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Abstract

Methods of rapidly and accurately assessing the chemical stability of pharmaceutical dosage forms are reviewed with re-
spect to the major degradation mechanisms generally observed in pharmaceutical development. Methods are discussed, with the
appropriate caveats, for accelerated aging of liquid and solid dosage forms, including small and large molecule active pharma-
ceutical ingredients. In particular, this review covers general thermal methods, as well as accelerated aging methods appropriate
to oxidation, hydrolysis, reaction with reactive excipient impurities, photolysis and protein denaturation.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

In the development of pharmaceutical dosage forms,
ne of the persistent challenges is assuring acceptable
tability. While classically stability refers to the abil-
ty to withstand loss of a chemical due to decomposi-
ion, in the pharmaceutical world, the term “stability”
ore often refers to the storage time allowed before
ny degradation product in the dosage form achieves a
ufficient level to represent a risk to the patient. Based
n this time, the expiration date (shelf-life) of a product

∗ Corresponding author. Tel.: +1 860 715 3492;
ax: +1 860 715 1626.
E-mail address:ken waterman@groton.pfizer.com

K.C. Waterman).

is determined. The allowable level of any given im
rity will depend on the dose and likelihood of toxici
however, for most drugs, the allowable levels of a
gle impurity permissible without explicit toxicologic
clinical testing are generally well less than 1% ba
on the drug. The International Council of Harmoni
tion (ICH) specifies the amount of impurities allow
to form during product storage (ICH, 2003).

The amounts permitted are based on the total
intake of the drug. The amount of impurity allowed
described as a reporting, identification, or qualifica
threshold. A reporting threshold is defined as the l
that must be reported to regulatory agencies to
them of the presence of the impurity. An identificat
threshold is defined as the level that requires chem
identification of the substance. Finally, the qualifica
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Table 1
Total amount of degradants allowed for new drug products based on regulatory guidelines (International Council of Harmonization, 2003)
(TDI = total daily intake)

Type of threshold Maximum daily dose Threshold

Reporting ≤1 g 0.1% TDI
>1 g 0.05% TDI

Identification <1 mg 1.0% TDI or 5�g (lower of two)
1 mg–10 mg 0.5% TDI or 20�g (lower of two)
10 mg–2 g 0.2% TDI or 2 mg (lower of two)
>2 g 0.10%

Qualification <10 mg 1.0% TDI or 50�g (lower of two)
10 mg–100 mg 0.5% TDI or 200�g (lower of two)
100 mg–2 g 0.2% TDI or 3 mg (lower of two)
>2 g 0.15% TDI

threshold is the level that must be tested in toxicology
studies to ensure the safety of the compound. These
are defined as a percent of the drug total daily intake or
an absolute mass amount, whichever is lower.Table 1
describes the specific levels of impurities allowed for
each threshold.

One of the consequences of using product formation
rather than drug loss to determine stability is that the
precision of measurements is inherently higher for low
conversions. This is due to the fact that it is generally
harder to detect a small change in a large number than
the same absolute change in a small number because
the relative change in values is much greater in the
latter case. For example, for a product formed during
a degradation study going from 0.05 to 0.50% is a
1000% increase in the level of the material, while
decreasing the initial amount of drug by the same
amount, i.e., from 100.00 to 99.50%, is a decrease of
only 0.5%.

The advent of more sensitive analytical methods in
pharmaceutical development has resulted in a concomi-
tant decrease in the allowable levels of impurities and
degradants in dosage forms. In the development of a
pharmaceutical product, speed to market has a great
influence on the profitability of that product. Forma-
tion of a degradant at levels significantly below 1% of
the drug during an anticipated shelf-life (usually two to
three years) may result in significant product introduc-
tion delays, especially if such instability is uncovered
late in the development process. Once clinical trials
h itate
a the
f tive

to predict any instability in pharmaceutical formula-
tions as early as possible in the development process,
thereby enabling remedies to be applied. It is impor-
tant that such methods be effective enough to predict
even slow rates of degradant formation, yet remain ac-
curate enough that relevant degradation problems are
addressed.

In this review, we examine a number of methods in
use for accelerating chemical degradation with a spe-
cial emphasis on recent advances in the field. Other
reviews previously published largely predate the ad-
vent of highly sensitive assays (Pope, 1980a, 1980b;
Parikh, 1981; Stewart and Tucker, 1984a, 1984b,
1985a, 1985b; Witthaus, 1981; Meunier, 1981). More
recent reviews have addressed accelerated stability test-
ing in biological products, hence this field is only
briefly mentioned in the present review (Franks, 1994;
Young, 1990). Most of the previously reviewed work
involved loss of potency of drug rather than formation
of low levels of degradant products. Current formula-
tion development and expiry determination is more of-
ten concerned with the formation of specific degradants
(Darrington and Jiao, 2004). Though the basic science
behind current methodology has not changed signif-
icantly, the methods available for predicting stability
have evolved over the years as will be discussed in this
review.

Another type of stability important for pharmaceu-
tical dosage forms is physical stability. In this review,
physical stability is only discussed with respect to its ef-
f ging
f ed
i

ave begun, a change in formulation may necess
dditional clinical trials to assure bioequivalence of

ormulations. Consequently, there is a strong incen
ects on chemical stability; however, accelerated a
or prediction of physical stability has been review
n the literature (Stewart and Tucker, 1985c).
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In assessing the stability of drugs, the use of multi-
ple methods can help in determining the mechanism of
degradation. Learning the degradation mechanism can,
in turn, be helpful in the design of stabilization methods
or, potentially in redesign of the active pharmaceutical
ingredient (API).

In this review, we discuss various options for accel-
erated study of product formation from drug chemical
degradation. These options are not necessarily the same
as those used for regulatory testing to set expiry dating.
Instead, this review focuses on options for getting an
early stability assessment and providing some mech-
anistic understanding to help in taking remedial ac-
tions to rapidly develop a prototype commercial dosage
form. This manuscript first describes the general use of
thermal acceleration methods, which are broadly appli-
cable to many degradation mechanisms. Some of the
specific major degradation mechanisms common with
active pharmaceutical ingredients are then discussed
in greater detail. Since the type of accelerated aging
used will often depend on the specific dosage form,
these are separated out for each mechanism as appro-
priate. Finally, photostability and estimation of stability
in packaged products are reviewed.

2. Thermal methodologies

Accelerated aging traditionally involves use of
temperature increases to speed reactions. The process
o ing
t then
e the
p ngle
t to a
d ow.

2

rms
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w nce
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g tical
t ual
p y or
s the

determining factor in setting shelf-life expiry. While
drugs commonly decompose to give multiple products,
the shelf-life is rarely determined by the overall drug
decomposition rate (i.e., the sum of these individual
rates), but rather by the rate of formation of individual
products (as determined by their toxicity limits). The
time dependence of drug degradation will vary, depend-
ing on whether or not the drug itself is involved in the
rate-determining step of its degradation (zero order if
not, first order for most reactions that do depend on the
drug concentration). The form of the rate equation is
shown below for zero and first order reactions based on
formation of product (D0 is initial drug concentration,
Pt is the product concentration at timet; P0, the initial
product concentration is assumed to be zero):

zero order : Pt = kt (1)

first order : ln

(
1 − Pt

D0

)
= −kt (2)

For zero-order reactions (i.e., zero-order in drug),
the reaction rate is independent of the drug concentra-
tion, while for first order reactions, the rate depends
linearly on drug concentration. The logarithmic term
of Eq. (2) can be expressed as a series expansion with
little error for low conversions; i.e., for total drug con-
versions of less than 2% as is common in pharmaceu-
tical stability programs, it is possible to ignore higher
order terms in the expansion to give the following:

l

t rug
c

t
f ility
p can
b first
o nitial
l the
r tion
p or-
m the
f estimating ambient stability involves estimat
he reaction rate at different temperatures, and
xtrapolating to the desired temperature. Both
rocess determining the reaction rate at a si

emperature and the process for extrapolating
esired temperature are discussed separately bel

.1. Estimating reaction rates

Chemical stability is generally expressed in te
f a rate constant,k, representing either product fo
ation or drug degradation. In general, these two
ill not be the same except in the special circumsta
f a one step reaction where the drug irreversibly
rades to a single product. In current pharmaceu

esting programs, the rate of formation of individ
roducts, independent of whether they are primar
econdary decomposition products of the drug, is
n(1 − PtD0) ≈ −PtD0 (3)

Substituting Eq.(3) into Eq. (2), and assigningk′
o equal the rate constant divided by the initial d
oncentration gives Eq.(4).

−PtD0 = −kt

Pt =
(

k
D0

)
t

Pt = k′t
(4)

Comparison between Eqs.(1) and (4)shows tha
or low conversions typical in pharmaceutical stab
rograms, both zero and first order processes
e treated as following zero-order kinetics. For
rder processes, this is accomplished using the i

inear portion of the data to provide an estimate of
eaction rate. Though this zero-order approxima
rovides a rate of reaction for the initial product f
ation, for reactions that are indeed first order in
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drug, the zero-order rate constant determined by initial
rates will depend on the initial drug concentration.
With a zero-order reaction, however, this rate constant
will be independent of the initial concentration. Using
this distinction can be helpful in elucidating the
mechanism of a degradation process. This is most
useful in solution, where drug concentrations can be
varied to determine the reaction dependency.

Obtaining rate constants based on experimental data
at a given temperature is most often accomplished by
fitting the data using linear least squares methods. This
method can provide acceptable rate constants, espe-
cially in liquid dosage forms. With solid dosage forms,
better predictability is reported using median-based ro-
bust regression methods, especially when there are out-
liers (Cabiglioli et al., 1996). This is partially achieved
by taking replicates into account. It has also been noted
that since least square fitting (linear regression) gen-
erally relates the drug concentration at a given time
to the initial concentration of drug, the error associ-
ated with the initial drug concentration gets multiple
weightings. Fitting of data using nonlinear regression,
factoring in confidence intervals, has been proposed to
better account for the errors associated with the initial
drug concentration (Ebel et al., 1989). Confidence in-
tervals become important since there is a coupling of
the uncertainty of the prediction due to both fitting for
the rate constants at each temperature and fitting of the
temperature dependence for extrapolation to storage
temperatures.

2

q.
( rug
d ence
o
t
g of
a

l

k

Here,kT is the degradation rate at temperatureT, and
k′ is the degradation rate at temperatureT′ (usually the
desired temperature for prediction). The rate constant
equals the amount of product formed per unit time,
assuming low conversions.

In practice, many systems do not show Arrhenius
behavior, at least over a wide temperature range. The
following are a list of some of the major reasons for
non-linearity in Arrhenius plots:

1. Phase transitions: If a phase change (e.g., melt, glass
transition, vaporization) occurs in the temperature
range studied, there can be a discontinuity (see for
exampleDuddu and DalMonte, 1997; Jans-Frontini
and Mielck, 1996; Duddu and Weller, 1996). Simi-
larly, as temperature shifts, the solubility of a drug or
reactive species in a solvent or excipient can change.
For example, the solubility of oxygen in excipients
(solvents) tends to decrease with increasing temper-
ature. This will also be true with volatile reactive
species. In suspensions, changes in the amount of
material dissolved in the solvent can have dramatic
effects on reaction rates.

2. pH shifts: As temperature changes, the pH of a so-
lution can change even with buffers present (Bates,
1962). In fact, even with an adequate buffer capac-
ity, the pH of a buffer itself can change as a result of
a change in pKa values for the buffer with tempera-
ture as well as shifts in the autoprotolysis constant
Kw (Connors, 1982). This shift can alter the rate of

3 ity
nifi-
or

in

4 tep
is

p as
ture
and
teps
for-
ows
f re-
ing
tive
hed,
.2. Temperature dependence

Reaction rates will follow Arrhenius kinetics (E
5)) for the majority of products generated by d
egradation. Arrhenius kinetics is a linear depend
f the natural logarithm of the reaction rate,k, versus

he reciprocal of the absolute temperatureT (R is the
as constant andA is an indication of the entropy
ctivation for the process).

n k = ln A − Ea

RT
(5)

This can also be expressed as:

T = k′ exp

[
Ea

R(1/T ′ − 1/T )

]
(6)
reaction in a non-Arrhenius fashion.
. Uncontrolled relative humidity: Relative humid

changes as a function of temperature can sig
cantly impact the linearity of Arrhenius plots f
solid dosage forms. This is further discussed
Section2.4.

. Complex reaction mechanisms: For multi-s
reaction pathways, the overall reaction rate
dependent directly on the rate-determining ste
well as indirectly on earlier steps. As tempera
changes, different activation energies (slopes)
pre-exponential terms (intercepts) for these s
can lead to non-Arrhenius behavior of product
mation, even if each individual rate constant sh
Arrhenius behavior. For example, in the case o
combinant bovine granulocyte-colony stimulat
factor, a reversible equilibrium between the na
protein and an intermediate state is establis
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followed by irreversible aggregation (Roberts,
2003). Temperature changes affect the equilib-
rium (i.e., the rate constants for the forward and
backwards reactions) with different Arrhenius
parameters than that for the rate-determining step.
The consequence is an overall non-Arrhenius tem-
perature behavior for product formation, though the
individual steps appear to behave in an Arrhenius
fashion. In the extreme case, a switch in the rate-
determining step or shift of reaction pathway to the
product can occur. In the case of multiple pathways
to a single product, where one pathway dominates
at low temperature while another dominates at
high temperature, the predictions based on the high
temperature behavior will always underestimate
the instability, since the high temperature slope
will be steeper than the low temperature slope.
Since the failure in this case is for an underestimate
of a stability issue, this possibility can be a very
significant issue in predicting shelf-life. For this
reason it is advisable to always maintain a low
temperature (∼25◦C) sample to ensure a complete
understanding of the temperature dependent profile.

5. Change in Arrhenius parameters with temperature.
Although the Arrhenius parameters are generally
assumed to be temperature independent over
the narrow temperature ranges typically used in
accelerated aging studies, they will in fact vary with
temperature based on any heat capacity change
on going to the activated complex (Vyazovkin,

d
ide
.

rupt
c per-
a oth-
e for
c en-
d bove
t en-
t and
s ost
p plot
g tem-
p isms
g per-
a

To take into account the non-linear Arrhenius be-
havior, in many cases, it is possible to use the modified
Arrhenius relationship shown in Eq.(7) (IUPAC, 1996)
to better fit the data:

k = ATn e−Ea/RT (7)

whereA, n andEa are parameters determined using
nonlinear fitting programs (0 <n< 1). This equation
can be mathematically simplified to give Eq.(8), which
is generally easier to use fitting programs to solve:

ln k = α − β ln m − γm (8)

Here,mequals 1/T, andα, β andγ are fitted param-
eters based on a linear least square fit to the experimen-
tal data (0 <β < 1). It should be noted that for kinetics
that indeed follow the Arrhenius equation,β goes to
zero, and a linear relation is determined between lnk
and 1/T. Use of this equation allows for better general
predictions of room-temperature stability (Herberger
et al., 1987) since some level of curvature in the Arrhe-
nius plot can be accounted for. As would be expected,
the number of temperature points must be sufficient
to allow fitting to Eq.(8) (greater than three). Other
modified Arrhenius relationships have also been used
successfully with pharmaceutical systems to improve
predictions (Ertel and Carstensen, 1990).

2.3. Non-isothermal accelerated aging

ility
s ures.
T then
b s
( se
t rma-
c sid-
e trap-
o ften
e ient.
B wer
t rvals
f ced.
U ns
c nter-
v ods
( 85;
C 983;
1999; Wold and Exner, 1973). This factor shoul
be considered especially when using a w
temperature range in accelerated aging studies

Characteristically, some systems show ab
hanges in their Arrhenius curves at specific tem
tures (at a phase transition, for example), while
rs show more continuous curvature; for example
omplex reactions with different temperature dep
ence for different steps. In the former case, data a

he critical temperature for the discontinuity is ess
ially useless for predictions of lower temperatures
hould not be included in extrapolations. For m
hase transitions, the curvature in the Arrhenius
ives higher than expected reaction rates at high
eratures, while most complex reaction mechan
ive lower than expected reaction rates at high tem
ture.
Traditionally, accelerated pharmaceutical stab
tudies are carried out at a set of fixed temperat
he data provided by this isothermal method can
e used in an Arrhenius (Eq.(6)) or modified Arrheniu
Eq. (8)) fashion to predict ambient stability. Becau
he number of temperatures generally used in pha
eutical investigations is small, there can be con
rable error associated with the temperature ex
lations. To counter this, long aging times are o
mployed, especially at temperatures close to amb
y lowering the error bars associated with the lo

emperature degradation rates, the confidence inte
or the final extrapolated ambient rates are redu
nfortunately, the time involved in such predictio
an be considerable. To narrow the confidence i
als in the same aging time, non-isothermal meth
Zhan et al., 1997; Yoshioka et al., 1987; Tucker, 19
respo and Alvarez, 1985; Hempenstall et al., 1
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Tucker and Owen, 1982), where samples are placed in
temperature ramping ovens and pulled at various time
points have been suggested. Conceptually, the tight-
est confidence intervals for the final prediction occur
with more data under the lowest temperature condi-
tions such that extrapolation is minimized. At higher
temperatures, the conversion percentage as a function
of time increases such that there are tighter degradant
level confidence intervals; however, the extrapolation
distance is greater, effectively expanding those confi-
dence intervals based on the extrapolation distance. To
more evenly balance the effects of rates and confidence
intervals, it has been shown that an exponential heat-
ing process, which increases the time a sample spends
in the low temperature range relative to the higher
temperatures, provides greater accuracy and precision
for room-temperature extrapolations than other non-
isothermal heating protocols (Zhan et al., 1997). The
general form of this temperature profile is shown in
Eq.(9),

T = T0 − 10 ln

[
1 − t/tfinal(1 − d−�T/10)

ln d

]
(9)

whereT is the temperature at timet, T0 the initial tem-
perature,tfinal the experiment duration,�T the temper-
ature range of the experiment andd is a factor between
1 and 4. Thed-factor is based on the activation en-
ergy for the process, with higherd-values indicated for
higher activation energies. If the activation energy is
n rea-
s . One
c -
a e).
T ting
e ature
w ect
t ex-
p o
o m
o

�

x

wheret is the time for the individual pull points,k′ is
the rate constant at temperatureT′ (k′ is determined as
part of the fitting program) andλ is a fitted parameter
equal toEa/R. Solving this equation requires assigning
a temperature for which a rate is desired (e.g., 25◦C),
assuming a value forλ, numerically solving the integral
(e.g., by Simpson’s integration) at each time point, then
performing a linear, least squares fit of the data (i.e.,
�c versus the integral). This is iterated over values of
λ until the best correlation is achieved.

Non-isothermal aging allows for samples to experi-
ence effectively many temperature/time points from a
single oven by pulling samples at multiple time points
during a heat cycle. The disadvantage of this approach
is that an oven is dedicated to a single experimental
set for the duration of a program. This in turn requires
a multitude of ovens for multiple concurrent stability
programs.

2.4. Humidity

Humidity can have a significant effect on solid drug
substances or drug products, even for reactions which
themselves do not involve water. Among the effects are
changes in the drug form (such as hydrate formation)
and plasticization (dissolution) of drug or excipients.
Plasticization, where water acts to lower the glass tran-
sition of a material, can lead to a significant increase
in mobility and corresponding reactivity in solid
d ical
c ) are
r han
t the
s ic
t ity
( ity
o ing
i the
s hich
i ne
i e air
f the
a iv-
i this
r gh
a late
s an
ot known, exponential heating can still provide a
onable process for conducting accelerated aging
an assume a value of 2 ford (i.e., doubling the re
ction rate with every 10◦C increase in temperatur
he data from an exponential, non-isothermal hea
xperiment can then be analyzed replacing temper
ith an integral of the temperature profile with resp

o time. Arrhenius kinetics, for example, can be
ressed as shown in Eqs.(10) and (11)(assuming zer
rder kinetics and ad-factor for the heating progra
f 2).

c = k′
t∫
0

exp

[
λ

(
1

T ′ − 1

x(t)

)]
dt (10)

(t) = T ′ − 14.43 ln

[
1 − t

tfinal(1 − 2−�T/10)

]
(11)
osage forms. The role of moisture in causing phys
hanges (as well as its role as a reactive species
elated to the water activity of the system rather t
he moisture content of either the dosage form or
urrounding air. Water activity is a thermodynam
erm referring to the equilibrium relative humid
ERH) over a sample. At equilibrium, the water activ
f a sample is equal to the ERH of the air surround

t. ERH represents the moisture content relative to
aturated moisture content at that temperature, w
s defined as ERH = 100% (water activity = 1). As o
ncreases temperature, the amount of water in th
or a given relative humidity increases; however,
ctivity of the water, that is its ability to affect react

ty, permeation and plasticization, depends only on
elative humidity, not the absolute humidity. Thou
ccelerated aging predictions will generally corre
ignificantly better using ERH (water activity) th
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with total water content in the dosage form or absolute
humidity in the environment (Heidemann and Jarosz,
1991), correlations are sometimes seen between
water content and drug stability using the Carstensen
equation (see for exampleMatsunaga et al., 1993). In
this report, a plot of the logarithm of the degradation
rate versus the logarithm of the water content is linear
with the slope being an interaction term between water
content and reaction rate (Carstensen et al., 1966).
In reality, drug product water content will directly
correlate with the degradation rate only when the water
content correlates directly with the water activity.
This lack of correlation can be seen, for example,
with a lyophile of vecuronium bromide where the
degradation rate correlated with the water activity
but only roughly with water content (especially when
comparing different formulations) (Vromans and
Schalks, 1994). Since water activity is in principle
feasible to measure, this would be the preferred
method; especially until a correlation between water
activity and water content is established.

For solid samples open to the environment (e.g.,
open bottles in stability chambers), the ERH will equal
the RH of the chamber. For packaged systems, trans-
port of moisture to the dosage form (or formulation)
can be rate limiting. Water activity in the package will
depend on the amount of initial water associated with
each component, the initial packaging relative humid-
ity, the relative vapor sorptions of the drug and var-
ious excipients, as predicted using the SDMT model
( -
m rnal
e qui-
l ter
a ess
h the
c ex-
c
a an
b eas-
i as-
i
a port
l the
w x-
a water
a rug
o of a

fixed concentration of water as temperature increases
(decreased relative humidity for the same absolute hu-
midity). One method of studying the change in water
activity in closed systems, as a function of temperature
is to use small, self-contained, battery operated humid-
ity meters (such as those produced by Microtek Cor-
poration). These meters can be packaged into bottles
with a dosage form, stored over extended periods, and
then removed. Upon removal, the thermal and humidity
history can be downloaded directly onto a computer.

Even in liquid dosage forms, water activity can af-
fect reaction kinetics. The water activity of aqueous
solutions is affected by the overall concentration of
species in solution. Since this water activity can change
with temperature (based on solubility changes), reac-
tion rates can be affected in a non-Arrhenius fashion.
Though not reported in the pharmaceutical literature,
we would suggest that it should be possible, by mea-
suring water activity as a function of temperature, to
explicitly correct for the water activity changes in ac-
celerated aging studies.

In conducting accelerated aging studies on solid
samples, it is important to know how high in relative
humidity one should go before the rates become non-
predictive for extrapolation to relevant relative humidi-
ties. This can be done by first determining the critical
relative humidity (CRH) of a system (Kontny and
Zografi, 1995), that is, the relative humidity above
which moisture will start to dissolve some of the
components in the formulation (deliquesce). Since
a s is
t ing
s to
p ause
b ill
e ing
t will
p ion
a ons
a can
b tion
k

sing
c
a nc.,
P the
C ted
a sed
Zografi et al., 1988; Kontny, 1988), the water per
eability of the package and the RH of the exte
nvironment. With more hygroscopic excipients, e

ibrium is often reached more slowly; that is, the wa
ctivity can be lower within the package than with l
ygroscopic excipients present. This can result in
ounterintuitive situation where more hygroscopic
ipients stabilize moisture-sensitive drugs (Heidemann
nd Jarosz, 1991). In contrast, some excipients c
ring moisture into closed packages thereby incr

ng the water activity (relative humidity) and decre
ng the drug stability (Patel et al., 1988). When doing
ccelerated aging predictions in such water-trans

imited systems, it is important to understand how
ater activity varies with different conditions. For e
mple, at higher temperatures in closed systems,
ctivity can increase due to water desorption from d
r excipients, or decrease due to the lower activity
mbient storage of formulations and dosage form
ypically below their CRH values, accelerated ag
tudies above this value will often not extrapolate
roduct storage conditions. This is the case bec
elow the CRH, the water activity in the sample w
quilibrate to the water activity in the air surround

he sample, while above the CRH, the sample
ick up water to dissolve material until the solut
ctivity can match the surroundings. For conditi
bove the CRH, water vapor and heat transport
e rate-limiting processes rather than the reac
inetics themselves (Kontny and Zografi, 1985).

The CRH of a sample can be measured u
ommercial instrumentation such as AquaLab® water
ctivity meters (available from Decagon Devices I
ullman, WA). Another method of determining
RH for a drug or formulation is to prepare a satura
queous slurry of the material. The ERH of a clo
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system over the slurry will equal the CRH. When using
a formulation, as opposed to a drug alone, care must be
taken that no single component is below its saturation
point. A technique that provides similar values but can
be carried out with smaller sample volumes and shorter
run times is isothermal microcalorimetry (Jacobsen et
al., 1997). Another indirect technique especially useful
for mixtures of solids involves extrapolating the water
sorption rate of the material as a function of high rela-
tive humidities back to a zero sorption rate (Kontny and
Zografi, 1985). Any of these techniques can also be ap-
plied to determine the CRH at different temperatures.
It should be noted that solubility changes as a function
of temperature can lead to significant changes in the
CRH value of a system as the temperature changes.

Solid formulations can be homogeneous (for ex-
ample, some lyophiles), or more commonly, heteroge-
neous. When all components of a formulation interact
only minimally, one would anticipate that the highest
relative humidity appropriate for use in accelerated ag-
ing would be the CRH equal to that of the lowest value
for the individual components or even just that for the
drug alone. As an aid to determining the maximum pre-
dictive storage humidity for accelerated aging of solid
dosage forms, the CRH values for a number of com-
mon pharmaceutical excipients are listed inTable 2.
For chemically interacting components, CRH values
can be estimated as the product of the individual CRH
values (expressed as fractions) (Ross, 1975).

Once the CRH is determined, various humidities be-
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Table 2
Critical relative humidity values for a number of common excipients
(Waterman and MacDonald, unpublished data)

Excipient CRH (%)
at 20◦C

CRH (%)
at 40◦C

Dextrose 100 88
Fructose 72 64
Lactose 100 100
Mannitol 100 100
Sorbitol 80 69
Sucrose 86 83
Xylitol 91 73
Ascorbic acid 100 98
Fumaric acid 100 100
Tartaric acid 84.5 78
Calcium chloride 29 21
Potassium chloride 84 82
Potassium sulfate 97 97
Sodium chloride 75 75
Sodium citrate 60.5 78
Hydroxypropylcellulose 100 100
Polyethylene glycol (3350) 94 85
Polyvinylpyrollidone 100 100
Hydroxypropylmethyl cellulose 100 100
Polyethylene oxide 100 96
Sodium carboxymethylcellulose 84 83.5
Hydroxyethyl cellulose 93 91
Pluronic F127 96 99
Pluronic F87 88 92.5

The importance of this effect on a given system will de-
pend on a number of properties of the material includ-
ing solubility, surface area and presence of defects and
amorphous regions. This effect can account for some
highly humidity dependent processes even for samples
studied below their CRH values.

For a range of solid formulations below the CRH,
the effect of relative humidity on the Arrhenius behav-

Table 3
Salts for control of relative humidity in accelerated aging studies
(Marsh, 1987; ASTM, 1991; Greenspan, 1977)

Salt % Relative humidity over slurry at
indicated temperature

20◦C 30◦C 40◦C 50◦C 70◦C

LiCl 11.3 11.3 11.2 11.1 10.8
MgCl2 33.1 32.4 31.6 30.5 27.8
K2CO3 43.2 43.2
Mg(NO3)2 54.4 51.4 48.4 45.4
NaCl 75.3 75.1
KCl 85.1 83.6 82.3 81.2 79.2
K2SO4 97.9 97.0 96.4 95.8
ow the CRH can be examined for their effect on
rug degradant formation rate. Knowing the sensiti
f a system to the RH can help in making accurate
ictions to ambient conditions. For example, a hig
oisture sensitive drug product can show very dif
nt 20◦C degradation rates at 20% RH versus 60%
nowing this sensitivity can also help in the design
ackaging or justify the use of desiccants (Badawy e
l., 2001). Allowing free equilibration of a formulatio

o a range of controlled RH environments permits
etermination of the RH sensitivity. Salt slurries
e used to provide a range of humidities as liste
able 3, or one can use commercially available hum

ty controlled chambers.
Even below the CRH for a bulk drug or exci

nt, moisture can affect (partially dissolve) the sur
f particles, presumably due to the presence of h
nergy molecules at the surface (Kontny et al., 1987).
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Fig. 1. Rate of formation of dehydroascorbic acid (k) from com-
mercial Vitamin C tablets as a function of temperature and relative
humidity (Waterman, 2004).

ior for the kinetics of degradant formation is largely on
the intercept rather than the slope (Waterman, 2004).
This can be seen inFigs. 1 and 2for an oxidation and
a hydrolysis, respectively. That the relative humidity
effects are largely on the intercepts suggests that
the relative humidity, at least in a number of cases,
does not change the degradation mechanisms, but
rather affects the collision frequency. The collision
frequency in turn is dependent on the mobility of the
species involved. This mobility dependence results
in a linear relationship between the relative humidity

Fig. 2. Rate of formation of salicylic acid (k) from commercial
aspirin tablets as a function of temperature and relative humidity
(

Fig. 3. Rates of product formation for Vitamin C and aspirin degra-
dation at 50◦C as a function of relative humidity (Waterman, 2004).

and the logarithm of the degradation rate (product
formation rate) (Waterman, 2004). This can be seen in
a number of cases as shown inFigs. 3 and 4, as well as
other literature examples (Tripet and Kesselring, 1975;
Plotkowiak, 1989; Hladon and Cwiertnia, 1999). The
effect of relative humidity on reaction rates can differ
significantly from this general pattern when moisture
induces physical changes in a system (Shalaev and
Zografi, 1996). For example, in lyophilized formu-
lations of methylprednisolone, moisture induced
plasticization of amorphous drug (decreasing the glass
transition temperature) was found to increase the
molecular mobility and thereby the hydrolysis rate
for the drug (Herman et al., 1994). Moisture induced
plasticization of polymeric excipients can also lead to
phase transitions at elevated temperature conditions.

F dity
(
Waterman, 2004).
ig. 4. Hydrolysis of nitrazepam as a function of relative humi
Genton and Kesselring, 1977).
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Such transitions can provide non-predictive stability
in extrapolations to lower temperatures. For example,
elevated temperature aging combined with high
humidity resulted in exceeding the glass transition
temperature of the excipient polyvinylpyrrolidone in a
tablet formulation, which did not transfer to conditions
below that temperature/humidity, and were therefore
non-predictive (Fitzpatrick et al., 2002). In some cases
the mobility increase due to moisture and temperature
can allow a drug to react with an excipient that it other-
wise might remain separated from and unreactive. For
example, reaction of ibuprofen with bases in the solid
state was found to be highly moisture sensitive (Byrn
et al., 2001). In each of these cases, high humidity con-
ditions caused an overestimate of the rate of degradant
formation from the rate actually observed at ambient
humidities.

When accelerated conditions of humidity and tem-
perature are used with drugs, formulations and dosage
forms, caution must be observed that there are no form
changes across the conditions used. In some cases, dif-
ferential scanning calorimetry (DSC) or other calori-
metric techniques can be useful to study temperature
effects, though coupling humidity effects may require
specialized instrumentation. For the drug, hydration or
dehydration can result in the formation of new crystal
structures or loss of crystallinity, both of which can re-
sult in a change in stability. Importantly, these changes
may only occur under accelerated conditions and there-
fore be non-predictive of issues under ambient condi-
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2002a). In addition to rate dependencies on the tem-
perature and moisture, hydrolysis rates can depend on
the concentration of catalytic species, usually acids or
bases. With many hydrolytic reactions, such as those
involving esters and aryl carbamates, the reactions are
reversible, i.e., degradation products can react to re-
form the drug (March, 1992). The result is that at high
drug conversions, the reaction rate may slow due to
accumulation of product; i.e., the back reaction be-
comes significant as the products accumulate in an
approach to equilibrium. It is therefore generally ad-
visable, for purposes of predicting drug stability, to
only carry reactions out to low conversions (forma-
tion of less than 10% of a degradant, or more prefer-
ably, less than 2% of a degradant). Unfortunately,
even with low drug conversions, the reaction may still
approach an equilibrium value; that is, a 10% con-
version could represent complete reaction. Although
in theory one could measure the forward and back-
ward reaction rate constants, in practice, most often
conversions are limited to levels consistent with the
expiry-limiting degradant level (generally below 1%).
In solid systems, local high product concentrations
can result in product accumulation effects even with
low overall conversions. Without the diluting effect
of the solvent, the equilibrium position of a hydrol-
ysis can shift to the starting material. The overall re-
sult can be that a hydrolysis that goes to high con-
versions in solution (where the drug product is dilute
and shifts the equilibrium to the product direction)
g the
h to-
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ions. For example, cefixime trihydrate loses its w
f crystallization, first to give a disordered crystal, th

o give amorphous material upon further dehydra
Kitamura et al., 1990). These changes result in grea
ydrolysis rates under low humidity, where drug c
erts to a less stable amorphous form, than at high
idity, where crystals remain intact.
While in the preceding sections, general meth

or accelerated aging were reviewed, in the follow
ections, more specific discussion is included abo
umber of common pharmaceutical degradation m
nisms.

. Hydrolysis

Hydrolytic reactions are among the most co
on processes for drug degradation (Waterman et al
oes only to low conversions in the solid (where
igh product concentrations shift the equilibrium
ards the reactants). Under these conditions, it
e necessary to use a more complex kinetic m

han the zero-order approximation discussed for
onversions. More specifically, under conditions wh
he back reaction becomes significant, the back r
ion’s dependence will be second order (i.e., first
er in each product), while the forward reaction
nly first order in drug. This second order back
ction explains the high dependence of the equ
ium position (which represents the competition
ween the two rates) on the drug concentration.
xception to this is with internally cleaved hydroly
eactions as seen with lactones and lactams.
hese species, the extent of reaction remains the
n solid and solution, assuming similar effective
nvironments.
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3.1. Aqueous solutions

For many aqueous drug solutions, pH-stability
profiles are generated to determine the pH of maxi-
mum stability (Carstensen, 2000). Using a pH where
a drug is unstable to predict quantitatively how
fast a degradant will form at a pH where the drug
is more stable requires fitting the pH profile to a
typically parabolic curve shape, then extrapolating
to the desired pH. In some cases, such an analysis
can provide an understanding of mechanistic factors
involved in the degradant formation. For example,
4-dedimethylaminosancycline was studied over a pH
range of 2–10, with such results able to be rationalized
in terms of the degradation of various ionized forms and
base catalysis (Pinsuwan et al., 1999). Because of the
sensitivity to catalysis, however, pH rate profiles can
involve discontinuities, which can lead to erroneous
predictions (Mirrlees and Taylor, 1994). In addition,
since many aqueous drug solutions are buffered, in-
tentionally changing the pH for accelerated aging will
require exceeding a buffer capacity, which increases
ionic strength, another factor in the rate of some drug
degradation.

Products of hydrolysis can sometimes affect the hy-
drolysis rate itself by catalyzing further drug degrada-
tion, usually in unbuffered systems. For example, ester
drugs can hydrolyze to give acidic products, thereby
lowering the pH of the solution once the buffer capac-
ity is exceeded. This was seen, for example with the
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in some cases. For example, shifts in pH with tem-
perature may result in a product formation, which will
disappear when the temperature is reduced. The analyt-
ical results can therefore depend on whether samples
are monitored in situ or worked up back at ambient
temperatures.

In some cases the drug itself can act as a catalyst
in its own decomposition such that the reaction kinet-
ics will depend on the drug concentration. This has
been observed with ceftazidime, which acts as a gen-
eral base in catalyzing its own hydrolysis (Fubara and
Notari, 1998). This example emphasizes both the im-
portance of using drug concentrations similar to those
of the ultimate drug product and again of carrying out
reactions to only low conversions.

Although the solution pH generally has a significant
impact on drug hydrolyses, one should also note that
general acid or base catalysis (buffer catalysis) can
also be significant (Carstensen, 2000). Generally, the
implications of this are that buffer concentrations
must be carefully controlled during accelerated
aging studies to assure predictive results, though
mathematical models have been developed that can
help interpret pH and buffer catalysis for stability
(Can der Houwen et al., 1994). Such models can allow
specifications to be set on catalysts levels for such
products.

Temperature changes during accelerated aging can
alter solution pH, leading to non-Arrhenius behavior
(Newton and Miller, 1987). It is therefore useful to mea-
s ange
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rug lonapalene (Powell et al., 1988). In this case, th
nitial pH dropped from 6–7 to 4–5 during the cou
f the reaction. Since we are generally most intere

n the formation of drug degradants, it is possible
inimize the effect of such pH changes by carry
ut accelerated aging only to produce only low le
f such products.

For reversible drug hydrolysis, re-equilibration
ween the drug and its hydrolyzed form can result f
hanges to the system external to the drug itself,
s a change in pH or co-solvent ratio (by evapora

or example). For example, equilibria between lact
nd ring-opened acid moieties on drugs depend he
n pH and the presence of co-solvents as is obse
ith canrenoic acid (Garrett and Won, 1971) and ator
astatin (Kearney et al., 1993). This thermodynami
ontrol of drug degradant formation is different fro
rreversible reactivity controlled by catalysis, at le
ure the solution pH over the desired temperature r
o assure the pH remains constant. Alternatively,
ould use a computer model that simulates obse
hanges in pH with temperature based on entha
or dissociation (Kipp and Schuck, 1995). Without pH
hifts, high temperature accelerated aging has bee
essful as seen, for example, with indomethacin an
lycolamide ester (Arrhenius hydrolysis up to 70◦C in
arious buffer solutions (Chiba et al., 1992; Kahns
l., 1989)) and adenosine triphosphate, ATP (Arrhen
ydrolysis up to 80◦C (Seki and Hayashi, 1982)).

When carrying out accelerated aging processe
olution, it is important to distinguish between deg
ation products that remain in solution and those
recipitate from the solution, at least for reversible p
esses. In the former case, the kinetics are relat
traightforward; however, in the latter case, matters
ecome quite complex. For example, if the degra
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solubility depends on the temperature, accelerated ag-
ing by elevating temperature may not be predictive.
Temperature increases that increase drug degradant sol-
ubility may not adequately account for the increased
driving force associated with drug degradant precipi-
tation. Consequently, this case could involve an under-
representation of the actual ambient rate of formation
of a drug degradant.

Although accelerated hydrolysis in solution gener-
ally entails using HPLC analysis to study the rate of
product formation, it is also possible to study the over-
all reaction rate using microcalorimetry (Angberg et al.,
1990). Since the heat flow is proportional to the rate of
a reaction and the heat evolved in the process (assum-
ing an exothermic reaction), this technique can provide
a rapid assessment of the reaction kinetics. However,
since multiple reaction pathways still give a single heat-
ing curve which can be difficult to deconvolute, use
of microcalorimetry is best suited to drug degradation
processes that go through a single pathway. Increas-
ing the drug concentration increases the heat gener-
ated, and thus the sensitivity. One can measure the heat
flow at a given time, or use the total amount of heat
evolved during a fixed time interval. This method was
used in model studies with aspirin (Beezer et al., 1999)
and meclofenoxate hydrochloride (Otsuka et al., 1994),
where the hydrolysis was successfully measured as a
function of pH and temperature.

3.2. Non-aqueous solutions
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the solution may alter the saturated moisture content.
Intentional addition of water to non-aqueous drug
solutions will generally accelerate hydrolytic reactions
linearly with the concentration of unbound water in
solution. To use this method, one can measure stability
with two or more levels of water up to the saturation
level of water in the solvent then extrapolate back
to the moisture level present in the system without
added water. Obviously, if there is no water in the
native system, hydrolytic reactions are not possible
and adding water will not represent a valid prediction
method. One must be careful not to add more water
than is phase-compatible with the solvent system since
that water will not be reactive in a linear fashion as
a function of overall water concentration. It should
also be possible, in principle, to couple the thermal
methods with added moisture using a linear relation-
ship for the water concentration and a logarithmic
(Arrhenius) relationship for the temperature. This may
be especially appealing for systems where the amount
of water in the solvent can be increased at higher
temperatures.

3.3. Aqueous and non-aqueous suspensions and
emulsions

For drug suspensions and emulsions, the situation
is complicated by the nature of a two-phase (solid drug
and solution or drug in oil solution and aqueous sus-
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For some non-aqueous solution formulations, w
an theoretically be a limiting reactant. As such,
ould anticipate that addition of water can be an ef

ive means of accelerating such hydrolytic reacti
o use this as a predictive tool, it is first importan
stablish the moisture content (or range of mois
ontents) expected in the system when prepared
rocess similar to the one anticipated for comme
roduction of the dosage form. The second step
etermine the maximum level of water the solv
ystem can contain before phase separation oc
his level can range from very low for oils to co
letely miscible for alcohols and glycols. To meas
ater solubility in oils, Karl Fischer techniques c
e used on the solvent after stirring with excess w

hen separating the oil layer out (Acker and Fredian
945). It should be noted that the presence of solute
ending fluid) system. In many cases, the hydrol
ate of the drug in aqueous solution will be order
agnitude higher than that in the solid or oil phase.

his reason, the amount of drug in aqueous solution
e the major factor in determining the rate of hydro
is. For example, for the diterpenoid forskolin, the d
artitions partially into the oil phase in an oil-in-wa
mulsion, thereby providing corresponding stabil

ion in direct relation to its partition ratio (Yamamura
t al., 1991). Acceleration of drug instability to hydro
sis for such systems requires separating effects o
hanged conditions into increases in the aqueous
bility of the drug versus acceleration of the reac
inetics. For example, an increase in temperature
ead to an increase in drug solubility, which in turn
ead to a greater drug conversion rate (even with
ame rate constant for the hydrolysis). Solubility
enerally vary according to either (or both) the va
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Hoff equation (Eq.(12)):

ln SolT = −�H

RT
+ constant (12)

or the Hildebrand equation (Eq.(13)):

ln SolT =
(

− �H

RTm

)
ln T + constant (13)

where SolT is the solubility at temperatureT, �H the
heat of fusion,Tm the melting temperature andR is
the gas constant (see for exampleYu et al., 1994).
By plotting either ln SolT versus 1/T or versus lnT, a
line should be obtained which allows the temperature
effects of solubility to be explicitly accounted for at
any temperature (Tingstad et al., 1973). In some cases,
the ideal solubility relationship described in Eqs.(12)
and (13)does not apply due either to multiple melting
temperatures of the solid or changes in heat capacities
with temperature (e.g.,Prankerd and McKeown, 1990;
Grant et al., 1984). For systems showing temperature
dependent solubility, this factor should be explicitly
accounted for in accelerated aging studies. For oil-in-
water emulsions, the partitioning between the water
and oil phases will depend on the relative solubility
of the drug in each phase, and how this changes with
temperature.

For suspensions in non-aqueous media, many of
the considerations discussed for non-aqueous solutions
should also apply. For example, any added water used
for accelerating the reaction should remain in the sol-
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has been developed for determining the kinetic param-
eters of decomposition as a function of both tempera-
ture and relative humidity, below the CRH (Yoshioka
and Carstensen, 1990). Deconvoluting humidity and
temperature can also be accomplished by varying each
independently.

Attempts have been made to use drug slurries to
accelerate the reaction rate of solid-state hydrolyses;
however, slurries can be problematic for prediction
of solid-state stability due to pH effects, which may
dominate in solution, while in contrast, mobility of-
ten dominates in the solid-state (Po et al., 1983). Also,
as indicated before, the drug solubility itself may be
a dominant factor in slurries (suspensions). Although
this method can be applied to gain some mechanistic
insight into a drug hydrolysis, it is not easily used for
quantitative predictions of drug stability.

4. Oxidation

Oxidative degradation of pharmaceuticals can
broadly be divided into two types: reaction with molec-
ular oxygen, and reaction with other oxidizing agents
present in the formulation. Though these can in general
be distinguished by the dependence of the degradation
on the presence of oxygen, in some cases oxidizing
agents are generated from oxygen-derived decomposi-
tion of excipients. For oxidations derived from excip-
ient impurities (e.g., peroxides), accelerated stability
f
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ent phase. In addition, added moisture can affec
rug solubility in addition to accelerating hydroly
eactions. By measuring the drug solubility in the
ent as a function of water concentration, it is in the
ossible to separate the terms and provide a bette
iction of “native” system stability.

.4. Solids

A rapid prediction of ambient rates of hydroly
or susceptible drugs in the solid-state is one of
ore challenging problems in pharmaceutical scie
ince the stability of moisture-sensitive drugs depe
oth directly and indirectly on the moisture content,
rolytic reactions can involve a complex combinat
f rates (and temperature dependencies). The res

his complex dependence is that it can be difficult
riori deconvolute humidity effects. A nonlinear mo
ollows the pattern discussed in Section5.
Accelerated aging of oxygen-dependent d

ecomposition can be complicated due to the natu
he reaction itself. At most oxygen concentrations,
ate-limiting step in the kinetics of drug oxidation
he oxygen-independent initiation process (often a
iated with impurities) (Waterman et al., 2002b). Only
hen oxygen concentrations are sufficiently low, or

nitiation rate is increased (by increasing tempera
r exposure to light, for appropriate systems) d
xygen concentration affect degradation rates. W
akes thermal methods of accelerated aging c
licated is the fact that oxygen solubility drops w

ncreasing temperature in most systems. For exam
ig. 5shows the saturated oxygen concentration in

er as a function of temperature. As can be seen, a
n the saturated oxygen concentration in water drop
bout a factor of two in going from 25◦C to 70◦C. The
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Fig. 5. Effect of temperature on oxygen solubility in water (generated
by extrapolation of data fromVesilind, 1996).

presence of most solutes lowers the solubility still more
(Franchini et al., 1993). Based on Henry’s Law we ex-
pect the solubility of oxygen in liquid and solid excipi-
ents to similarly decrease with increasing temperature.
In cases where the oxygen concentration is still suffi-
cient that the addition of oxygen is not rate-limiting,
the kinetics should still follow Arrhenius behavior. For
example, the oxidation of 2-mercaptobenzothiazole
to its disulfide was studied in buffered solutions up
to 90◦C. Arrhenius extrapolation to 25◦C gave a rate
constant of 1.35× 10−5 h−1, which compares well
with the observed rate of 1.05× 10−5 h−1 (Kottke et
al., 1984). In cases where oxygen addition becomes
rate-limiting, the temperature effect can become dis-
tinctly non-Arrhenius. For example, in the degradation
of a sulfide-dicarboxylic acid in aqueous solution,
the reaction mechanism switches from an oxidative
to a non-oxidative degradation pathway between
60◦C and 90◦C (Franchini and Carstensen, 1994).
This change is attributed to the decrease in oxygen
concentration as the temperature increases. Although
it should be possible to correct for the loss of oxygen in
a solvent by increasing the total pressure on the system
such that the partial oxygen pressure and oxygen
solubility remain stable (or at least sufficiently high
that the rate-determining step is not oxygen addition),
this has yet to be demonstrated in pharmaceutical
systems.

The shelf-life of oxidizable drugs can be extended
by use of antioxidants. Since many antioxidants are
t drug,
t ore
t ki-
n rug

degradant formation, then more rapid degradant forma-
tion once the antioxidant is consumed. The induction
time and the drug oxidation following the induction pe-
riod are both theoretically amenable to Arrhenius anal-
ysis, but generally with different activation parameters.
For accelerated aging, therefore, sufficient time points
need to be sampled such that both the induction time
and the rate after the induction can be determined. This
process was used successfully for example in an accel-
erated aging study of morphine solutions (Gleditsch
and Waaler, 2001).

Since the rates of most pharmaceutical oxidations
depend heavily on the rate of initiation, one way of
accelerating oxidation is to add known concentrations
of standard initiators and extrapolate to zero initiator
concentration (Boccardi, 1994). This method was ap-
plied to a number of drugs using azobisisobutyroni-
trile (AIBN). This method is best suited to solutions
or lyophiles, since in most heterogeneous solid dosage
forms, it is difficult to assure the initiator is in the same
phase as the drug.

Another method that has recently been reported
to very rapidly assess the stability of drugs in the
solid state was the use of nonisothermal differential
scanning calorimetry (DSC) (Simon et al., 2004). In
this method, the onset temperature for oxidation during
DSC was found to correlate with the room temperature
stability for a limited set of compounds. Because of
the assumptions involved in this method of accelerated
aging, it is most useful for rank ordering stabilities,
e gle
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hemselves consumed as they act to stabilize the
he shelf-life of the drug will depend on the time bef
he antioxidant is depleted. The overall result for the
etics is an induction time where there is little to no d
specially of similar drugs or formulations of a sin
rug.

Oxidation in tablet dosage forms could in the
epend on the tablet hardness or on the presen
oatings since either of these could affect the oxy
enetration rates. In reality, the penetration rate
xygen through tablets (Felton and Timmins, 2003) or

hrough pharmaceutical coatings is so fast as to m
ermeation rates unlikely to be rate limiting ev
s oxidation rates (and oxygen consumption ra

ncrease with temperature. With hard-shell gelatin
ellulosic capsules, the oxygen permeation rates
eported to be sufficiently slow (Felton et al., 2002)
hat oxygen depletion inside capsules is possible
hat accelerated aging predictions can switch
unction of temperature from oxidation-rate limit
o oxygen permeation-rate limited. The result
his switch can be a deviation from linearity in t
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Arrhenius plot with high temperature extrapolations
underestimating the drug degradant formation rate.

5. Reaction with excipients

Reactivity of drugs with excipients (including co-
solvents, sugars or stabilizers) often involve reaction
of nucleophilic drugs (e.g., amines, sulfides and phe-
nols) with electrophilic excipients (e.g., esters), or elec-
trophilic drugs (e.g., carboxylic acids, esters, amides
and alkyl halides) with nucleophilic excipients (e.g.,
alcohols). Assuming the reactive excipient is present
in molar excess, many of the reactions with drugs will
depend linearly on the excipient concentration (pseudo-
first order kinetics). In solutions, this can be used to
accurately accelerate such reactions by extrapolating
reaction rates as a function of the reactive excipient
concentration back to the planned formulation excipi-
ent concentration.

One of the most common reactions observed be-
tween drugs and excipients is the reaction of primary
and secondary amine drugs with reducing carbohydrate
excipients. Reducing carbohydrates include lactose,
fructose, dextrose, glucose and maltose. Non-reducing
carbohydrates include mannitol, sucrose and trehalose.
This reaction is known as the Maillard reaction and is
often observed as a brown color formation in dosage
forms (Kumar and Banker, 1994). Although salts of
amine drugs would be expected to be less reactive than
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rates for degradant formation. In the case of fluoxitine
and lactose, this type of analysis was able to predict
the time to reach 0.1% total degradants at room tem-
perature based on extrapolation from temperatures of
75–95◦C (Wirth et al., 1998). When the intermediate
is not detectable, one may be forced to follow loss of
starting drug, a less sensitive indication of stability as
discussed in the introduction. In some cases, the forma-
tion of the brown color itself can be used as an assay for
degradation (using reflection spectroscopy for solids)
(see for examplePellerin et al., 1971).

Excipient impurities and degradants, can react ei-
ther directly with drugs or act as catalysts for other
drug degradation processes, e.g., hydrolysis or oxida-
tion (Waterman et al., 2003). A characteristic of drug
degradation by an excipient impurity (generally a low
molecular weight electrophile (Waterman et al., 2003))
is a limited extent of reaction based on the impurity
level. This generally manifests itself as a rapid reac-
tion rate that depends on the ratio of drug to excipient
(lower drug concentration leads to a greater extent of
reaction) followed by slower degradation (often by a
different pathway). Even in the early stages of formu-
lation development, examining drug stability at several
ratios of drug to excipient can provide clues as to the
sensitivity of a drug to excipient impurity levels. What
makes this problem particularly insidious is that the
excipient impurity level may vary from lot to lot or
vendor to vendor. In particular, peroxides (especially
hydrogen peroxide (Huang et al., 2003)), small alde-
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ree amine bases, there is generally sufficient pr
xchange, most likely through trace moisture, to
iate the reaction. For example, fluoxetine hydroc
ide was found to react in the Maillard reaction (w
n Amadori rearrangement) with a number of redu
ugars with the reaction accelerated by moisture (Wirth
t al., 1998). Accelerated aging studies of Maillard
ctions are often complicated by secondary decom
ition of drug-carbohydrate adducts, often to mult
roducts. The shelf-life can also be limited by the c

ormation itself rather than the absolute amount of
roduct formed in the degradation. When the inter
iate adduct is detectable, it is sometimes possib
haracterize the drug degradation process by fol
ng both loss of starting drug, and formation of addu
s a function of time and temperature. From the
onstants and their respective activation parame
t is sometimes possible to predict room tempera
ydes (especially formaldehyde, as seen for exa
ith polysorbate 80 (Chafetz et al., 1984)) and smal
arboxylic acids (especially formic acid and form
on) can be present in many excipients at levels u
everal hundred parts per million. Because of the
olecular weight of these reactive impurities, for
ose formulations, unacceptable degradation leve
rug can occur. For example, formaldehyde in poly
ate 80 and PEG 300 were recently shown to r
ith an experimental drug in a parenteral formula

Nassar et al., 2004). Caution must also be observed
ot over-exaggerate a problem associated with ex
nt impurities. This can easily happen because of r
eaction of a drug with an impurity thereby extra
ating to a long-term unacceptable formulation, w
n reality, the impurity may be consumed after on
ow extent of reaction resulting in adequate long-t
tability.
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Reaction of drugs with excipient degradation
products can in many ways mimic the reaction of
drugs with excipient impurities; however, while in
the latter case the impurity level will limit the extent
of reaction, drug reaction in the former case will
continue. Often, a reactive excipient degradant will
show a biphasic kinetic plot of drug degradation as a
function of time: an initial rapid reaction will occur
as accumulated excipient degradant reacts with drug
followed by a slower process limited by the rate of the
excipient degradant formation. These processes will
show a drug to excipient ratio dependence (lower drug
concentration gives faster reaction). Because of the
biphasic kinetics, the shelf-life of the drug (based on
allowable levels of drug degradation or of formation of
a degradant) can easily be underestimated. To prevent
this, it is desirable, whenever possible, to carry out ac-
celerated aging studies under conditions that produce
drug degradation or individual degradant formation to
a greater extent than the allowable levels. One should
especially use caution when formulating with such
excipients as polyethers and polyvinylpyrrolidone.
For example, peroxide degradants of polyethylene
glycols were found to react with a steroid in a topical
formulation (McGinity et al., 1975). In this case,
removal of the peroxides led to a decrease in initial
reaction, though peroxides eventually reformed.
Similarly, peroxides in povidone reacted with ralox-
ifene to generate anN-oxide product (Hartauer et
al., 2000). Removal of peroxide from the excipient
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sublimation or evaporation, the rate of excipient degra-
dation, and hence drug degradation, can accelerate dra-
matically. The result from processes that have a limit-
ing amount of a stabilizer is that initial drug degradant
formation will be slow, and then increase as the sta-
bilizer is consumed. If the stabilizer loss occurs at a
phase transition, a non-Arrhenius temperature depen-
dence can result; i.e., rapid degradation of the drug
above the phase transition. The above pitfalls empha-
size the general advantages of understanding a drug’s
degradation mechanism when estimating the shelf-life
of that drug in a formulation.

The most common catalytic impurities in excipients
are transition metals, acids or bases (Waterman et al.,
2003). Metal contaminants are often associated with
oxidation reactions (Waterman et al., 2002b; Hovorka
and Scḧoneich, 2001). Acid and base impurities are of-
ten associated with hydrolyses (Waterman et al., 2002a)
and cyclizations (e.g., lactone or lactam formation). In
solution, metal-catalyzed processes can be accelerated
by addition of known concentrations of the appropriate
metal salts (often copper or iron) and extrapolating the
rate of drug degradation back to measured or antici-
pated metal concentrations as was done in the recent
study of a drug candidate (Hong et al., 2004). In the
solid state, this is more difficult since the added metal
salts are not necessarily in the same chemical phase as
the reactive excipient and therefore are not necessarily
representative of how the catalyst will affect a drug in
the corresponding dosage form.
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tabilized the drug, but peroxides eventually ref
rom oxidation of the povidone, depending on stor
onditions.

In some cases, the drug reactivity with an ex
ent degradant can depend on the loss of an ex
nt stabilizer. In the case of polyethylene glycol,
ate of peroxide formation resulting from an oxidat
rocess depends on the level of antioxidants pre
added by the manufacturer), as shown for examp
study on extruded excipient (Crowley et al., 2002).
areful monitoring of the antioxidant level, whi
aries from lot to lot and depends on the manu
urer, is crucial to successful prediction of ambient
ility when using such excipients. In addition, su
ommon antioxidants as butylated hydroxytolu
BHT) can sublime out of a formulation under acce
ted aging (or processing conditions) (Dow Chemical
003). When antioxidants are consumed or lost du
. Accelerated aging of protein
harmaceuticals

Whereas with small molecules, the rate of form
ion of reaction products is the most sensitive indica
f drug stability, with proteins, degradation to inact
rotein does not always yield isolable reaction pr
cts. Consequently, proteins are often assayed o
asis of activity or structure changes (e.g., unfoldin
ggregating). Chemical purity is usually assessed u
DS-PAGE or capillary electrophoresis (Wiltfang et
l., 1991; Hutterer and Dolnik, 2003). Structural infor
ation is often evaluated using circular dichroism,

he extent of folding is assessed using microcalorim
Cai and Dass, 2003; Keiderling and Xu, 2002; K
nd Price, 2000; Boye et al., 1997).
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Chemical degradation of proteins is often preceded
by a physical change in secondary, tertiary or even
quaternary structure. Some temperature-dependent
structural changes correspond to phase transitions,
potentially detectable using DSC (Lyubarev and
Kurganov, 2001; Shnyrov and Zhadan, 2000; Cooper
et al., 2001; Lopez and Makhatadze, 2002). Since
it can be difficult to extrapolate to low temperatures
using data above a phase transition, phase transition
temperatures will often represent the upper limit of
usable temperatures for accelerated aging. Even below
a phase transition, the complexity of the structure of
proteins means that many degradation pathways are of-
ten present which in some cases can result in deviations
from Arrhenius behavior. In spite of this, Arrhenius
behavior has been observed in both solid and solution
formulations of proteins (Yoshioka et al., 1994).

Some non-Arrhenius behavior can be accounted for
by the observation that the most common degradation
mechanism for proteins involves equilibration of the
native protein with an aggregation-prone intermediate
(usually a denatured form of the protein) followed
by irreversible protein degradation (aggregation)
(Roberts, 2003). In this scenario, the overall protein
degradation rate depends on both the equilibrium
constant for formation of the aggregation-prone state
and the rate of irreversible aggregation. Since both the
equilibrium constant and the aggregation rate constant
can change as a function of temperature, the overall
kinetics will not necessarily follow the Arrhenius
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at wavelengths shorter than about 320 nm, one gen-
erally is most concerned with drug chromophores hav-
ing relatively long ultraviolet to visible absorptions.
Although a discussion of the various mechanisms in-
volved in photochemical reactions is beyond the scope
of the present review, such reactions can broadly be
divided into processes that depend on oxygen (pho-
tooxidations) and those independent of oxygen (such as
dehydrogenations, rearrangements and dimerizations).
The degree to which accelerated studies can success-
ful predict ambient photostability depends largely on
the extent of the system reciprocity with respect to the
exposure. Ideal reciprocity is seen when light given in
short, high intensity exposure, or long duration, low
intensity exposure, or even pulsed exposures, gives the
same amount of photodegradation if the same number
of photons are absorbed. In such a situation, a plot of the
log of the radiant light intensity versus the log of the
degradant formation rate is a linear relationship. For
systems that are reciprocal, accelerated aging can be
accomplished by using high intensity exposures. For-
tunately, such reciprocity is common in pharmaceuti-
cal systems. Reciprocity was seen, for example, with
nifedipine in solution (Zhao et al., 2003) and in the solid
state (Teraoka et al., 1999), and with tretinoi tocoferil
in the solid state (Teraoka et al., 2001). However, it is
important to recognize when high intensity will not be
predictive of ambient exposure conditions, i.e., when
there is high intensity reciprocity failure. Although not
often recognized in the pharmaceutical literature, such
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elation. The temperature effects on the equilibr
onstant have successfully been estimated usin
eat capacities and entropies associated with the d
ration based on the individual residues (Ganesh et al
999). With estimates of the temperature depende
f the equilibrium constant between the native pro
nd the aggregation-prone state, the overall kin

or the protein degradation have been success
odeled and used to predict ambient stability.

. Photochemical degradation

Light exposure can induce chemical degradatio
usceptible molecules (Tonnesen, 1996). For light to
nduce a chemical reaction, the light must be absor
ince transmission of ambient light (solar, incand
ent or fluorescent) through glass is minimal or
eciprocity failure is well documented in other fie
Kinameri et al., 1981). The major reasons for su
eciprocity failures are as follows:

. Depletion of a diffusible species: When high int
sity light strikes a sample, it is possible to consu
a reactive species locally such that diffusion of
species becomes rate limiting. The result is tha
degradation kinetics at high intensity are less
proportional to the amount of light absorbed,
more light exposure does not lead to more r
tion. A particular example of this is with oxidatio
where local oxygen depletion can result in low
than proportional degradation. A variation on t
is the local depletion of a quenching species
this case, the high intensity response will be gre
than would be observed at low intensities (for
same amount of absorbed quanta) due to the
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intensity light locally overwhelming the quenching
species.

2. Accumulation of diffusible reaction products: If
degradants cannot diffuse at the rate they are
formed, their presence can affect the drug photore-
activity. Ambient exposure conditions can allow for
diffusion, while high exposure conditions may not.
The diffusing species can act to increase or decrease
the reactivity of the drug such that the accelerated
conditions can either over or under predict the am-
bient light stability.

3. Generation of increased temperatures: When mate-
rials absorb light, much of that energy is generally
converted to heat. With the low intensity exposure
common under ambient conditions, the temperature
rise will be low due to convective and radiative heat
loss. However, with higher intensity exposure, tem-
peratures can increase significantly. This tempera-
ture increase can in turn lead to a rate increase be-
yond that due to the photochemical process itself.
This problem is especially challenging in packaged
systems (e.g., glass bottles) where convective and
radiative heat loss in minimized. Temperature mon-
itoring can at least assure that any temperature in-
crease in minimal. It is important, however, that the
temperature monitoring be of the sample and not of
a control that does not absorb the same amount of
light since the latter will not show the same degree
of temperature rise. When possible, circulating air
around samples can help. Another factor that can
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calibrate a particular exposure chamber. Several such
actinometers have been reported in the pharmaceuti-
cal literature (Piechocki and Wolters, 1993; Baertschi,
1997; Favaro, 1998; Bovina et al., 1998; Allen et al.,
2000). Electronic photometers can be useful for deter-
mining light intensity at a given time; however, due to
fluctuations in light intensities, integration of the light
intensity over the exposure time is needed to determine
the actual exposure of samples in light chambers.

The photostability of a drug can be heavily influ-
enced by excipients (Thoma and Kuebler, 1997) and
manufacturing processes (Aman and Thoma, 2002a).
In particular, titanium dioxide particles can catalyze the
photodecomposition of drugs. The degradation rates
for drugs are expected to depend on the intimacy of
contact between the titanium dioxide and the drug, a
factor that can lead to variability in predictions. Pho-
tocatalysis by titanium dioxide has also been shown to
be moisture sensitive (Kakinoki et al., 2004).

The absorption wavelength of a drug can change
with its environment. This can be particularly pro-
nounced when looking at a drug in solution versus the
solid state, but can be observed even when changing
solvents. For this reason, changes in formulations may
cause changes in the apparent stability with no change
in mechanism.

In some cases, photolytic products can themselves
absorb light and undergo photochemical transforma-
tions. As discussed with thermal processes, these sec-
ondary processes can confuse the low-level degrada-
t ility
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help is to use long-wavelength cutoff filters, wh
can eliminate infrared emissions. This helps m
mize temperature increases while still allowing
accelerated photostability since little photoche
istry occurs at long wavelengths (low energy),
absorption (especially in the infrared) is comm
and causes temperature increases.

For most pharmaceutical systems, the key to a
rated photostability predictions is to know the amo
f degradant formed for a given total exposure. S

he exact exposure of a sample will depend on the
ific light source and the distance the sample is pla
rom the light, it is often useful to determine the to
ntegrated amount of incident light using a chem
ctinometer. In chemical actinometers, a solution
ompound that degrades with a known quantum y
moles of product per mole of light absorbed) is use
ion picture important in most pharmaceutical stab
rograms. It is therefore generally useful to avoid h
onversions.

One of the challenges in determining photostab
f solid drug products is that the light penetration de

s often limited by the absorption of the drug and exc
nts. The result is that there can be high exposure o
urface of a dosage form, with little exposure at the
er. If the light bleaches the drug as it degrades, gr
enetration can continue as the reaction proceed
ontrast, if the drug degradant absorbs strongly, it
imit the penetration depth for photoreaction. For
mple, the photodegradation of nifedipine in tab
ccurred to depths between 360�m and 880�m, de-
ending on drug loading (higher penetration with lo

oading) (Aman and Thoma, 2003a).
Photodegradation on solids can lead to discolora

t the surface with little to no measurable bulk cha
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of the drug. Since appearance change can be a factor
in setting drug expiry, color changes can in some cases
be a more sensitive assay than bulk methods (such as
HPLC). Additionally, since the surface exposure is im-
portant with photolytic processes, the dosage form size
(surface area to volume ratio) can impact the overall
degradation rate (smaller dosage forms showing greater
instability on a percentage basis). This factor makes it
important that the size and shape of a dosage form that
is tested be representative of the intended final dosage
form.

For tablets, film coatings can provide a significant
reduction in the exposure of the tablet core to light. The
effects of opacifying agent level and coating thickness
of film coats on photosensitive drug cores have been
characterized in terms of a contrast ratio (Bechard et
al., 1992). It was found that good light protection is
afforded with contrast ratios greater than 98%, which
was achieved with a coating of 29.5% titanium diox-
ide with a thickness of 145�m. Care must be taken,
however, that variations in film coating do not lead to
a reduction in the opacity of a coating, and thereby fail
to provide the desired protection. In accelerated pho-
tostability studies, it can be useful to use film coated
tablets at the thinnest coating level likely to be seen
in production in order to anticipate whether this would
affect the exposure limits of the dosage form.

Ambient light conditions are difficult to define since
this will depend on storage conditions. To get a rough
idea of this exposure, consider a 100 W light source at
a 4 h
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light exposure would then equal 48 million lux-hours;
however, since the fraction of the light likely to cause
harm is significantly less than this, the standard expo-
sure requirements set by the ICH are 1.2 million lux-
hours. With commercial light chambers, it is possible
to achieve the ICH exposure conditions for both ul-
traviolet and visible exposure in less than a week. A
number of lamps have been used in pharmaceutical
testing (Piechocki, 1998; Boxhammer and Willwoldt,
1998; Matsuo et al., 1996). Often the desired exposure
can be achieved by a combination of an artificial day-
light fluorescent lamp with an ultraviolet emitting lamp
(typically, a xenon arc lamp).

8. Prediction of stability in packaged product

In many cases, drug product stability studies must
include the packaging to provide an assessment of the
shelf-life of the product as used. Two major factors
dominate considerations on predicting the effect of
packaging on drug products: (1) leachable (or volatile)
impurities that affect the drug product, and (2) perme-
ability of the packaging largely to moisture and oxygen.

8.1. Leachable and extractable substances

Leachable chemicals in packaging are generally of
greater concern for liquid dosage forms than for solids,
due to the direct liquid contact with the packaging
m re
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distance of 1 m from a sample with the light on 2
er day. The overall exposure would then be:

xposure= 100 W

4π(1 m)2
× 365 days year× 24 h/day

= 70 kWh/(m2 year)

Light sources, including direct and indirect (
oors) sunlight, fluorescent lights and incandes

ights have only a fraction of light in the most dam
ng ultraviolet region. For this reason, the ICH stand
or UV exposure is 200 Wh/m2 (International Confe
ence of Harmonization, 1997; Drew, 1998; Thatcher
l., 2001a, 2001b; Aman and Thoma, 2003b). For vis-

ble light, exposure sources are rated in terms of
ux values. Lux represents light flux corrected for
yes’ response. One lux is equivalent to 1.46 mW2

t 555 nm. Using the above approximation, a ye
aterials (Jenke, 2002). Of particular concern a
xtractable materials in elastomers used for stop
nd seals for packaging (Groeger and Compton, 199).

ndependent of the specific nature of various leach
aterials in bottles and stoppers and the specific

ormulation, the rate of leaching is generally temp
ture dependent. Leachable and extractable mat
an be undesirable for a number of reasons: (1) t
aterials can affect the chemical stability of the d

ubstance either as reactants, as catalysts or by a
ng the pH of a drug solution and thereby affecting
rug stability; (2) they can themselves be toxic; or

hey can induce physical changes in the pharmac
al formulation (e.g., cause precipitation). Predic
ackaged product stability using elevated tempera

aces the usual challenges of non-Arrhenius beha
or complex reaction pathways, as well as spe
actors affecting the chemical leaching process
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many cases, the degradant from the reaction of the
drug with a leachable material is different from other
drug degradants. In this case, it is possible to follow the
formation of the appropriate degradant(s) as an indica-
tion of the packaging sensitivity. The leaching process
generally follows the Stokes–Einstein relationship
for diffusional processes; that is, it depends linearly
on temperature and inversely on viscosity. Viscosity,
in turn, is exponentially dependent on temperature.
In the absence of a phase transition, one would
therefore anticipate the temperature dependence of
leaching to follow the Arrhenius or modified Arrhenius
relationship shown in Eq.(8). At phase transitions
(for example, theTg of a plastic), the viscosity of
the packaging material, and hence its permeability,
can change dramatically. For this reason, care must
be taken in accelerated aging studies to use temper-
atures below such transitions to predict the ambient
behavior.

8.2. Moisture and oxygen permeability

While glass and foil packaging show virtually no
permeation of moisture or oxygen, many pharmaceu-
tical packaging systems (e.g., plastic bottles, plastic
blisters, etc.) show significant permeability. In accel-
erated aging, the functional dependence of the per-
meability with temperature can sometimes complicate
predictions for ambient conditions. The permeability
to moisture and oxygen of most packaging plastics fol-
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to oxygen, this is unlikely to be a real issue in acceler-
ated aging studies.

With moisture transfer through packaging, the situ-
ation can be quite a bit more complicated. The moisture
content of a drug product varies with the relative hu-
midity surrounding it and the residual moisture of the
sample when packaged. Samples stored at humidities
above their CRH values will continue to pick up mois-
ture, while below the CRH, the moisture content in
the samples will eventually equilibrate to that relative
humidity. When studying stability of moisture sensi-
tive products in packaging, samples can both gain or
lose moisture through the packaging depending on the
relative humidities of the external environment and the
environment surrounding the dosage form. For this rea-
son, it is important that any higher temperature studies
done to predict ambient stability be done at a constant
relative humidity. The permeability of plastic bottles
shows temperature dependencies that follow Arrhenius
behavior in the temperature ranges used in most ac-
celerated aging studies. For example, for high density
polyethylene (HDPE), the activation energy for mois-
ture permeability was found to be about 10 kcal/mol
(Morillon et al., 2000). In some cases, this temperature
dependence can dominate over the degradation reaction
kinetics, at least at higher temperatures. The absolute
permeability depends on the difference in relative hu-
midity inside and outside a bottle. A new model has
been proposed for predicting the moisture uptake by
solid dosage forms packaged in plastic (Chen and Li,
2
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Oxygen permeability for pharmaceutically acce
ble plastic packaging is high; however, the activa
nergies are low. For example, polyethylene, a c
on bottle plastic, shows an activation energy for o
en permeation of less than 1 kcal/mol (Gajdos et al.
001). While the permeability of packaging plast

o oxygen increases with temperature, the rate o
rease will often be lower than the rate of increas
drug oxidation rate. This remains an issue on

xygen concentration is depleted at high temperat
ith the high permeability of most packaging plas
003).

.3. Photolysis in packaged products

Since light protection by packaging can partia
r completely eliminate exposure of a dosage form

ight, testing photostability of drug products in pack
ng is essential to understand the stability of a pro
nder real-world conditions. ICH guidelines theref
uggest that drug products be tested not only u
irect exposure, but also in their immediate packa
i.e., blister packs, bottles, vials or any packag
hat is in direct contact with the drug product) and
he marketing packaging (i.e., the box or package
rug product is sold in) (International Conference
armonization, 1997). Obviously, if the drug produc

tself withstands the light exposure, then there is
eed to test under packaging conditions. Similarl
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the immediate packaging protects the drug product,
there is no need for testing in the marketing package.
Clear blister packaging of different colors has been
studied for its effectiveness at protecting light sensitive
drugs (Aman and Thoma, 2002b). With glass and
plastic bottles, light transmission can vary significantly
even for bottles of similar description (e.g., amber
glass bottles) (Baumgartner et al., 1995; Beyrich
and Tibussek, 1981; Krogerus et al., 1970). For
pharmaceutical products that require light protec-
tion from the packaging, it is important that the
accelerated aging be conducted with the actual
packaging or that the specific transmission spectrum
be measured of the packaging to assure that any
packaging changes do not result in greater light
transmission.

9. Concluding remarks

Assuring adequate product stability remains one of
the primary challenges in the development of pharma-
ceuticals. The present review provides a comprehen-
sive survey of advances in the field since the last major
reviews in the 1980s. In particular, with the advance-
ment of analytical chemistry, drug stability is more
commonly associated with formation of low levels of
degradants rather than loss of drug potency. This has
resulted in some factors actually becoming easier to
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sage der Stabilität von Arzneiformen aus der Kinetik der Ab-
baureaktion des Arzneistoffes Teil 1: Auswertung Kinetischer
Daten. Acta Pharm. Technol. 35, 210–217.

Ertel, K.D., Carstensen, J.T., 1990. Examination of a modified Ar-
rhenius relationship for pharmaceutical stability prediction. Int.
J. Pharm. 61, 9–14.

Favaro, G., 1998. Actinometry: concepts and experiments. Royal
Soc. Chem. 225, 295–304 (special publication).

Felton, L.A., Timmins, G.S., 2003. A Nondestructive technique to
quantify oxygen permeation through tablets. Poster presentation
from AAPS Annual Meeting, Salt Lake City.

Felton, L.A., Wiley, C.J., Timmins, G.S., 2002. AAPS Pharm. Sci.
4, 4.

Fitzpatrick, S., McCabe, J.F., Petts, C.R., Booth, S.W., 2002. Effect of
moisture on polyvinylpyrrolidone in accelerated stability testing.
Int. J. Pharm. 246, 143–151.

Franchini, M., Unvala, H., Carstensen, J.T., 1993. Effect of elec-
trolytes on oxygen solubility in aqueous systems. J. Pharm. Sci.
82, 550.

Franchini, M.K., Carstensen, J.T., 1994. Failure of high temperature
extrapolation of oxidative reactions in solution. Int. J. Pharm.
111, 153–158.

Franks, F., 1994. Accelerated stability testing of bioproducts: attrac-
tions and pitfalls. Trends Biotechnol. 12, 114–117.

Fubara, J.O., Notari, R.E., 1998. A kinetic oxymoron: concentration-
dependent first-order rate constants for hydrolysis of ceftazidime.
J. Pharm. Sci. 87, 53–58.

Gajdos, J., Galic, K., Kurtanjek, Z., Cikovic, N., 2001. Gas perme-
ability and DSC characteristics of polymers used in food pack-
aging. Polym. Testing 20, 49–57.

G adara-
e of
nce.

G ceu-
and
09.

G rela-
Sci.

G mor-
287.

G .E.,
nd

8.
G
G ation

: An-
l. 3,

H .A.,
ang,
Protein–Ligand Interactions: Hydrodynamics and Calorim
Oxford University Press, Oxford, UK, pp. 287–318.

respo, D.L.M., Alvarez, R.S., 1985. Ḿetodos non isotérmicos en
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