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Review

A Ciritical Appraisal of Drug Stability Testing Methods

Robert B. Taylor! and Amin S. H. Shivji!

The determination of potency or shelf life, impurity limit testing, and study of reaction mechanisms
are considered as different aspects of drug stability. These aspects traditionally have been treated in
isolation. The current criterion for a stability-indicating assay is criticized and the merits of choosing
reactant or decomposition product for monitoring decomposition are discussed. The initial-rate
method of determining reaction order and rate constants by analysis of decomposition product is
described and its potential advantages over traditional integral methods are discussed. Examples of
the application of the initial-rate method to simple and complex drug decomposition systems for the
determination of decomposition rate constants are given. Applications to limit testing and study of
reaction mechanisms are outlined and the dependence of the initial-rate method and decomposition
product analysis on modern chromatographic methods is emphasized.
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Determining the stability of a drug often means deter-
mining the time over which a drug or drug product will
maintain an arbitrary proportion of its potency. Direct mea-
surement of potency by assay of the intact drug over an ex-
tended time scale is the most unequivocal method of deter-
mining the shelf life.

The procedure is time-consuming and places consider-
able demands upon the long-term precision of the analytical
methods used. A major step forward resulted from the appli-
cation of general chemical kinetic ideas to stability testing of
drugs (1). This allowed the application of order of reaction
concepts and, via temperature stressing, enabled the Ar-
rhenius equation to be used. Thus, rate constants and shelf
lives could be predicted at storage temperatures based on
relatively short time studies carried out at elevated tempera-
tures. Such isothermal stability testing apparently provided
additional information in terms of activation energies of drug
decompositions which is of value in elucidating the mecha-
nism of such reactions.

The temperature dependence of drug decompositions
was further utilized in the technique of nonisothermal sta-
bility testing in which, by increasing the temperature during
the course of a drug decomposition, the quantities of rate
constant and activation energy may be obtained in a single
kinetic experiment (2). Both isothermal and nonisothermal
methods of stability determination are based upon well-es-
tablished physical-chemical principles but both contain as-
sumptions which may not be acceptable in the context of the
complex decomposition patterns of many drugs.

Stability also means the production of toxic or unaes-
thetic impurities which limit the shelf life of the drug even
when adequate potency is maintained. This aspect is quite
separate in many workers’ minds from the quantitative de-
termination of decomposition rates and is dealt with by the
imposition of arbitrary limit tests. These specify maximum
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levels of such impurities acceptable for pharmacopoeial
standards to be maintained. Others may consider that the
purpose of studying the stability of a drug is primarily to
determine its mechanism of decomposition, possibly with a
view to obtaining information on the physical and chemical
factors that cause instability, control of which may stabilize
the drug or drug formulation and lead to increased shelf life
or improved safety.

These three aspects of drug stability have been kept
separate and treated as unrelated investigations. This may
have been as a result of the widely different analytical meth-
odology used in the various investigations. In mechanism
studies the nature of the decomposition products and inter-
mediates is the main requirement. In impurity limit testing,
semiquantitative analytical methods have usually been em-
ployed to monitor levels of decomposition products. Such
tests have required a high specificity and sensitivity to lo-
cate low levels of impurity in the presence of intact drug.
Shelf-life determinations, however, require quantitative
assay of drug or drug decomposition product.

The importance of analytical methodology in drug de-
composition has been extensively reviewed (3). The clas-
sical spectroscopic methods have been augmented by highly
specific chromatographic techniques, such as high-perfor-
mance liquid chromatography (hplc). The coining of the
term ‘‘stability-indicating assay,”’ taken to mean ‘‘a proce-
dure which affords specific determination of a drug sub-
stance in the presence of its decomposition products,” indi-
cates the importance of analytical method in the study of
drug decompositions (4).

This definition of a stability-indicating assay, while an
advance on nonspecific assay techniques which can result in
unreliable measurements of drug stability (5), demonstrates
the limited view that is currently held with regard to drug
stability investigations. It assumes that the species that
should be assayed is the undecomposed drug. While this
may be the obvious choice when considering shelf life, it
yields no information on the nature, number, or amount of
degradation products formed, and this information is of con-

177 0724-8741/87/0600-0177$05.00/0 © 1987 Plenum Publishing Corporation



178

siderable interest in both the toxic limit testing and the
mechanism aspects of stability.

Choice of the undecomposed drug as the species for
quantitative stability determination suffers disadvantages,
particularly when dealing with relatively stable drugs. The
precision of the method must be high if the extent of decom-
position measured is small. This is typified by the stability
study of azathioprine, where less than 7% decomposition
was measured after 5 hr at 85°C (6). In such situations the
calculation of rate constants is very approximate. In addi-
tion, the determination of the order of reaction is impossible
under these conditions. For the determination of reaction
order and subsequent calculation of rate constants, extents
of decomposition in the region of 75% should be followed
(7). It is also impractical to distinguish among zero-, first-,
and second-order behavior at extents of decomposition
below 25% (8) by the use of integrated rate equations. This
produces the anomalous situation that, in order to measure
the 14, value from decomposition rate constants, it is neces-
sary to decompose the drug by 75%.

The restrictions indicated above have resulted in the
extensive use of temperature stressing. This use of high tem-
peratures removes the stability determination from the prac-
tical situation. The shelf life determined in this way relies
upon the validity of the extrapolation to storage tempera-
ture. Reports have been published regarding the statistical
validity of such extrapolations (9) and nonlinear Arrhenius
plots have been obtained (10). Nonisothermal methods as-
sume the validity of the Arrhenius equation and require ar-
bitrary choice of temperature variables such as heating rate.

There has been some controversy in the stability litera-
ture as to whether parent drug or a decomposition product
should be assayed for the purposes of determining stability
(11). The preferred species is the undecomposed drug.
Where a decomposition product has been measured this has
often been as a result of analytical expediency. Examples of
this are dexoxadrol (12) and hydrochlorothiazide (13). In
these instances the stoichiometry of the reaction has been
used to obtain the concentration of parent drug remaining.

Recently decomposition reactions have been studied by
following decomposition product appearance for the reason
that this allowed more sensitive detection of decomposition.
That is, decomposition product could be observed to in-
crease, while the inherent imprecision of the method could
not reliably determine a decrease in the original drug. Ex-
amples of these investigations include morphine (14), nox-
ythiolin (15), and several investigations on the decomposi-
tion of p-glucose in infusion fluids (16—18). Such product
measurement is now, with the advent of hplc, more feasible
than hitherto, and the conversion to intact drug concentra-
tion is not required in order to establish the rate of a given
drug decomposition. When product rather than reactant is
measured, the differential methods of classical chemical ki-
netics are more appropriate than the traditional integrated
rate equations. For a simple drug decomposition reaction
represented as

D—>P

where D represents the undecomposed drug and P the single
decomposition product, the decomposition rate constant k is

Taylor and Shivji

usually determined by fitting drug concentration—time data
to one of the integrated rate equations.

[D], = [D], — ko,
In[D], = In[D], — k¢,
V[D], = VID], + kt,

zero order
first order
second order

These equations are all cast in terms of the concentration of
reactant. The order is decided by the fit of the experimental
data to the appropriate equation and rate constants are cal-
culated accordingly.

The basis of the above relationships lies in the differen-
tial equations defining the order of reaction, i.c.,

—d[D)idt = d[P)dt = kD]

I

These equations show that the rate of the reaction can be
determined by measuring either D or P. If the reaction is
followed for only a small extent the term [D] will be essen-
tially constant. Thus, under these conditions, any such de-
composition will show zero-order kinetics. The order of a
reaction is dependent upon the concentration range over
which the reaction is studied and reaction orders with re-
spect to time and concentration have been distinguished
(19). Reaction order is essentially an experimental quantity,
unlike molecularity. Thus a zero-order rate constant may be
calculated for a drug decomposition more rapidly by moni-
toring [P] than [D] in the above equation. This can be appre-
ciated when it is realized that it is possible to measure an
increase of 1% in P more precisely than to measure a de-
crease of 1% in D directly, particularly when highly specific
methods are used. This has been established using aspirin as
a model drug system (20).

Most drug decompositions are first order when studied
over large extents of reaction. Conventional first- and
second-order rate constants can, however, be related to this
apparent zero-order rate constant (21). It has been shown
that over limited extents of reaction

d[Plidt = k, = k,[D), = k,[D]?

Thus, measurement of the initial reaction rate in terms of the
product together with a knowledge of the initial molar con-
centration of the reactant allows conventional rate constants
to be calculated using this initial rate method.

The order of a reaction can be difficult to determine and
the validity of assuming first or zero order has been dis-
cussed (22). The initial-rate method allows the reaction
order to be established unequivocally by rearranging the
general equation.

d[P)dt = k,[D]"
when 7 is the order of reaction to the form
log d[P]/dt = log k, + nlog [D]

By measuring d[P)/dt over small extents of reaction for sev-
eral values of [D], the value of n may be determined. This
has been employed in the reaction producing 5-hydroxy-
methylfurfural from p-glucose (17).

The advantages of the initial-rate method are obvious
when considering decompositions producing a single well-
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characterized decomposition product and could find useful
application in assessing the stability of different formula-
tions or packaging of a given drug. What is not so obvious is
its utility in considering complex drug decompositions
where either consecutive or parallel decompositions occur.

The decomposition of tetracycline (TC) in acid solution
-represents such a drug decomposition where reversible equi-
libria are also involved. Tetracycline undergoes reversible
epimerization to epitetracycline (ETC) and also dehydration
to anhydrotetracycline (ATC). ATC reversibly epimerizes to
epianhydrotetracycline (EATC), which can also be formed
from the dehydration of ETC.

TC

b

ATC

ETC

I &

EATC
k2

This system has been studied by completely decomposing
TC under strongly acid conditions and monitoring reactant
and products. By iterative curve fitting, values were ob-
tained for the individual rate constants (23). More recently
(24) this reaction was studied using the initial-rate approach
where TC, ETC, and ATC were used successively as reac-
tants. By confining the extent of each decomposition to ex-
tents of reaction less than 5%, a maximum of two products
was separated and quantitated. This allowed determination
of all rate constants other than £ _,.

The temperature dependence of each reaction was de-
termined separately and log k—pH profiles were established
in a reasonable time scale. The individual activation energies
for each reaction were also measured. Study of the product
concentration thus provides additional information to that
obtained by study of the reactant concentration only.

The initial-rate method requires that the absolute con-
centration of the species involved must be determined. Thus
it requires that the reaction pathway be known and that
standard samples of decomposition products are available.
This is in contrast to first-order drug decompositions, where
any property linearly related to the concentration of reactant
may be measured. The initial-rate method has, however,
been extended to the study of a potential drug compound,
nafimidone [1-(2-naphthoylmethyl)imidazole hydrochloride]
(N), which decomposed to a single decomposition product
(P) as yet unidentified (25). The concentration of P was esti-
mated by decomposing N to a large enough extent to obtain
a measurable decrease in N and assuming that the chromato-
graphic peak observed for P represented the stoichiometric
amount corresponding to the decrease in N. Rate constants
for the reaction were obtained together with activation en-
ergy and pH-log & profiles. It is not yet seen how this pro-
cedure may be applied to situations where a drug decom-
poses to several unknown decomposition products. In such
instances it may be possible to simplify the system by con-
trol of conditions. The decomposition of mitomycin C, for
example, was shown (26) to produce several different de-
composition on acid or base hydrolysis. A recent publica-
tion, on the other hand, shows that under strongly alkaline
conditions a single product is formed (27). Under these con-
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ditions the above procedure may be adopted to follow the
rate of decomposition. Where a given drug decomposes into
several well-characterized species such as the tetracycline
situation, the real limitation to the initial-rate method is the
feasibility of low-concentration multicomponent analysis.

The initial-rate method using decomposition product
measurement has the additional advantage of providing di-
rectly information on impurity levels arising from degrada-
tion. In the case of tetracycline it is likely that the shelf life is
determined by the maximum levels of the toxic EATC pro-
duced during decomposition. This is also shown by the limit
testing of autoclaved dextrose infusion fluids, where a non-
specific spectrophotometric limit test is applied to control
the amount of 5-hydroxymethylfurfuraldehyde (SHMF) and
related products. The reaction of dextrose to SHMF has
been shown to be first order with respect to dextrose (19).
The use of hplc shows that further oxidation of SHMF
occurs to produce a mixture of furan acids (28). Thus the
initial-rate method yields information on different products
produced during decomposition. On the basis of these
studies a modified limit test has been proposed for such in-
fusion fluids (29).

For a drug assay to be considered truly stability indi-
cating, as well as being capable of determining undecom-
posed drug in the presence of its degradation products, it
should also be capable of quantitating the individual
product(s) of possibly different reaction pathways. This will
allow the application of the classical method to monitor
overall loss of potency and will allow the advantages of the
initial-rate method to be realized. Such stringent demands
upon an analytical method can be met only by hplc. In re-
cent years there have been considerable advances made in
the field of hplc, not only in the control of retention but also
in the control of selectivity. That is, the order of retention
can often be varied so that such drug decomposition
products can be eluted before undecomposed drug. This
allows detection of these minor components with maximum
sensitivity.

In conclusion, the existing methods of stability determi-
nation appear not to relate the various fields of shelf-life de-
termination, limit testing, and study of decomposition mech-
anism. The initial-rate method, while relatively little used, is
becoming increasingly utilized without full appreciation of
the kinetic advantages that can be achieved. A change in
emphasis in the analytical approach to stability is appro-
priate at this time and indeed is only now possible because
of the development of suitable analytical methodology. It is
hoped that future improvements in analytical methods and
the application of appropriate kinetic treatment of stability
data will produce a more comprehensive approach to drug
stability testing.
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