate constants using any aqueous buffered sys-

tem. The clinically useful lifespan of an aqueous buf-

fered BCNU solution is about 51/2 days (132 hours)(time for

ten percent degradation stored at 278°K at a degradation

rate of 8 x 10-4hr.-1). This is in contrast to a time

for ten percent degradation of about 78 days (about 1881

hours) in 95% ethanol stored at 278°K with a degradation

rate of 5.6 x 10-5hr.-1. It is apparent from the tabu-

lated data that the mixed solvents do result in a decrea-

sed degradation rate compared to buffered aqueous systems.

The capability of a solvent to retard BCNU degradation is

least with dimethylsulfoxide. Although dimethylsulfoxide

is not approved at this time for clinical use as a paren-

teral solvent for man, this solvent has been employed as



TABLE IX: Degradation Rate Constants of BCNU in Solvents

Rate Constant (104hr.-1)(S.E.)

Temperature ( ° K) : 278 295 310

Ethanol 2%: 13.9(0.43) 220.4(12.80) 707.3(29.30)
25%: 7.9(0.13) 192.6(4.54) 406.0(13.36)
50%: 2.4(0.12) 25.6(0.56) 149.1 (5.57)
95%: 0.6(0.18) 2.2(0.34) 10.9(0.33)

Propylene 25%: 9.709(0.20) 194.9(6.01) 151.9(11.50)
Glycol 50%: 4.572(0.16) 89.7(3.80) 275.1(5.72)

100%: 1.314(0.22) 8.5(0.46) 49.2 (1.80)

Dimethyl 2%: 13.7(0.45) 389.1(16.49) 1864.9(46.30
Sulfoxide 25%: 7.5(0.16) 240.4(15.69) 1551.2(110.70)

50%: 5.1(0.16) 74.5(1.90) 366.8(10.92)
100%: 12.2(0.28) 74.5(1.83)
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a solvent for BCNU in some animal studies. From inspec-

tion of the tabulated data the rate constants for BCNU at

all temperatures in dimethylsulfoxide concentrations of

2% and 25% are larger than attainable with buffered aque-

ous systems. At 50% dimethylsulfoxide the degradation

rate constants are about equal to those obtainable with

buffers. Only at 100% dimethylsulfoxide were the degra-

dation rate constants for BCNU lower than at comparable

temperatures in aqueous systems. BCNU degradation at

278°K in 100% dimethylsulfoxide was not studied inasmuch

as dimethylsulfoxide is a solid at that temperature. The

solid system presented sampling difficulties. More impor-

tantly, interpretation of the results would not be simple

since the possibility of "freezing out" of BCNU into con-

tact with the water (less than 0.5% in 100% dimethylsul-

foxide) exists. Since this occurence is not unlikely,

interpretation of the results would not be a simple matter.

Propylene glycol is an acceptable choice as a paren-

teral solvent (104) and would be a desirable alternative

to ethanol since the irritation potential is less and the

central nervous system effects of ethanol are absent. A

solution of BCNU in propylene glycol would not require

the volume of aqueous diluent that ethanol requires. The

BCNU-propylene glycol formulation could be administered

by slow intravenous "push" rather than fast drip. The
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maximum timespan prior to 10% BCNU degradation in 100%

propylene glycol is about 33 days (about 800 hours) at

278°K. It seems that, although the clinical lifespan,

i.e., time to ten percent degradation, of BCNU in pro-

pylene glycol solutions is about half that in ethanol and

the viscosity of 100% propylene glycol might present a

problem of syringability, the advantages over ethanol make

propylene glycol a rational possibility as a solvent.

The temperature dependence of the degradation rate

constant of BCNU in the solvents listed in Table IX was

examined and the results are tabulated in Table X. While

there appears to be no apparent trend in the magnitude of

activation energy, a common slope for the activation ener-

gies was tested for by ANOVA. The results in Table XI do

not cause rejection of the hypothesis of common slope for

the activation energies of the several solvents. In con-

trast to the activation energies for buffered aqueous

systems, there is no evidence from these data that the na-

ture of the solvent affects the activation energy. Because

the dielectric constants of these solvent systems differ,

there is no apparent effect of the dielectric constant on

the activation energy. The range of degradation rate

constants is quite broad at any temperature as evident from

Table IX and since the slopes are sampled from the same

population, there is a suggestion that the degree of sol-
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TABLE X: Activation Energies of BCNU Degradation
in Solvents and Polyvinylpyrrolidone

Solvent and Concentration Activation Energy(Kcal./mole)
(S.E.)

Ethanol 2% 21.43(1.61)
25% 21.53(3.22)
50% 22.08(0.23)
95% 15.76(0.94)

Propylene 25% 15.32(4.73)
Glycol 50% 22.21(2.23)

100% 19.33(0.50)

Dimethyl 2% 26.56(1.95)
Sulfoxide 25% 28.77(1.59)

50% 22.97(0.94)
100% 21.91( -- )

Polyvinyl- 5% 22.17(0.75)
pyrrolidone 10% 15.43(0.08)



TABLE XI: Examination of Homogeneity of Slope of Activation
Energy of BCNU Degradation at Several Dielectric
Constants

Source of Variation df SS MS

Variation among Regression
Coefficents

Weighted Mean of Deviation
from Regression(Variation
within Regression)

Common Slope:

9

12

23.29

3.80

48.5

Kcal./mole

0.42

3.46
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vation of BCNU differs in the several solvents. To

investigate further the effect of these solvents on the

degradation rate constant, the dielectric constant was

obtained. The dielectric constants for ethanol solutions

were obtained (55) and adjusted for temperature (105).

In a similar manner the dielectric constants for propylene

glycol solutions (106,107) and dimethylsulfoxide (108,109)

solutions were found and adjusted for temperature. The

dielectric constants used appear in Table XII. The log-

arithm of the apparent rate constant was regressed on the

reciprocal dielectric constant using Equation 8 and the

results are tabulated in Table XIII. The results indicate

that a decrease in dielectric constant decreases the deg-

radation rate constant of BCNU. As mentioned previosly,

since the microscopic dielectric constant is likely to

differ from the bulk dielectric constant, these data are

viewed as qualitative rather than quantitative. Therefore,

further analysis of these data was not attempted. An

implication of the data is that the products of degradation

of BCNU are more polar relative to the reactant (50,51).

The predominant route of administration for BCNU is

in a parenteral fluid. Although dextrose 5% in water and

normal saline are likely choices, a multiple electrolyte

might be used or other electrolytes might be added to the

parenteral fluid at the time of administration. The
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TABLE XII: Dielectric Constants Used(55,105,106,
107,108,109)

Temperature(°K): 278 295 310

Ethanol 25% 71.10 65.20 60.50
50% 54.50 49.80 41.00
95% 29.75 26.75 23.40

Propylene 25% 75.09 67.56 61.54
Glycol 50% 61.91 58.33 50.74

100% 34.80 31.31 28.52

Dimethyl 2% 81.53 80.90 79.13
Sulfoxide 25% 81.13 80.50 78.73

50% 79.03 78.40 76.63
100% - -- 48.75 47.63

Water 86.04 79.60 74.20

Mannitol 5% 78.80 MIS 4=1.

10% 78.50
20% 71.80 Allm =O. liMit



TABLE XIII: Regression of Logarithm Rate Constant on
Reciprocal Dielectric Constant

Regression Coefficent (S.E.)

Temperature( °K): 278 295 310

Ethanol -180.7(84.8) -193.2(31.0) -141.0(2.8)

Propylene Glycol -130.6(19.9) -176.4(12.4) -101.6(39.3)

Dimethyl Sulfoxide -355.8(2740.3) -350.6(112.1) -326.3(115.2)

Mannitol - 180.2(263.4)
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presence of electrolytes might alter the degradation rate

of BCNU by either an electronic effect, that is, an ionic

strength phenomenon or by specific catalysis by one or

more of the cations present. To examine these possibil-

ities the rate of degradation of BCNU in several single

electrolytes was studied at two concentrations. The

degradation rates calculated from the data are summarized

in Table XIV. The degradation rate constants in sodium,

calcium, and magnesium chlorides at the lower concentra-

tion are not very different. However, the rate constant

calculated in potassium chloride appears somewhat lower.

Some of the differences among the rate constants might be

attributed to the varying pH of the solutions but the

difference in degradation rate seems quite unrelated to the

apparent pH of the electrolyte systems. The degradation

rate observed, however, appear to be qualitatively the same

as those calculated for BCNU in buffered systems whose pH

is nearest that of the electrolyte solution. The excep-

tion to this is the degradation rate computed in the 1.0 M

calcium chloride system. In this system the degradation

rate appears anomalously large inasmuch as the degradation

rate constant at the lower concentration is essentially the

same as that of the several other systems.

Although some dialkyl nitrosoureas are weakly ionic

(36), no dissociation constant has been calculated for BCNU



TABLE XIV: Degradation Rate Constants of BCNU in
Electrolytes

Electrolyte Concentration Observed pH Rate Constant(104hr.-1)
(S.E.)

Potassium Chloride 0.1 M 5.85 138.8(1.48)

1.0 M 5.53 190.5(5.51)

Calcium Chloride 0.1 M 5.70 184.8(3.88)

1.0 M 5.60 492.5(23.13)

Magnesium Chloride 0.1 M 5.50 196.6(11.39)

1.0 M 5.05 169.2(6 .04)

Sodium Chloride (0.45%) 0.077 M 5.60 170.4(6.01)

(0.900)0.154 M 5.70 195.3(8.12)
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to this time. If BCNU does dissociate somewhat, the ionic

concentration of the system might be anticipated to affect

in some manner the degradation rate constant for BCNU.

This effect may not manifest itself as a primary salt

effect but may simply depress the ionization of BCNU suf-

ficiently to have some effect, that is, there would be a

secondary salt effect. The quantitative effect of ionic

strength may be estimated using either Equation 9 or 10,

depending on the ionic strength of the system. Because

the ionic strengths of the solutions were not low, Equa-

tion 10 was employed to estimate the effect of ionic

strength. The results of the regression of logarithm of

the apparent degradation rate constant on ionic strength

are shown in Table XV. Because only two ionic strength

values were used, an estimate of error and therefore the

significance of the slopes is not available. However, when

the logarithm of the degradation rate constant of phosphate

buffer at two ionic strengths with more than one replica-

tion available was regressed on ionic strength, an estimate

of the standard error of the slope is possible. The re-

gression coefficient thus obtained appears in Table XV.

When this regression coefficient was tested for signif-

icance using Equation 19, no evidence was found that the

slope differed from zero. The reliability of the ionic

strength effect in the phosphate buffer is greater than
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TABLE XV: Effect of Ionic Strength on BCNU
Degradation Rate Constant

Electrolyte Regression Coefficent

Potassium Chloride +0.35

Sodium Chloride +1.78

Calcium Chloride +0.36

Magnesium Chloride -0.06

Phosphate Buffer pH 6.0 -0.19(0.42)
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that in the single electrolytes since the pH at the two

ionic strengths is the same eliminating interference of

pH as an extraneous variable. It seems apparent that

there is no effect of ionic strength on the degradation

rate of BCNU.

It was noted previously that the two most likely

parenteral diluents were 5% dextrose and 0.9% sodium

chloride solutions. There is no apparent effect of sodium

chloride on BCNU degradation. Since dextrose solutions are

widely used in parenteral fluid therapy an investigation

of the stability of BCNU in this system is warrented. An

adverse effect of dextrose solutions on BCNU stability

might be unexpected since the dielectric constant of the

system is expected to decrease like that of sucrose solu-

tions (55), and, from previous data, the degradation rate

constant decreases as the dielectric constant is reduced.

The degradation rate constants calculated for BCNU in dex

trose solutions appear in Table XVI. The degradation rate

constant for BCNU is decreased slightly compared to purely

aqueous solutions. This difference may be due to a dielec-

tric constant effect or to a pH difference. The observed

difference in degradation rate at the two dextrose solu-

tions is not what would be expected if the dielectric

constant played a role in affecting the degradation rate.

The dielectric constant decreases as the dextrose concen-



63

TABLE XVI: Degradation Rate Constants of BCNU
in Nonelectrolytes

Nonelectrolyte Rate Constant (104 hr.
-1)

(S.E.)

Mannitol 5% 147.3(1.92)
10% 130.3(1.22)
20% 124.4 (2.49)

Dextrose 5% 132.9(1.78)
10% 141.9(2.65)

Polysorbate 0.01% 172.0(4.70)
80 0.10% 156.5(19.06)

1.00% 169.4 (4.88)
10.00% 220.3(5.21)

Sorbitan
monooleate

0.01% 95.2(2.33)
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tration increases and the rate constant would be expec-

ted to be lower in the lower dielectric constant system.

The opposite takes place here. The difference in slopes

is significant using Equation 19. A factor which should

be kept in mind is that although the standard error of

the slope was small for the buffer systems the replication

variation was large by comparison to the within replica-

tion error. This may also be the case here. For example,

at 295°K the range of degradation rate constants for pH 6

citrate buffer was about 0.004 hr.-1, larger than the range

of the two dextrose solutions. In summary, it seems that

dextrose solutions have a slightly smaller degradation rate

constant than water which is likely due to having a smal-

ler dielectric constant than water.

Dextrose and sodium chloride solutions are used to

dilute BCNU solutions to concentrations appropriate for

intravenous administration, but other agents are used as

diluents in the formulation of BCNU in currently used

dosage forms. The most widely used diluent for this pur-

pose is mannitol. Mannitol has been used as a diluent in

formulations in which vials are dry filled as well as

formulations in which lyophilization of an ethanol-man-

nitol-BCNU solution is employed (92). No reports of the

compatability of mannitol with BCNU are available in the

literature. The stability of BCNU in several aqueous
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mannitol systems was studied. The degradation rate con-

stants for BCNU in these solutions are tabulated in Table

XVII. The rate constants are less than those in strictly

aqueous systems and there is a consistent, if small, de-

crease in the rate constant as the concentration of man-

nitol increases. Mannitol decreases the dielectric con-

stant in aqueous systems (55). The logarithm of the

degradation rate constant was regressed on the reciprocal

dielectric constant and the results appear in Table XIII.

It is apparent that the regression coefficient is not

significantly different from zero. The lack of signifi-

cance may be attributable in part to the small number of

levels used. The suggestion of a dielectric constant effect

might be more obvious if the standard error of the regres-

sion coefficient were reduced. The results indicate only

that mannitol does not accentuate BCNU degradation and that

a stabilizing effect is weakly suggested by the data. To

this time BCNU has not been formulated in a multiphasic

system, that is, emulsion, for intravenous use although the

emulsion dosage form has been employed with another clini-

cally useful nitrosourea antineoplastic, 1-(2-chloroethyl)-

3-cyclohexy1-1-nitrosourea (CCNU) (Figure 13) (30). A

reason CCNU is formulated as an emulsion is its lower

aqueous and ethanolic solubility than BCNU. An emulsion

or solubilized system could also be a rational dosage form
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of BCNU.

ON 0
1 11

CI-CH2-CH2-N C- NH

1-(2-chloroethyl)-3-cyclohexy1-1-nitrosourea
Figure 13

Drugs with low aqueous solubility, such as several fat

soluble vitamins, have been formulated as solubilized

systems (103). Some advantages would accrue from BCNU in

a solubilized system such as a smaller volume of solution

per dose since dilution of alcoholic solution would be

avoided. With the smaller volume per dose, intralesional

administration of BCNU becomes possible. Another advantage

of an emulsion or solubilized system would be avoidance of

the tissue irritating solvent, ethanol. The stability of

BCNU in several concentrations of polyvinylpyrrolidone

(Figure 14) and polysorbate 80 (Figure 15) and a concen-

tration of sorbitan monooleate (Figure 16) was studied.

The degradation rate constants calculated for BCNU in these

systems are tabulated in Tables XVI and XVII. The degra-

dation rate constants calculated for BCNU in the 0.01-1.0%

polysorbate 80 dispersions are quite close together while

the rate constant for 10% polysorbate 80 is somewhat larger.



TABLE XVII: Degradation Rate Constants of BCNU in
Polyvinylpyrrolidone

Rate Constant (104hr.-1)(S.E.)

Temperature( °K) : 278 295 310

5% 12.7(0.40) 159.9(4.46) 784.4(10.76)

10% 38.2(4.74) 195.5(15.94) 539.5(93.10)



N

CH2CH2 -x
Polyvinylpyrrolidone

Figure 14
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0
It

CH2DC -C17 H33

0(CH2CH20)7 H

0(CH2CH20)7 H

Polysorbate 80
Figure 15

HO

Sorbitan monooleate
Figure 16

The range of calculated rate constants for the polysorbate

80 dispersions is essentially the same as the range for

aqueous solutions at the same temperature. This indicates

that the presence of polysorbate 80 does not measurably

affect the rate of degradation of BCNU. On the other hand,

the degradation rate of BCNU in sorbitan monooleate 0.01%

is approximately half that in either the polysorbate 80

dispersions or in unbuffered aqueous media. No explana-

tion based on proven results is readily available although

an unsubstantiated explanation based on micellar solubili-
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zation can be proferred. Polysorbate 80 and sorbitan

monooleate are similar with respect to the sorbitan moiety

and the hydrophobic oleate ester. The difference between

the two is that polysorbate 80 is the polyethoxy derivative

of sorbitan monooleate. These polyethoxy residues markedly

alter micelle characteristics of the two surfactants. One

of these characteristics is Critical Micelle Concentra-

tion (CMC) which is a measure of the concentration at

which the surfactant molecules aggregate in a structured

manner into what can be regarded as a separate phase. The

CMC is characteristic for the surfactant although general-

ities may be made (104). The concentration at which sur-

factants with large hydrophilic groups on the molecule

form micelles is relatively large since these surfactants

have reduced micelle forming tendencies. The relatively

hydrophilic surfactants in micelles exhibit rapid exchange

with non-micellar surfactants. Conversely, surfactants

with small hydrophilic groups form dynamically stable

associations, that is, have low exchange rates (104). The

exact CMC values have not been published for polysorbate 80

or sorbitan monooleate, but the CMC for analogs of each

exhibit a difference of three orders of magnitude, with the

more hydrophobic compound having the lesser molar CMC (105).

It is reasonable to assume that BCNU is solubilized by, or

partitions into, the micelles of both polysorbate 80 and
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sorbitan monooleate. In the polysorbate 80 system, the

more rapid exchange rate, which might also be viewed as

the rapid destruction and production of micelles, would

expose BCNU to solvolytic attack quite readily. In the

sorbitan monooleate system the more stable micelles would

result in a lesser exposure to solvolysis. In addition,

due to variation in solution characteristics as well as

steric and electrostatic effects, micellar structure of the

two surfactants would likely differ. Polysorbate 80, as a

hydrophilic surfactant, would form more loosely aggregated

micelles than the sorbitan monooleate. Because the sorbi-

tan monooleate micelle would be more tightly packed the

interior of the micelle would be more lipid-like which

could mean that partitioning of BCNU into the interior of

these miOelles would be greater than into polysorbate 80

micelles. This increased partitioning of BCNU into the

sorbitan monooleate micelle could result in a smaller sol-

volytic rate. It should be recalled that the above is

postulated without proof although other agents have been

stabilized to solvolysis by solubilization (68).

Polyvinylpyrrolidone (PVP; Plasdone) is used in dosage

formulations as an emulsion stabilizer and has been used

successfully to stabilize some vitamins and reduce irrita-

tion on drug administration (106). Polyvinylpyrrolidone

has also found utility as an emergency plasma extender when
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whole blood or blood constituents are unavailable (107).

Since polyvinylpyrrolidone has proven applicability in

parenteral products as well as having potential usefullness

in stabilizing either certain dosage forms or the active

ingredient itself, investigation of the stability of BCNU

in PVP would be of interest. The degradation rate con-

stants computed for BCNU in 5% and 10% polyvinylpyrrolidone

dispersions at three temperatures are tabulated in Table

XVII. When compared to the degradation rate in unbuffered

aqueous systems (Table XII), the range of degradation rate

constants for both the PVP dispersions and unbuffered

aqueous systems are essentially the same. Thus, it seems

that polyvinylpyrrolidone neither stabilizes BCNU nor

accentuates the degradation of BCNU. The lack of a dif-

ference in degradation rate compared with unbuffered aque-

ous systems would also provide evidence for lack of com-

plexation of BCNU by PVP. Since the rate of degradation

for BCNU in the PVP dispersions was determined at several

temperatures, Arrhenius parameters could be calculated.

The activation energy for the degradation of BCNU in PVP

dispersions appears in Table X. Although the activation

energy for the two concentrations differs, assigning ex-

cessive significance to the difference would be tenuous

without auxiliary justification for so doing. From

inspection of activation energies for solvents whose in-
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fluence more closely resembles that of PVP than the buf-

fered aqueous systems and which were found not to deviate

from a common slope, it would appear, as a superficial

statement, that their magnitude is sufficiently close to

be viewed as the same.
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Summary and Recommendations

Experiments have been run in several buffered aqueous,

mixed solvent, and nonaqueous solvent systems and the deg-

radation rate constants of BCNU in these systems have been

computed. The effect on BCNU stability of several elec-

trolytes and nonelectrolytes which might be present in

solutions used in preparation of the dosage form for patient

administration was evaluated. The effect on BCNU of the

usual inert diluent in formulations, mannitol, two surfac-

tants, and a potential parenteral dosage form stabilizing

agent were also studied.

The results in buffered aqueous systems indicate a

minimum degradation rate constant between about pH 5.2 and

5.5. This minimum does not appear to be buffer dependent.

On the acidic side of the minimum there is apparent general

acid catalysis while on the basic side, specific base catal-

ysis is apparent. None of the data presented here supports

the report of monophosphate catalysis of BCNU degradation

(24).

Tabulation of the activation energies of the degrada-

tion of BCNU in the various buffer systems reveals an

apparent relationship between the activation energy and pH.

The hypothesis that there was a common slope for the buf-

fered systems was rejected. Subsequent regression of the

activation energy on pH provided evidence that a relation-
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ship exists but that significant deviation from linear

regression is also present. A regression of the loga-

rithm of the activation energy on pH linearized the rela-

tionship and revealed a significant positive slope. The

positive slope is quite likely due to the apparent acti-

vation energy of the activation energy for the specific

base catalysis.

Studies carried out in mixed solvents reveal that

the degradation rate constant decreases as the dielectric

constant decreases. Minimum rate constants were computed

for 95% ethanol systems which coincidentally had minimum

dielectric constants. Using activation energy data and

the Arrhenius temperature dependency, a liquid state clin-

ical lifespan, that is, not more than 10% degradation, of

BCNU in 95% ethanol at a typical temperature of freezers

(about -19°C) was calculated to be about 166 days or about

51/2 months. The use of propylene glycol as a solvent for

BCNU provides a rational, non-tissue irritating alterna-

tive to ethanol since while the minimum degradation rate

constant is greater than for 95% ethanol, the temperature

dependence is slightly greater thereby yieldinga.clinically

useful lifespan of about 210 days. The greater viscosity

of propylene glycol might discourage its use due to poten-

tial difficulty in syringe use.

Examination of the calculated activation energies for
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BCNU in the solvent systems studied supports the hypothesis

that these activation energies have a common slope, there-

by attesting to the lack of relationship between activa-

tion energy and dielectric constant.

In studying the degradation of BCNU in several elec-

trolytes at various concentrations, a consistent effect of

ionic strength could not be ascertained. No evidence for

specific catalysis by the cations studied was found. A

study of degradation of BCNU in several adjuvants including

mannitol, dextrose, and polyvinylpyrrolidone, disclosed

that the degradation rate is neither retarded nor increased

in the presence of these adjuvants when compared to the

degradation rate in unbuffered aqueous media. While the

degradation rate of BCNU in several unbuffered aqueous

hydrophilic surfactant systems using polysorbate 80 was

found to approximate the rate in unbuffered aqueous media,

the degradation rate in the hydrophobic surfactant systems

containing sorbitan monooleate was found to be about one

half the rate in unbuffered aqueous systems. This apparent

stabilizing effect might be attributed to the partitioning

of the quite aqueous insoluble BCNU into the lipid-like

interior of surfactant micelles. The increased stability

of BCNU in a sorbitan monooleate system over that in poly-

sorbate 80 may be attributable to less rapid surfactant

molecule exchange between micellar and solution phases.
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The less rapid surfactant molecule exchange and more

tightly packed interior could combine to reduce exposure

to solvolytic attack on BCNU, thereby reducing the degra-

dation rate.

The conclusions which may be drawn also give direc-

tion to more specific formulation studies. In future

formulation studies some decisions are necessary following

which latitude in studies are narrowed. One of those de-

cisions is an acceptable clinical lifespan for the form-

ulation. The nature of this decision is obviously con-

founded with auxiliary considerations. Several potential

preformulations have clinical lifespans like those for

clinically important agents currently on the market. For

example, BCNU has a clinically useful lifespan in some

buffered aqueous systems at 278°K of about 51/2 days which

is greater than that for several cephalosporin antibiotics

(108) and about three-fourths that for benzylpenicillin

in buffered aqueous solutions at comparable temperatures

(109).

In nonaqueous systems which are suitable for parenter-

al administration, preformulations with even more remark-

able stability are possible. Stability in these solvents

ranges from about one month to two and a half months.

Stability in these solvents following reconstitution ex-

ceeds that regarded as acceptable for other clinically
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important agents whose stability limits usefulness

following reconstitution to a maximum of about two

weeks.

One of the considerations with which acceptable

clinical lifespan is confounded is the nature of the

system which is desired. An aqueous system has some

advantage over nonaqueous formulations. The nonaqueous

solvents frequently used are ethanol and propylene gly-

col, both of which have certain disadvantages. Ethanol

has central depressant effects and is potentially ir-

ritating by the intravenous route unless sufficiently

dilute. Propylene glycol has relatively high viscosity

and is hemolytic at iso-osmotic concentrations (110).

The aqueous systems are devoid of these drawbacks and

could therefore be administered in a smaller volume of

solution than the nonaqueous systems. On the other hand,

the stability of BCNU in aqueous systems is reduced by

factor of five to fifteen compared to nonaqueous systems.

A reasonable balance between the enhanced stability in

nonaqueous solvents and biological compatibility of buf-

fered aqueous systems could be struck. One such possibil-

ity might be reconstitution of the dry solid, BCNU, stored

at reduced temperature such as -19°C, with a nonaqueous

solvent such as ethanol or propylene glycol and storage of

this concentrate at reduced temperature, eg., 278°K. At
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the time of use or a few days prior this concentrate

could be diluted to a volume which will eliminate ir-

ritation, syringability, or hemolytic problems with an

aqueous buffer at a pH at which BCNU has maximal stability.

That this sort of procedure might be optimum can be derived

from the fact that dissolution of BCNU into aqueous sol-

vents is slow. On the other hand, dissolution of BCNU in a

nonaqueous solvent like ethanol followed by dilution with

an aqueous vehicle is accomplished without difficulty.

A further factor which must necessarily be considered

is potential alternate routes of administration. Currently,

the intravenous route is used almost exclusively. If an

intralesional or intraarterial route is considered both the

volume and adjuvant content of the dosage form must be con-

sidered. A formulation with potential irritability or with

excessive volume would be highly inappropriate.

Because the pH at which maximal aqueous stability was

observed, combined with the lack of specific catalysis by

common electrolyte cations and the non-interactive effect

of dextrose, the use of slow administration rates using

common parenteral fluids would be reasonable. The sole

qualification might be that the pH of the infusion fluid

be monitored and adjusted if necessary to ensure that the

fluid was weakly buffered to the pH range 5 to 6. This

could be accomplished with the nonaqueous solvent and
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buffered aqueous diluting vehicle system described above

by choice of the buffer constituent concentration in the

aqueous vehicle.

Although simple solution dosage forms as diluents for

BCNU possess adequate stability characteristics, a fascin-

ation with, or applicability of, a solubilized or multi-

phasic dosage form remains, although remote in the case

of BCNU. The desirable circumstance apparently is for-

mation of stable micelles with a quite lipid micellar core

into which BCNU can partition. It might be imagined that

BCNU stability in a solubilized system could be enhanced

if the aqueous phase were buffered to a pH of maximal

stability. Using a surfactant with good bio-compatibility,

aqueous stability might be enhanced sufficiently.

This latter use of a solubilized system might find

utility with other clinically useful nitrosoureas, such

as CCNU, which has less aqueous solubility than BCNU. A

solubilized system might eliminate the necessity of using

an oil-in-water emulsion as a vehicle for intravenous ad-

ministration of CCNU, as well as reduce the volume neces-

sary to administer the dose of the antineoplastic (30).

The results of these studies indicate further form-

ulation efforts are warrented which are directed toward

determining any solid-state interaction of BCNU and buffer

components under conditions of storage in the market.
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Investigation is also indicated toward ascertaining the

predicted stability of BCNU in various solutions at

freezer temperatures aimed at extending the solution shelf-

life.

Accompanying these studies should be a study of the

leaching effect of the nonaqueous solvents on package

materials, such as glass and rubber-type polymers, if used,

and what effect these leached compounds might have, if any,

on BCNU stability.

Further, studies oriented toward elucidation and

solution of processing and production problems which re-

main unsolved or are brought about by the preformulation

studies herein discussed, await resolution.

These studies may provide a base or model utilizable

in the study of other clinically useful nitrosoureas. Since

the pH at which minimum degradation of BCNU is observed is

close to the uncatalyzed solvolytic region for several

other dialkylnitrosoureas (36), these results may provide

some point from which study with other nitrosoureas may be

initiated. These preformulation studies may expedite pre-

formulation and formulation investigations with other

nitrosoureas, thereby accelerating their introduction into

the chemotherapeutic armamentarium.

The purpose of these studies was to establish boun-

daries for environmental conditions which optimize BCNU
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stability. Clinical utility of environmental conditions

provided bounds for the conditions and systems eligible

for consideration in this study. Study of BCNU stability

in the various media provided data useful in quantitating

circumstances which do, and do not, influence the degra-

dation rate of BCNU. It is hoped that these results will

provide useful direction toward a commercially practical

formulation and will accelerate introduction of BCNU onto

the market in a dosage form with generous clinical life-

span and which utilizes a mode of administration benefi-

cial to both the patient and clinician.
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APPENDIX

Reagents

Barbital, USP, Merck Chemical Company

Sodium Barbital, USP, Merck Chemical Company

Sodium Chloride, reagent grade

Citric Acid monohydrate, reagent grade, Mallinkrodt Chemical

Sodium Citrate, reagent grade, Mallinkrodt Chemical

Potassium dihydrogen phosphate, reagent grade

Sodium Phosphate, anhydrous, reagent grade

Acetic Acid, glacial, reagent grade, DuPont Chemical

Sodium Acetate, anhydrous, reagent grade, Mallinkrodt
Chemical

Normal Saline for Injection, Abbott Laboratories, North
Chicago, Il.

Potassium Chloride, reagent grade, Mallinkrodt Chemical

Calcium chloride dihydrate, reagent grade, Mallinkrodt
Chemical

Magnesium Chloride hexahydrate, reagent grade, Mallinkrodt
Chemical

Ethanol USP

Propylene Glycol USP

Dimethylsulfoxide, reagent grade, J.T. Baker

1,3-Bis(2-chloroethyl)-1-nitrosourea Investigational New
Drug, National Cancer Institute, manufactured by Merck
Chemical Company

Dextrose, anhydrous, reagent grade

Mannitol NF, powder, Mallinkrodt Chemical Company
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Polyvinylpyrrolidone, Plasdone CR K-30, GAF Corporation,
New York

Sorbitan monooleate, practical grade, Atlas Chemical Corp.

Polysorbate 80 USP, Atlas Chemical Corp.

Sulfanilamide NF, Merck Chemical Company

Hydrochloric acid, concentrated, DuPont de Nemours Co.

N-(1-Naphthyl)ethylene diamine dihydrochloride, practical
grade, J.T. Baker Chemical Company

Sulfanilic acid

Naphthylamine hydrochloride, practical grade, J.T. Baker
Chemical Company

Coleman pH7 Buffer Solution, Coleman Catalog 1-607,
Coleman Instruments, Maywood, Il.

Sargent pH meter, Model DR

Thermostated water bath with shaker

Spectrophotometer, Spectronic 20, Bausch and Lomb

Forced air oven

Wang model 600 computer

Throughout the experimental work, all weighings were

performed using an analytical balance; liquids, when not

weighed, were pipetted using volumetric pipettes where

possible and appropriate volume Mohr pipettes when neces-

sary. All buffers and other solutions were prepared in

volumetric flasks. Distilled water used for dissolving

the basic component of buffer systems was freshly boiled

and cooled. Unless noted otherwise, solutions were stored

at ambient temperatures.
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1,3-Bis(2-chlorethyl)-1-nitrosourea (BCNU) Stock Solutions:

BCNU 0.025 g., stored at -19°C(+ 1°C), was dissolved in

sufficient cold (0°C) Ethanol or Dimethylsulfoxide to make

25 ml. The stock solutions were stored at -19 + 1 °C for

not longer than seven days.

Buffers:

Citrate, phosphate, and barbital buffers were prepared

using procedure described in the Biochemists' Handbook

(111). The acetate buffer was prepared according to

Documenta Geigy (112). All buffer solutions were checked

for conformance to nominal pH using a pH meter calibrated

at ambient temperature (20-22°C) using a pH standard.

When necessary the pH was adjusted to within 0.05 pH units

of the nominal value with either the acidic or basic com-

ponent of the buffer.

Barbital Buffer:

Barbital, 2.303 g. was dissolved in sufficient distilled

water to make 500 ml. of barbital solution (0.025 M) which

was stored at 5°C. Sodium Barbital, 51.55 g...was dissol-

ved in sufficient distilled water to make 500 ml. of sodium

barbital (0.5 M) and was stored at 5°C. Sodium Chloride,

14.62 g., was dissolved in sufficient distilled water t

make 500 ml. of sodium chloride (0.5 M). Barbital buffer

solutions (250 ml.) having an ionic strength of 0.2 were
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prepared at the pH values listed in the Table XVIII by

pipetting the volumes tabulated.

TABLE XVIII. VOLUMES USED IN PREPARING BARBITAL BUFFER
SOLUTIONS

Barbital Sod. Barbital Sodium Chloride
H Solution(m1.) Solution(m1.) Solution(m1.)

7.4 68.75 1.25 99.00
8.0 86.50 6.25 94.00
9.0 69.25 50.00 50.00

Citrate Buffer:

Citric Acid monohydrate, 10.51 g., was dissolved in suf-

ficient distilled water to make 500 ml. of citric acid

(0.1 M) solution. Trisodium Citrate dihydrate, 14.71 g.,

was dissolved in sufficient distilled water to make 500 ml.

of trisodium citrate (0.1 M) solution. The volumes of

0.1 M Citric Acid Solution and 0.1 M Sodium Citrate solu-

tion indicated in the Table XIX were combined and diluted

with distilled water to make 200 ml. of each of the buffer

solutions indicated.

TABLE XIX. VOLUMES USED IN PREPARATION OF CITRATE
BUFFER SOLUTIONS

Citric Acid Sodium Citrate
pH Solution(m1.) Solution(m1.)

3.0 93.00 7.00
4.0 66.00 34.00
5.0 41.00 59.00
6.0 19.00 83.00
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Phosphate Buffer:

Potassium dihydrogen phosphate, 34.03 g., dried at 110 C

for about one hour, was dissolved in sufficient distilled

water to make 500 ml. of potassium dihydrogen phosphate

(0.5 M) solution. Disodium monohydrogen phosphate, 35.50

g., dried at 110 C for about one hour was dissolved in

sufficient distilled water to make 500 ml. of disodium

monohydrogen phosphate (0.5 M) solution. The volumes of

monopotassium dihydrogen phosphate (0.5 M) and disodium

monohydrogen phosphate (0.5 M) indicated in the Table XX

were combined and diluted with distilled water to make

250 ml. of each of the buffer solutions at the ionic

strength indicated.

TABLE XX. VOLUMES USED IN PREPARATION OF PHOSPHATE
BUFFER SOLUTIONS

Monopotassium dihydrogen Disodium monohydrogen
pH phosphate solution(ml.) phosphate solution(ml.)

Ionic Strength Ionic Strength

0.2 0.05 0.2 0.05

6.0
6.6
7.6

66.25
33.25
4.73

14.84
8.40
1.35

11.2
22.3
31.75

1.72
3.86
6.20

Acetate Buffer:

Glacial Acetic acid, 6.00 g.(5.72 ml.), was diluted in suf

ficient distilled water to make 500 ml. of acetic acid
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(0.2 M) solution. Anhydrous Sodium acetate, 8.20 g., was

dissolved in sufficient distilled water to make 500 ml. of

sodium acetate (0.2 M) solution. The volumes of acetic

acid solution and sodium acetate solution indicated in

Table XXI were combined and diluted with distilled water to

make 200 ml. of each of the buffer solutions indicated.

TABLE XXI. VOLUMES USED IN PREPARATION OF ACETATE
BUFFER SOLUTIONS

Acetic Acid Sodium Acetate
pH Solution (ml.) Solution (ml.)

3.6 92.60 7.40
4.0 82.00 18.00
5.0 29.60 70.40

Electrolyte Solutions:

The pH of all electrolyte solutions was recorded using a

pH meter immediately prior to use.

One-half Normal Saline (0.45 %): Normal Saline for

Injection (25 ml.) was diluted with sufficient distilled

water to make 50 ml.

Normal Saline (0.9%): Normal Saline for Injection

was used as obtained from the manufacturer.

Potassium Chloride 0.1 M Solution: Potassium Chloride,

0.373 g., was dissolved in sufficient distilled water to

make 50 ml.

Potassium Chloride 1.0 M Solution: Potassium Chloride,
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3.73 g., was dissolved in sufficient distilled water to

make 50 ml.

Calcium Chloride 0.1 M Solution: Calcium Chloride

dihydrate, 0.735 g., was dissolved in sufficient distilled

water to make 50 ml.

Calcium Chloride 1.0 M Solution: Calcium chloride

dihydrate, 7.35 g. , was dissolved in sufficient distilled

water to make 50 ml.

Magnesium Chloride 0.1 M Solution: Magnesium Chlor-

ide hexahydrate, 1.017 g., was dissolved in sufficient

distilled water to make 50 ml.

Magnesium Chloride 1.0 M Solution: Magnesium Chlor-

ide hexahydrate, 10.167 g., was dissolved in sufficient

distilled water to make 50 ml.

Mixed Solvents:

Ethanol 25% v/v: Ethanol, 48.6 ml., was diluted with

sufficient distilled water to make 200 ml. forming a

23.085% v/v ethanol solution. When the BCNU solution in

ethanol USP was added the final ethanol concentration was

25% v/v.

Ethanol 50% v/v: Ethanol, 101.3 ml., was diluted

with sufficient distilled water to make 200 ml. forming a

48.118% v/v solution. When the BCNU solution in ethanol

USP was added the final ethanol concentration was 50% v/v.
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Ethanol 95% v/v: Ethanol was used as supplied.

Propylene Glycol 25% v/v: Propylene glycol, 50.0 ml.,

was diluted with sufficient distilled water to make 200 ml.

Propylene Glycol 50% v/v: Propylene glycol, 100.0 ml.,

was diluted with sufficient distilled water to make 200 ml.

Propylene Glycol 100% v/v: Propylene glycol was

used as supplied.

Dimethyl Sulfoxide 25% v/v: Dimethyl sulfoxide, 23.0

ml., and 2.0 ml. of BCNU stock solution in dimethylsulfox-

ide was diluted with sufficient distilled water to make

100 ml.

Dimethylsulfoxide 50% v/v: Dimethylsulfoxide,

48.0 ml., was added to 2.0 ml. of BCNU stock solution in

dimethylsulfoxide and diluted with sufficient distilled

water to make 100 ml.

Dimethylsulfoxide 100% v/v: BCNU stock solution

(2.0 ml.) in dimethylsulfoxide was diluted in sufficient

dimethylsulfoxide to make 100 ml.

Adjuvant Solutions:

The pH of all the solutions was determined immediate-

ly prior to use.

Dextrose 5% w/v Solution: Anhydrous dextrose,

2.4999 g., was dissolved in sufficient distilled water to

make 50 ml.
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Dextrose 10% w/v Solution: Anhydrous dextrose,

5.0007 g., was dissolved in sufficient distilled water

to make 50 ml.

Mannitol 5% w/v Solution: Mannitol, 2.4996 was

dissolved in sufficient distilled water to make 50 ml.

Mannitol 10% w/v Solution: Mannitol, 5.0000 g.,

was dissolved in sufficient distilled water to make 50 ml.

Mannitol 20% w/v Solution: Mannitol, 10.0006 g., was

dissolved with the aid of heat (37 C) in sufficient dis-

tilled water to make 50 ml.

Polyvinylpyrrolidone K-30 (PVP) 5% w/v Dispersion:

Polyvinlypyrrolidone K-30, 2.50 g., was sprinkled on top

of about 20 ml. of distilled water. Following agitation,

sufficient distilled water was added to make 50 ml.

Polyvinylpyrrolidone K-30 (PVP) 10% w/v Dispersion:

PVP K-30, 5.00 g., was sprinkled on about 20 ml. of dis-

tilled water. Following agitation, sufficient distilled

water was added to make 50 ml.

Sorbitan monooleate 0.01% w/v Dispersion: Sorbitan

monooleate, 0.250 g., was dispersed in 25 ml. ethanol.

Sufficient distilled water was added to make 250 ml. Five

milliliters of this dispersion was diluted with sufficient

water to make 50 ml.

Polysorbate 80 10% w/v Dispersion: Polysorbate 80,

10.00 g., was dispersed in sufficient distilled water to
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make 100 ml.

Polysorbate 80 1.0% w/v Dispersion: Five milli-

liters of the Polysorbate 80 10% w/v dispersion was di-

luted with sufficient distilled water to make 50 ml.

Polysorbate 80 0.1% w/v Dispersion: Five milli-

liters of the Polysorbate 80 1% w/v dispersion was diluted

with sufficient distilled water to make 50 ml.

Polysorbate 80 0.01% w/v Dispersion: Five milliliters

of the Polysorbate 80 0.1% w/v dispersion was diluted with

sufficient distilled water to make 50 ml.

Analytical Methods:

A. The colorimetric method of Loo and Dion (90) was

utilized in the following way:

1. Reagents:

Sulfanilamide, 2.50 g., was dissolved in a mixture

of 83.0 ml. concentrated hydrochloric acid and sufficient

distilled water to make a total volume of 500 ml. of a

0.5% w/v solution which was stored in a hard glass con-

tainer at ambient temperature. N-(l-naphthyl)ethylene -

diamine dihydrochlorid (NEDA), 0.300 g., was dissolved in

sufficient distilled water to make 100 ml. of a 0.30% w/v

solution which was stored in an aluminum foil covered

hard glass container at 5°C(+2 C) for not more than seven

days.


