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CHAPTER 38

abi ity of ar aceutica

Elizabeth B Vadas, PhD

Senior Director
Pharmaceutical RGD
Merck Frosst Canada, Inc
Point Claire, Dorval
Quebec HOR 4P8
Canada

The use of kinetic and predictive studies for establishing
credible expiration dates for pharmaceutical products is now
accepted worldwide. However, prior to 1950, only qualita-
tive or semiquantitative methods and procedures were used in
pharmaceutical studies. As these rule-of-thumb methods are
deficient, they have been replaced by rigorous, scientifically
designed studies using reliable, meaningful and specific stabil-
ity-indicating assays, appropriate statistical concepts and a
computer to analyze the resulting data. In this way the maxi-
mum amount of valid information is obtained to establish a
reliable, defendable expiration date for each formulation.

Stability information is ubiquitous. It may be in a well-
planned rigorous kinetic study, in an obscure journal foot-
note, in a package insert or label copy or in a monograph in a
book such as The Merck Index or Physicians’ Desk
Reference. Various journals periodically publish digests of
compatibility studies. A comprehensive treatment of all as-
pects of pharmaceutical product stability has been published
by Lintner! and more recently by Connors, et al.?

The main purpose of a quality assurance program is to
devise and implement systems and procedures that provide a
high probability that each dose or package of a pharmaceuti-
cal product will have homogeneous characteristics and prop-
erties (within reasonably acceptable limits) to insure both
clinical safety and efficacy of the formulation. A broad, well-
designed stability-testing plan is an essential and pertinent
expansion of the quality assurance program. The assigned
expiration date is a direct application and interpretation of the
knowledge gained from the stability study.

Stability of a pharmaceutical product may be defined as the
capability of a particular formulation, in a specific container/
closure system, to remain within its physical, chemical, micro-
biological, therapeutic and toxicological specifications. As-
surances that the packaged product will be stable for its
anticipated shelf life must come from an accumulation of valid
data on the drug in its commercial package. These stability
data involve selected parameters which, taken together, form
the stability profile.

Stability of a drug also can be defined as the time from the
date of manufacture and packaging of the formulation, until
its chemical or biological activity is not less than a predeter-
mined level of labeled potency, and its physical characteris-
tics have not changed appreciably or deleteriously. Al-
though there are exceptions, 90% of labeled potency generally
is recognized as the minimum acceptable potency level.
Expiration dating then is defined as the time in which the
preparation will remain stable when stored under recom-
mended conditions.

An expiration date, which is expressed traditionally in terms
of month and year, denotes the last day of the month. The
expiration date should appear on the immediate container and
the outerretail package. However, when single-dose contain-
ers are packaged in individual cartons, the expiration date
may be placed on the individual carton instead of the immedi-
ate product container. If a dry product is to be reconstituted
at the time of dispensing, expiration dates are assigned to both

ro ucfs

the dry mixture and the reconstituted product.
resistant packaging is to be used where applicable.

A second quality assurance goal is drug or clinical safety
and it, too, is related closely to pharmaceutical stabil-
ity. Drug or clinical safety (ie, the nonoccurrence of harm),
however, cannot be studied by itself. Rather, it is a negative
concept which cannot be proven and must be expressed only
in terms of the nonoccurrence of some harmful event. The
latter probability, in turn, can be estimated only when the
probability occurrence of the harmful event is known.

One type of time-related harmful event is a decrease in
therapeutic activity of the preparation to below some arbitrary
labeled content. A second type of harmful event isthe appear-
ance of a toxic substance, formed as a degradation product
upon storage of the formulation. The number of published
cases reflecting this second type, fortunately, is few. How-
ever, it is possible, though remote, for both types of harmful
events to occur simultaneously within the same pharmaceuti-
cal product. Thus, the use of stability studies with the result-
ing application of expiration dating to pharmaceuticals is an
attempt to predict the approximate time at which the probabil-
ity of occurrence of a harmful event may reach an intolerable
level. This estimate is subject to the usual Type 1 or alpha
error (setting the expiration too early so that the product will
be destroyed or recalled from the market at an appreciably
earlier time than actually is necessary) and the Type 2 or beta
error (setting the date too late so that the harmful event occurs
in an unacceptably large proportion of cases). Thus, it is
obligatory that the manufacturer clearly and succinctly define
the method for determining the degree of change in a formula-
tion and the statistical approach to be used in making the
shelf-life prediction. An intrinsic part of the statistical meth-
odology must be the statements of value for the two types of
error. For the safety of the patient a Type 1 error can be
accepted, but not a Type 2 error.

Tamper-

Requirements

Stability study requirements and expiration dating are cov-
ered in the Current Good Manufacturing Practices (GMPs),?
the USP and in the FDA guidelines.*

Good Manufacturing Practices—The GMPs? state that there shall be
awritten testing program designed to assess the stability characteristics of
drug products. The results of such stability testing shall be used to
determine appropriate storage conditions and expiration dating. The
latter is to assure that the pharmaceutical product meets applicable stan-
dards of identity, strength, guality and purity at time of use. These
regulations, which apply to both human and veterinary drugs, are updated
periodically in light of current knowledge and technology.

Compendiums—The compendiums also contain extensive stability
and expiration dating information. Included are a discussion of stability
considerations in dispensing practices and the responsibilities of both the
pharmaceutical manufacturer and the dispensing pharmacist. It now is
required that product labeling of official articles provide recommended
storage conditions and an expiration date assigned to the specific formula-
tion and package. Official storage conditions are defined as follows:
“Cold"” is any temperature not exceeding 8°, and ‘“‘refrigerator” is a cold
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640 CHAPTER 38

place where the temperature is maintained thermostatically between 2°
and 8°. A "freezer” is a cold place maintained between —20° and —10°.
“Cool” is defined as any temperature between 8° and 15° and ‘‘room
temperature’ is that temperature prevailing in a working area. ‘‘Con-
trolled room temperature’ is that temperature maintained thermostati-
cally between 15° and 30°. “Warm” is any temperature between 30° and
“ ssive he  isany . d ng
u alossof encyo alt n do

form, the container label should bear appropriate instructions to protect
the product from freezing. Bulk packages are exempt from storage re-
quirements if the products are intended for manufacture or repacking for
dispensing or distribution. Where no specific storage instructions are
given in a monograph, it is understood that the product’s storage condi-
tions shall include protection from moisture, freezing and excessive heat.

Asisnoted above in USP XXII, the definition of controlled room tempera-
ture was a ‘‘temperature maintained thermostatically between 15° and 30°
(59° and 86°F).” This definition invited many interpretations, including
storage at any temperature between 15° and 30°, requiring knowledge of
stability behavior at each temperature chosen. In an attempt to be more
specific and scientifically definitive and to harmonize with international
drug standards efforts, the concept of controlled room temperature was
given a more exact definition in the Ninth Supplement to USP XXII. The
usual or customary temperature range was identified as 20°-25°, with the
possibility of encountering excursions in the 15°-30° range and with the
introduction of a new concept, the mean kinetic temperature (MKT).

During storage of a pharmaceutical article, degradation takes place ata
rate determined by the concentration of the material and the specific rate
constant for the degradation process. Since the rate constants are tem-
perature-dependent, the amount of degradation varies as temperature
changes during a storage period. In order to determine the total amount
of thermal degradation, it is necessary to calculate individual losses at
eachtemperature and sumthem. Inan attemptto simplify this determina-
tion, the MKT has been used. The MKT is the single calculated tempera-
ture at which the total amount of degradation over a particular period is
equal to the sum of the individual degradations that would occur at various
temperatures. Thus, the MKT may be considered as an isothermal stor-
age temperature that simulates the non-isothermal effects of storage tem-
perature variations.

FDA Guidelines provide recommendations for—

1. The design of stability studies to establish appropriate expiration
dating periods and product storage requirements.

2. Thesubmission of stability information for investigational new drugs,
blologlcals, new drug applications and biological product license applica-
tions.

Thus, the guidelines represent a framework for the experimental design
and data analysis as well as the type of documentation needed to meet
regulatory requirements in the drug-development process.

The above framework, however, has been re-evaluated and
revised significantly in the last few years with the aim of
harmonizing the technical requirements for the registration of
pharmaceuticals worldwide. The International Conference
on Harmonization of Technical Requirements for Registration
of Pharmaceuticals for Human Use (ICH) is a unique project
which brought together regulatory authorities and experts
from the pharmaceutical industry from three regions of the
world; Europe,Japanand the US. The first conference (ICHI1)
took place in November 1991 in Brussels and the second
conference (ICH2) in Orlando, FL in October 1993. These
conferences provided an open forum for discussion and re-

lines

cy of
nal products. The ICH Harmonized Tripartite Guideline pro-
vides a general indication on the requirements for ‘“‘Stability
Testing of New Drug Substances and Products.” The main
thrust of the stability guideline centers around criteria for
setting up stability protocols shown in Table 1.

The guidelines have been published in a draft form in the
Federal Register, April 16, 1993. Publication of the final
guidelines is expected in 1994 with implementation of the
guidelines occurring with Registration Applications after Janu-
ary 1, 1998.

Product Stability

Many factors affect the stability of a pharmaceutical prod-
uct, including the stability of the active ingredient(s), the
potential interaction between active and inactive ingredients,

Table 1

Minimum time

Conditions period at submission
Long-term testing  25°C = 2°C/60% RH * 5% 12 mo
Accelerated testing 40°C * 2°C/75% RH = 6% 6 mo

Alternate testing®  30°C = 2°C/60% RH = 5%

aRequired if “‘significant change” occurs during 6-mo storage under
conditions of accelerated testing.

the manufacturing process, the dosage form, the container-
liner-closure system and the environmental conditions encoun-
tered during shipment, storage, handling and length of time
between manufacture and usage.

Classically, pharmaceutical product stability evaluations
have been separated into studies of chemical (including bio-
chemical) and physical stability of formulations. Realisti-
cally, there is no absolute division between these two arbitrary
divisions. Physical factors—such as heat, light and mois-
ture—may initiate or accelerate chemical reactions, while
every time a measurement is made on a chemical compound,
physical dimensions are included in the study.

In this treatment, physical and chemical stability will be
discussed along with those dosage form properties which can
be measured and are useful in predicting shelf life. The
effect of various physical and chemical phenomena of pharma-
ceuticals also will be treated. )

Knowledge of the physical stability of a formulation is very
important for three primary reasons. = First, a pharmaceutical
product must appear fresh, elegant and professional, so long
as it remains on the shelf. Any changes in physical appear-
ance such as col or haziness can cause ient or
consumer to los nce in the product. , since
some products are dispensed in multiple-dose contamers
uniformity of dose content of the active ingredient over time
mustbe assured. A cloudy solution or a broken emulsion can
lead to a nonuniform dosage pattern. Third, the active ingre-
dient must be available to the patient throughout the expected
shelf life of the preparation. A breakdown in the physical
system can lead to nonavailability of the medicament to the
patient. Inthe case of metered-dose inhaler pulmonary aero-
sols, particle aggregation may result in inadequate lung depo-
sition of the medication.

The chemical causes of drug deterioration have been classi-
fied into incompatibility, oxidation, reduction, hydrolysis, ra-
cemization and others. In the latter category, decarboxyl-
ation, deterioration of hydrogen peroxide and hypochlorites
and the formation of precipitates have been included.

Galenical Dosage Forms

As the various galenical dosage forms present unique stabil-
ity problems, they will be discussed separately in the following
section.

ns—A
m with m
throughout its shelf life, with neither the particle-size distribu-
tion; the crystal form or the physiological availability of the
su ive ly wit
ph floce H
that is, the suspended particles are bonded together physi-
cally to form a loose, semirigid structure. The particles are
said to uphold each other while exerting no significant force
on the liquid. Sedimented particles of a flocculated suspen-
sion can be redispersed easily at any time with only moderate

the ension e c

and er, sett n e
often form a rock-hard, difficult- to-dlsperse sediment. Non-
flocculated suspensions can be made acceptable by decreas-
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ing the particle size of the suspended material or by increasing
the density and viscosity of the vehicle, thus reducing the
possibility of settling.

When studying the stability of a suspension, first determine
with a differential manometer if the suspension is flocculated.
If the suspension is flocculated, the liquid will travel the same
distance in the two side arms. With nonflocculated suspen-
sions, the hydrostatic pressures in the two arms are unequal;
hence, the liquids will be at different levels.

The history of settling of the particles of a suspension may
be followed by a Brookfield viscometer fitted with a Helipath
attachment. This instrument consists of a rotating T-bar
spindle which descends slowly into the suspension as it rotates.
The dial reading on the viscometer is a measure of the resis-
tance that the spindle encounters at various levels of the
sedimented suspension. This test must be run only on fresh,
undisturbed samples (see Chapter 22).

An electronic particle counter and sizer, such as a Coulter
counter, or a microscopé may be used to determine changes in
particle-size distribution. Crystal form alterations may be
detected by a microscopic examination and, when suspected,
must be confirmed by X-ray powder diffraction.

All suspensions should be subjected to cycling temperature
conditions to determine the tendency for crystal growth to
occur within a suspension. Shipping tests, ie, transporting
bottles across the country by rail or truck, also are used
advantageously to study the stability of suspensions.

Emulsions—A stable emulsion can be redispersed homo-
geneously to its original state with moderate shaking and can
be poured at any stage of its shelf life. Although most of the
important pharmaceutical emulsions are of the O/W type,
many stability test methods can be applied to either an O/W or
aW/0 emulsion.

Two simple tests are used to screen emulsion formulations.
First, the stability of an emulsion can be determined by heat-
ing it to 50 to 70° and its gross physical stability observed
visually or checked by turbidimetric measurements. Usually
the emulsion that is the most stable to heat is the one most
stable at room temperature. However, this may not be true
always because an emulsion at 60° may not be the same as it is
at room temperature. Second, the stability of the emulsion
can be estimated by the “coalescence time” test. Although
this is only a rough quantitative test, it is useful for detecting
gross differences in emulsion stability at room temperature.

Emulsions also should be subjected to refrigeration
temperatures. An emulsion stable at room temperature has
been found to be unstable at 4°. It was reasoned that an
oil-soluble emulsifier precipitated at the lower temperature
and disrupted the system. An emulsion chilled to the extent
that the aqueous base crystallizes is damaged irreversibly.

The ultracentrifuge also is used to determine emulsion
stability. When the amount of separated oil is plotted against
the time of centrifugation, a plateau curve is obtained. A
linear graph results when the oil flotation (creaming) rate is
plotted vs the square of the number of centrifuge revolutions
per minute. The flotation rate is represented by the slope of
the line resulting when the log distance of emulsion-water
boundary from the rotor center is plotted against time for each
revolution per minute.

For stability studies, two batches of an emulsion should be
made at one time on two different sizes of equipment. One
should be a bench-size lot and the other a larger, preferably
production-size, batch. Different types of homogenizers pro-
duce different results and different sizes of the same kind of
homogenizer can yield emulsions with different characteris-
tics.

Solutions—A stable solution retains its original clarity,
color and odor throughout its shelf life. Retention of clarity
of a solution is a main concern of a physical stability program.
As visual observation alone under ordinary light is a poor test
of clarity, a microscope light should be projected through a
diaphragm into the solution. Undissolved particles will scat-
ter the light and the solution will appear hazy. While the
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ture range such as 4 to 47°. At the lower range an ingredient
may precipitate due to its lower solubility at that temperature,
while at the higher temperature homogeneity may be de-
stroyed by the flaking of particles from the glass containers or
rubber closures. Thus, solutions should be subjected to cy-
cling temperature conditions.

The stability program for solutions also should include a
study of pH changes, especially when the active ingredients
are soluble salts of insoluble acids or bases. Among other
tests are observations for changes in odor, appearance, color,
taste, light-stability, redispersibility, suspendibility, pourabil-
ity, viscosity, isotonicity, gas evolution, microbial stability,
specific gravity, surface tension and pyrogen content in the
case of parenteral products.

‘When solutions are filtered, the filter medium may absorb
some of the ingredients from the solution. Thus, the same
type of filter should be used for preparing the stability samples
as will be used to prepare the production-size batches.

For dry-packaged formulations, intended to be reconsti-
tuted prior to use, the visual appearance should be observed
on both the original dry material and on the reconstituted
preparation. The color and odor of the cake, the color and
odor of the solution, the moisture content of the cake and the
rate of reconstitution should be followed as a part of its
stability profile.

Tablets—Stable tablets retain their original size, shape,
weight and color under normal handling and storage condi-
tions throughout their shelf life. In addition, the in vitro
availability of the active ingredients should not change appre-
ciably with time.

Excessive powder or solid particles at the bottom of the
container, cracks or chips on the face of a tablet or appear-
ance of crystals on the surface of tablets or on container walls
are indications of physical instability of uncoated tablets.
Hence, the effect of mild, uniform and reproducible shaking
and turabling of tablets should be studied. ~After visual obser-
vation of the tablets for chips, cracks and splits, the intact
tablets are sorted and weighed to determine the amount of
material worn away by abrasion. The results of these tests
are comparative rather than absolure and should be correlated
with actual stress experience. Packaged tablets also should
be subjected to cross-country shipping tests as well as to
various ‘‘drop tests.”

Tablet hardness (or resistance to crushing or fracturing)
can be followed by the commercially available hardness testers.
Asresults will vary with the specific make of the test apparatus
used, direct comparison of results obtained on different instru-
ments cannot be made. Thus, the same instrument should be
used consistently throughout a particular study.

Color stability of tablets can be followed by an appropriate
colorimeter or reflectometer with heat, sunlight and intense
artificial light employed to accelerate the color deterioration.
Caution must be used in interpreting the elevated temperature
data as the system at that temperature may be different from
that at a lower temperature. It is not always proper to as-
sume that the same changes will occur at elevated tempera-
tures as will be evidenced later at room temperature. Evi-
dence of instability of coated tablets also is indicated by
cracks, mottling or tackiness of the coating.

For the more insoluble tableted active ingredients, the re-
sults of dissolution tests are more meaningful than disintegra-
tion results for making bioavailability predictions. Dissolu-
tion rate tests should be run in an appropriate medium such as
artificial gastric and/or intestinal juice at 37° (see Chapter
34). When no significant change (such as a change in the
polymorphic form of the crystal) has occurred, an unaltered
dissolution-rate profile of a tablet formulation usually indi-
cates constant ¢n vivo availability.

Disintegration tests may be used to detect periodic gross
changes in the physical characteristics of a tablet, but these
tests must be correlated with the dissolution-rate study of a
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Oxidation-Reduction
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byl palmitate, hydroquinone, propyl gallate, nordihy-
droguaiaretic acid, butylated hydroxytoluene, butylated hy-
droxyanisole and alpha-tocopherol are employed.

Synergists, which increase the activity of antioxidants, are
generally organic compounds that complex small amounts of
heavy metal ions (see Chapter 14). These include the ethyi-
enediamine tetraacetic acid (EDTA) derivatives, dihydroethyl-
glycine, citric, tartaric, gluconic and saccharic acids. EDTA
has been used to stabilize ascorbic acid, oxytetracycline, peni-
cillin, epinephrine and prednisolone.

Reduction reactions are much less common than oxidative
processes in pharmaceutical practice. Examples include the
reduction of gold, silver or mercury salts by light to form the
corresponding free metal.

Hydrolysis

Drugs containing an ester or amide linkage are prone to
hydrolysis. Some examples include cocaine, physostigmine,
procaine, tetracaine, thiamine and benzylpenicillin.

The rate of hydrolysis depends on the temperature and the
pH of the solution. A much quoted rule-of-thumb is that for
each 10° rise in storage temperature, the rate of reaction
doubles or triples. As this is an empiricism, it is not appli-
cable always.

When hydrolysis occurs, the concentration of the active
ingredient decreases while the concentration of the decompo-
sition products increases. The effect of this change on the
rate of the reaction depends on the order of the reaction.
‘With zero-order reactions the rate of decomposition is indepen-
dent of concentration of the ingredient. Although weak solu-
tions decompose at the same absolute rate as stronger ones,
the weaker the solution, the greater the proportion of active
ingredient destroyed in a given time; ie, the percentage of
decomposition is greater in weaker solutions. Increasingthe
concentration of an active ingredient which is hydrolyzing by
zero-order kinetics will slow the percentage decomposition.

With first-order reactions, which occur frequently in the
hydrolysis of drugs, the rate of change is directly proportional
to the concentration of the reactive substance. Thus, changes
in the concentration of the active ingredient have no influence
on the percentage decomposition.

As many hydrolytic reactions are catalyzed by both hydro-
nium and hydroxylions; pH is an important factor in determin-
ing the rate of a reaction. ‘The pH range of minimum decom-
position (or maximum stability) depends on the ion having the
greatest effect on the reaction. If the minimum occurs at
about pH 7, the two ions are of equal effect. A shift of the
minimum toward the acid side indicates that the hydroxyl ion
has the stronger catalytic effect and vice versa inthe case of a
shift toward the alkaline side. In general, hydroxyl ions have
the stronger effect. Thus, the minimum is often found be-
tween pH 3 and 4.

Sometimes, it is necessary to compromise between the
optimum pH for stability and that for pharmacological activity.
For example, several local anesthetics are most stable at a
distinctly acid pH, whereas for maximum activity they should
be neutral or slightly alkaline.

Small amounts of acids, alkalies or buffers are used to adjust
the pH of aformulation. Buffers are used when small changes
in pH are likely to cause major degradation of the active
ingredient.

Obviously, the amount of water present can have profound
effect on the rate of a hydrolysis reaction. When the reaction
takes place fairly rapidly in water, other solvents sometimes
can be substituted. For example, barbiturates are much more
stable at room temperature in propylene glycol-water than in
water alone.

Modification of chemical structure may be used to retard
hydrolysis. Ingeneral, as it is only the fraction of the drug in
solution that hydrolyzes, a compound may be stabilized by
reducing its solubility. This can be done by adding various
substituents to the alkyl or acyl chain of aliphatic or aromatic
esters or to the ring of an aromatic ester. In some cases
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less-soluble salts or esters of the parent compound have been
found to aid product stability. ~Steric and polar complexation

also have been employed to alter the rate of hydrolysis. Caf-
ocal ch as
tor of hy
thus promote stability.
Surfactants also may be used to stabilize drugs. For ex-

ample, the half-life of benzocaine was increased 18 times by
the addition of sodium lauryl sulfate.

Decarboxylation

Pyrolytic solid-state degradation through decarboxylation
usually is not encountered in pharmacy, as relatively high
heats of activation (25 to 30 kcal) are required for the reaction.
However, solid p-aminosalicylic acid undergoes pyrolytic
degradation to m-aminophenol and carbon dioxide. The re-
action, which follows first-order kinetics, is highly pH-depen-
dent and is catalyzed by hydronium ions. The decar-
boxylation of p-aminobenzoic acid occurs only at extremely
low pH values and at high temperatures.

Racemization

Racemization or the action or process of changing from an
optically active compound into a racemic compound or an
optically inactive mixture of corresponding dextro (d-) and
levo (I-) forms is a major factor in pharmaceutical stability.
Frequently, the I-form is more pharmacologically active than
the d-form. For example, [-epinephrine is 15 to 20 times
more active than its d-counterpart, while the activity of the
racemic mixture is just over one-half that of the I-form. Cur-
rent nomenclature practice uses (+) for d- and (—) for I-,
therefore, l-epinephrine would be named (—)-epinephrine,
etc. Referto Chapter 24 for a more detailed treatment.

In general, racemization follows first-order kinetics and
depends on temperature, solvent, catalyst and the presence or
absence of light. Racemization appears to depend on the
functional group bound to the asymmetric carbon atom, with
aromatic groups tending to accelerate the process.

Photochemical

Photolytic degradation can be an important limiting factor
in the stability of pharmaceuticals.

A drug can be affected chemically by radiation of a particu-
lar wavelength only if it absorbs radiation at that wavelength
and the energy exceeds a threshold. Ultraviolet radiation,
which has a high energy level, is the cause of many degrada-
tion reactions.

If the absorbing molecule reacts, the reaction is said to be
photochemical innature. Where the absorbing molecules do
not participate directly in the reaction, but pass their energy to
other reacting molecules, the absorbing substance is said to
be a photosensitizer.

As many variables may be involved in a photochemical
reaction, the kinetics can be quite complex. The intensity
and wavelength of the light and the size, shape, composition
and color of the container may affect the velocity of the
reaction.

The photodegradation of chlorpromazine through a semi-
quinone free-radical intermediate follows zero-order Kinetics.
On the other hand, alcoholic solutions of hydrocortisone,
prednisolone and methylprednisolone degrade by reactions
following first-order kinetics.

Colored-glass containers most commonly are used to pro-
tect light-sensitive formulations. Yellow-green glass gives
the best protection in the ultraviolet region, while amber
confers considerable protection from ultraviolet radiation but
little from infrared. Riboflavin is best protected by a stabi-
lizer which has a hydroxyl group attached to or near the
aromatic ring. The photodegradation of sulfacetamide solu-
tions may be inhibited by an antioxidant such as sodium
thiosulfate or metabisulfite.
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Ultrasonic Energy

Ultrasonic energy, which consists of vibrations and waves
with frequencies greater than 20,000 Hz, promotes the forma-
tion of free radicals and alters drug molecules.

Changes in prednisolone, prednisone acetate or deoxycorti-
costerone acetate suspensions in an ultrasonic field have been
observed spectrometrically in the side chain at C-17 and in the
oxo group of the A ring. With sodium alginate, in an ultra-
sonic field, it has been reported that above a minimum power
output, degradation increased linearly with increased power.

Ionizing Radiation

Tonizing radiation, particularly gamma rays, has been used
for the sterilization of certain pharmaceutical products. At
the usual sterilizing dose, 2.5 mRad, it seldom causes appre-
ciable chemical degradation. In general, formulations which
are in the solid or frozen state are more resistant to degrada-
tion from ionizing radiation than those in liquid form. For
example, many of the vitamins are little affected by irradiation
in the solid state, but are decomposed appreciably in solution.
On the other hand, both the liquid- and solid-state forms of
atropine sulfate are affected seriously by radiation.

Predicting Shelf Life

The technique of estimating the shelf life of a formulation
from its accumulated stability data has evolved from examin-
ing the data and making an educated guess through plotting
the time-temperature points on appropriate graph paper and
crudely extrapolating a regression line to the application of
rigorous physical-chemical laws, statistical concepts and com-
puters to obtain meaningful, reliable estimates.

A simple means of estimating shelf life from a set of com-
puter-prepared tables has been described by Lintner et al.’
This system was developed to select the best prototype formu-
lation based on short-term stability data and predict both
estimated and minimum shelf-life values for the formulation.
It is a middle-ground approach between the empirical meth-
ods and the modern, rigorous statistical concepts. All calcu-
lations can be made readily by hand and the estimated values
can be obtained easily from appropriate tables. The system
assumes that

1. Shelf-life predictions can be made satisfactorily for lower tempera-
tures using the classical Arrhenius model from data obtained at higher
temperatures.

2. The energy of activation of the degradation reaction is between 10
to 20 kecal/mole (this is a safe assumption, as Kennon® has noted, that
rarely are drugs with energies of activation of less than 10 kcal/mole used
in pharmacy and, for values as high as 20 kcal/mole, the error in the
shelf-life prediction will be on the conservative side).

3. The rate of decomposition will not increase beyond that already
observed.

4. The standard deviation of the replicated assays is known, or can be
estimated from the analytical data.

This concept further assumes that the degradation reaction
follows zero- or pseudo-zero-order kinetics. As shown in
Fig. 1, this is an excellent assumption. For data correspond-
ing to a zero-, first- or second-order degradation pattern, it is
impossible to distinguish one order from another with usual
analytical procedures, where the total degraded material is
not large. In addition, shelf-life calculations assuming zero-
order kinetics are more conservative than those for higher
orders.

This middle-ground system is useful in creating the experi-
mental design for the stability study. The formulator has the
opportunity to study various combinations of parameters to
try to optimize the physical-statistical model. One can check
the effect of improving the assay standard deviation, running
additional replicates, using different time points and assuming
various degradation rates and energles of activation on the
stability of the test formulation.

McMinn and Lintner later developed and reported on an

PERCENT REMAINING

T

Fig. 1. Zero-order plots for reactions which are zero-, first- and
second-order.

information-processing system for handling product stability
data.” This system saves the time of formulators in analyzing
and interpreting their product stability data, in addition to
minimizing the amount of clerical help needed to handle an
ever-increasing assay load. For products, such as those of
vitamins for example, where large overages are required, the
statistical portions of this advanced technique aid the manu-
facturer to tailor the formula composition to obtain the de-
sired and most economical expiration dating.

This system stores both physical and chemical data and
retrieves the information in three different formats (one of
which was designed specifically for submitting to regulatory
agencies). It analyzes single-temperature data statistically
by analysis of covariance and regression or multiple-tempera-
ture data by weighted or unweighted analysis using the Arrhe-
nius relationship; provides estimates of the shelf life of the
preparation with the appropriate confidence intervals; pre-
prints the assay request cards which are used to record the
results of the respective assay procedures and to enter the
data into the system and produces a 5-year master-stability
schedule as well as periodic 14-day schedules of upcoming
assays.

As mentioned above, a pomon of the advanced system
analyzes the stability data obtained at a single temperature by
analysis of covariance and regression. This analysis is based
onthe linear (zero-order) model

=BiXy;totey ey

where ¥;; is:the percent of label of the jth stability assay of the
ith lot, Xj; is the time in months at which Y;; was observed, B;
and o; are the slope and intercept respectively of the regres-
sion line of the 7th lot and ¢;; is a random error associated with
Y;  The random errors are assumed to be identically and
independently distributed normal variables with a zero mean
and a common variance, g2.

A summary of the regression analysis for each individual lot,
and for the combination of these lots, plus a summary of the
analyses of covariance and deviation from regression are pre-
pared by the computer.

Because the computer combines, or pools, the stability data
from the individual lots, irrespective of the statistical integrity
of this step, the pooled data are examined for validity by the F
test. The mean square of the regression coeflicient (slope) is
divided by the mean square of the deviation within lots, and
similarly, the adjusted mean (y intercept) is divided by the
common mean square to give the respective F ratios. The
latter values then are compared to the critical 5% F values.
‘When the calculated F values are smaller than the critical F
values, the data may be combined and the pooled data ana-
lyzed.

A printout for the combined lots as well as for each indi-
vidual lot provides the estimated rate of degradation and its
standard error in percent per month for each ingredient. The
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student t value is calculated from these estimates and tested
for significance from zero. When the ¢ value is significant,
the printout contains an estimate of the shelf life with the
appropriate confidence interval. When the ¢ value is not
significantly different from zero, estimates of the minimum
and projected shelf-life values are made. Inaddition, coordi-
nates of the calculated least-squares regression line with ap-
propriate confidence limits for the mean and individual pre-
dicted assays are printed.

Plots of the resulting least-squares line containing the indi-
vidual data points a}so are printeq by the computer. For the
calculation of Xy, Y equals Y + B(X, — X. .) where B is the
least-squares estimate of the slope and X . . is the mean time of
assay. R

The sample variance for this estimate, S2(Y), is equal to

1
S2y LT] +

where N is the number of assays.
valis equal to ¥ = tg oss¢iy.

For cases where the slope of the best fitting line is positive
and significantly different from zero (resulting, for example,
from solvent evaporation), the statement ‘‘no degradation has
been detected and hence no shelf-life estimate is made” is
printed. Where the computed line has a positive slope but
not significantly different from zero, only the minimum shelf-
life value is calculated.

Traditionally, extensive stability data are collected at the
recommended storage temperatures (usually refrigerator
and/or room temperature) to be placed on the label of the
package. However, elevated-temperature data are very valu-
able in determining the shelf life of a product. In practice,
multiple levels of thermal stress are applied to the formulation
so that appropriate shelf-life estimates can be made for nor-
mally expected marketing conditions. In cases where data
from accelerated studies are used to project a tentative expira-
tion date that is beyond the date supported by actual shelf-life
studies, testing must continue until the tentative expiration
date is verified.

It was noted in Chapter 18 that the effect of temperature
variation on the rate of a reaction can be expressed by an
integrated form of the Arrhenius equation

} @

The 95% confidence inter-

k = se—Ea/RT

ks
log P ( )
A weighted modification of this model has been incorpo-
rated into the previously described computerized system.
Each printout contains a statement concerning the acceptabil-
ity of the Arrhenius assumption with its appropriate probabil-
ity level, the slope and intercept for the Arrhenius line, the
estimated apparent energy of activation with its 95% confi-
dence limits plus the estimated shelf-life values at selected
temperatures.
The analysis of first-order stability data is based on the
linear model

3

4)

Y=o + B Xy + €5 (%)

where Yj; is the natural logarithm of the assay value for the jth
observation of the ith temperature, X;; is the elapsed time in
months for the assay sample for the ith temperature, 3; and o;
are the slope and intercept respectively and ¢; is a random
error associated with Y.  The errors are assumed to be dis-
tributed identically and independently, normally with a zero
mean and variance 2.

For orders other than first, ¥; represents the concentration
raised to the power of 1 minus the order.

The estimated rate constant (ie, the negative slope) is

b= - Wy - - X D Xy - X (©®
J J
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The standard error of the estimated rate constant is

)

where S(Y/X), the residual standard error, is equal to
12

> ¥ - )2
j=1

1/2
T

According to the Arrhenius relationship, faster degradation
occurs at the higher temperatures; hence, assays for the high-
temperature data usually are run more often but for a shorter
period of time. The effect of simple least-squares analysis of
this type of data is to force the Arrhenius equation through the
low temperature data and essentially ignore the high-tempera-
ture information. Thus, much more credence is placed in the
point estimates of the low temperature than is warranted. In
addition, the usual confidence limits on extrapolated degrada-
tion rates at refrigerator or room temperature cannot be made
validly. For these reasons, Bentley® presented a method
based on a weighted least-squares analysis to replace the
unweighted approximation. He also developed a statistical
test for the validity of the Arrhenius assumption which is
computed easily from the results of the unweighted method.

To make shelf-life estimates from elevated temperature
data, two. storage temperatures are obviously the minimum.
As the accuracy of the extrapolation is enhanced by using
additional temperatures, a minimum of four different tem-
peratures is recommended for most product stability studies.
With the current use of computers to do the bulk of stability
calculations, including weighted least-squares analysis, the
temperatures and storage conditions need not be selected for
arithmetic convenience.

It is not necessary to determine the mechanism of the degra-
dation reaction. In most cases, it is necessary only to follow
some property of degradation and to linearize this function.
Either the amount of intact drug or the amount of a formed
degradation product may be followed. It usually is impracti-
cal to determine the exact order of the reaction. With assay
errors in the range of 2 to 5%, at least 50% decomposition
must occur before the reaction order can be determined. As.
the loss with pharmaceuticals generally is less, zero-order
kinetics should be assumed, unless the reaction order is known
from previous work. In any case, replication of stability
assays is advisable.

The batches of drugs used for a stability study should be
representative of production run material or at least of a
known degree of purity. The quality of the excipients also
should be known as their impurities, or even their moisture
content, can affect product stability deleteriously. Likewise,
the samples of the formulation taken for the stability study
must be representative of the lot.

Specific, stability-indicating assay methods must be used in
order to make meaningful shelf-like estimates. The reliabil-
ity and specificity of the test method on the intact molecule
and on the degradation products must be demonstrated.

SY/X) = {m

Addition of Overage

The problem of declining potency, in an unstable prepara-
tion, can be ameliorated by the addition of an excess or
overage of the active ingredient. Overages, then, are added
to pharmaceutical formulations to keep the content of the
active ingredient within the limits compatible with therapeutic
requirements, for a predetermined period of time.

The amount of the overage depends upon the specific ingre-
dient and the galenical dosage form. The International Phar-
maceutical Federation has recommended that overages be
limited to a maximum of 30% over the labeled potency of an
ingredient.
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646 CHAPTER 38

Pharmaceutical Containers

Unless otherwise indicated in a compendial monograph, the
official standards for containers apply to articles packaged
either by the pharmaceutical manufacturer or the dispensing
pharmacist. In general, repackaging of pharmaceuticals is
inadvisable. However, ifrepackagingis necessary, the manu-
facturer of the product should be consulted for potential
stability problems.

A pharmaceutical container has been defined as a device
which holds the drug and is, or may be, in direct contact with
the preparation. The immediate container is described as
that which is in direct contact with the drug at all times. The
liner and closure traditionally have been considered to be part
of the container system. The container should not interact
physically or chemically with the formulation so as to alter the
strength, quality or purity of its contents beyond permissible
limits.

The choice of containers and closures can have a profound
effect on the stability of many pharmaceuticals. Now that a
large variety of glass, plastics, rubber closures, tubes, tube
liners, etc are available, the possibilities for interaction be-
tween the packaging components and the formulation ingredi-
ents are immense. Some of the packaging elements them-
selves are subject to physical and chemical changes that may
be time-temperature dependent.

Frequently, it is necessary to use a well-closed or a tight
container to protect a pharmaceutical product. A well-
closed container is used toprotect the contents from extrane-
ous solids or a loss in potency of the active ingredient under
normal commercial conditions. A tight container protects
the contents from contamination by extraneous materials,
loss of contents, efflorescence, deliquescence or evaporation
and is capable of tight reclosure. When the packaging and
storage of an official article in a well-closed or tight container
is specified, water-permeation tests should be performed on
the selected container.

In a stability program, the appearance of the container with
special emphasis on the inner walls, the migration of ingredi-
ents onto/into the plastic or into the rubber closure, the
migration of plasticizer or components from the rubber clo-
sure into the formulation, the possibility of two-way moisture
penetration through the container walls, the integrity of the
tac-seal and the back-off torque of the cap must be studied.

Glass, plastics and/or metals are the commonly used com-
ponents of pharmaceutical containers.

Traditionally, glass has been the most widely used container
for pharmaceutical products to insure inertness, visibility,
strength, rigidity, moisture protection, ease of reclosure and
economy of packaging. While glass has some disadvan-
tages, such as the leaching of alkali and insoluble flakes into
the formulation, thiese can be offset by the choice of an appro-
priate glass. As the composition of glass formulations may
be varied by the amounts and types of sand and silica added
and thie heat treatment conditions used, the proper container
for any formulation can be selected.

New, unused glass containers are tested for resistance to
attack by high-purity water using a sulfuric acid titration to
determine the amount of released alkali. Both glass and
plastic containers are used to protect light-sensitive formula-
tions from degradation. The amount of transmitted light is
measured using a spectrometer of suitable sensitivity and
accuracy.

Glass is generally available in flint, amber, blue, emerald
green and certain light-resistant green and opal colors. The
blue-, green- and flint-colored glasses, which transmit ultravio-
let and violet light rays, do not meet the official specifications
for light-resistant containers.

Colored glass usually is not used for injectable preparations
since it is difficult to detect the presence of discoloration and
particulate matter in the formulations. Light-sensitive drugs
for parenteral use usually are sealed in flint ampuls and placed
inabox. Multiple-dose vials should be stored in a dark place.

Manufacturers of prescription drug products should in-

able for both tin and aluminum tubes.

clude sufficient information on their product labels to inform
the pharmacist of the type of dispensing container needed to
maintain the identity, strength, quality and purity of the
product. This brief description of the proper container, eg,
light-resistant, well-closed or tight, may be omitted for those
products dispensed in the manufacturer’s original container.

Plastics—Plastic containers have become very popular
for storing pharmaceutical products. Polyethylene, polysty-
rene, polyvinyl chloride and polypropylene are used to pre-
pare plastic containers of various densmes to fit specific for-
mulation needs.

Factors such as plastic composition, processing and clean-
ing procedures, contacting media, inks, adhesives, absorp-
tion, adsorption and permeability of preservatives also affect
the suitability of a plastic for pharmaceutical use. Hence,
biological test procedures are used to determine the suitabil-
ity of a plastic for packaging products intended for parenteral
use and for polymers intended for use in implants and medical
devices. Systemic injection, intracutaneous and implanta-
tion tests are employed. In addition, tests for nonvolatile
residue, residue on ignition, heavy metals and buffering capac-
ity were designed to determine the physical and chemical
properties of plastics and their extracts.

The high-density polyethylene containers, which are used
for packaging capsules and tablets, possess characteristic

di ive orption

n an m3. In
these containers are tested for light transmission, water-vapor
permeation, extractable substances, nonvolatile residue and
heavy metals. Where a stability study has been performed to
establish the expiration date for a dosage form in an accept-
able high-density polyethylene container, any other high-
density polyethylene container may be substituted provided
that it, too, meets compendial standards and that the stability

pr ded ealt er.
the can formula-
tion, and materials from the latter can be absorbed onto, into
re-
es.

However, changing the composition of the syringe barrel from
nylon to polyethylene or polystyrene has eliminated the bind-
Ing 1n some cases.

A major disadvantage of plastic containers is the two-way
permeation of ‘‘breathing’’ through the container walls.
Volatile oils and flavoring and perfume agents are permeable
through plastics to varying degrees. Components of emul-
sions and creams have been reported to migrate through the
walls of some plastics causing either a deleterious change in
the formulation or collapse of the container. Loss of mois-
ture from a formulation is common. Gases, such as oxygen
or carbon dioxide in the air, have been known to migrate

‘through container walls and affect a preparation.

- Solid dosage forms, such as penicillin tablets, when stored
in some plastics, are affected deleteriously by moisture pen-
etration from the atmosphere into the container.

Metals—The pharmaceutical industry was, and to a de-
gree still is, a tin stronghold. However, as the price of tin
constantly varies, more collapsible aluminum tubes are being
used. Lead tubes tend to have pinholes and are little used in
the industry.

A variety of internal linings and closure fold seals are avail-
Tin tubes can be
coated with wax or with vinyl linings. Aluminum tubes are
available with epoxy or phenolic resin, wax, vinyl or a combi-
nation of epoxy or phenolic resin with wax. As aluminum is
able to withstand the high temperatures required to cure
epoxy and phenolic resins adequately, tubes made from this
metal presently offer the widest range of lining possibilities.

Closure foldseals may consist of unmodified vinyl resin or
pl se and or a color.

es are in 0 ations of
diameters, lengths, openings and caps. Custom-use tips for
ophthalmic, nasal, mastitis and rectal applications also are
available. Only a limited number of internal liners and clo-
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sure seals are available for tubes fitted with these special-use
tips.

Lined tubes from different manufacturers are not necessar-
ily interchangeable. While some converted resin liners may
be composed of the same base resin, the actual liner may have
been modified to achieve better adhesion, flow properties,
drying qualities or flexibility. These modifications may have
been necessitated by the method of applying the liner, the
curing procedure or, finally, the nature of the liner itself.

Closures

The closures for the formulations also must be studied as a
portion of the overall stability program. While the closure
must form an effective seal for the container, the closure must
not react chemically or physically with the product. It must
not absorb materials from the formulation or leach its ingredi-
ents into the contents.

The integrity of the seal between the closure and container
depends on the geometry of the two, the materials used in
their construction, the composition of the cap liner and the
tightness with which the cap has been applied. Torque is a
measure of the circular force, measured in inch-pounds, which
must be applied to open or close a container. When pharma-
ceutical products are set up on a stability study, the formula-
tion must be in the proposed market package. Thus, they
should be capped with essentially the same torque to be used
in the manufacturing step.

Rubber is a common component of stoppers, cap liners and
parts of dropper assemblies. Sorption of the active ingredi-
ent, preservative or other formulation ingredients into the

STABILITY OF PHARMACEUTICAL PRODUCTS 647

rubber and the extraction of one or more components of the
rubber into the formulation are common problems.

The application of an epoxy lining to the rubber closure
reduces the amount of leached extractives but essentially has
no effect on the sorption of the preservative from the solution.
Teflon-coated rubber stoppers may prevent most of the sorp-
tion and leaching.
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