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ABSTRACT

This literature review presents hydrolysis of active pharmaceutical ingredients as
well as the effects on dosage form stability due to hydrolysis of excipients.
Mechanisms and measurement methods are discussed and recommendations for

formulation stabilization are listed.

INTRODUCTION

Scope

Hydrolysis is the cleavage of a chemical species by
water. Since water, either as a solvent or in the form of
moisture in the air, contacts most pharmaceutical dosage
forms to some degree, the potential for this degradation
pathway exists for most drugs and excipients. In this
review article, many aspects of hydrolysis are discussed,
mainly with a focus on pharmaceutical formulations. In
addition, the use of hydrolysis to effect desired changes
is reviewed briefly with respect to prodrugs and

controlled release systems. Methods of predicting and
measuring hydrolysis are covered such that a formulator
is aware of hydrolysis problems early in the formulation
process. The mechanisms of drug hydrolysis are outlined
as well as the role of excipient hydrolysis in affecting
drug stability or dosage form performance. Finally, most
of the methods available for alleviating hydrolysis
problems are discussed, including formulation modifi-
cations and packaging options.

The drug types included in this review span the range
from small molecules to large molecules such as DNA
and proteins. Dosage forms are divided into two broad
categories: liquids and solids. Solid dosage forms can be
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further divided into traditional solids, such as tablets and
capsules, and more complex solid formulations such as
lyophiles. Liquids can be divided into aqueous based and
non-aqueous dosage forms. The latter includes disper-
sions, oils, and polar solvents such as PEG400 and
alcohols. Although there is no explicit discussion on the
various uses of these dosage forms (e.g., transdermal,
suppositories, depots, etc.), the general discussions of
this review should provide the formulator with sufficient
information to address hydrolysis issues for most
systems.

Preliminary Screening for Hydrolytic
Instability

Purposeful Degradation (1)

Independent of the ultimate dosage form, forced drug
degradation by exposure of drug solutions to acidic or
basic conditions is useful to predict the primary
hydrolytic drug degradation products. Such studies
ensure that degradation products can be identified
chromatographically, so that their presence in drug
product stability samples can be determined, and will
give some indication of a drug’s propensity for
undergoing hydrolysis. In contrast, stability studies (see
the “Liquid and Lyophile Dosage Form Stability
Screening” and “Solid Dosage Form Stability Screening”
sections) focus on rates of degradant formation, where
the degradants themselves are often identified by
purposeful degradation studies. Drug concentrations of
at least 1 mg/mL in 1 N acidic and 1N basic conditions
are recommended for acid—base stress testing. In some
cases, a co-solvent may be necessary to achieve these
concentrations. In exceptional cases, lower concen-
trations may be necessary, though this can make the
process more difficult since it requires correspondingly
more sensitive assays. Care should be taken to choose
non-reactive co-solvents. For example, methanol and
other alcohols should generally be avoided for acidic
conditions if the compound contains a carboxylic acid,
ester, amide, aryl amine, or hydroxyl group due to
possible reaction of the drug with the alcohol.

The acid and base stressed conditions should result in
approximately 10-20% degradation of the drug
substance or represent a reasonable maximum condition
achievable. If this level of degradation is not achieved,
additional hydrolysis experimentation should be per-
formed at no more than 70°C for one week total reaction
time. It is not recommended to go above this level of
stress for typical drug substance materials since
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excessive acid—base stress can produce non-predictive
samples, and may require unnecessary effort in the
HPLC method development.

Liquid and Lyophile Dosage Form Stability
Screening

Since hydrolytic instability is frequently pH depen-
dent (as discussed in the “pH Rate Profiles” section), a
pH vs. stability curve is usually required as part of the
process of developing a liquid formulation, especially in
aqueous vehicles. Storing the product at elevated
temperatures is the standard method for accelerating
hydrolysis. Generally, three months at 50°C and six
weeks at 70°C are considered indicative of long-term
stability. For feasibility work, sampling at shorter time
points can indicate whether hydrolytic stability will be a
concern. Similarly, the product can be autoclaved at
121°C for an extended period of time, usually 20—
30min; however, this large temperature extrapolation
back to room temperature could be misleading due to any
shift in mechanism, change in rate-limiting step, or shift
in pH (due to temperature effects on the buffer). Non-
linearity in a plot of the log of the rate constant, k, vs. 1/T
(where T is the absolute temperature) can indicate such a
situation. In particular, a bowl-shaped curve indicates a
change in mechanism and a dome-shaped curve implies a
change in the rate-determining step. Single temperature
measurements, which essentially assume a common
activation energy with no change in rate-limiting steps,
are particularly dangerous in terms of predicting lower
temperature stability. Although a full Arrhenius plot is
often impractical, using at least three temperatures, with
a minimal extrapolation to the desired temperature, is
preferred.

For lyophilized amorphous formulations, activation
energies of hydrolysis are generally similar enough to
those in solution (2) that they can be used for preliminary
formulation development; though exceptions with
lyophile (3,4) or solution (5) having a higher activation
energy have been reported. The temperature range for a
stability study should be below the glass transition
temperature, 7, [measurable by differential scanning
calorimetry (DSC), modulated DSC (6), critical molecu-
lar mobility by NMR (7), thermally stimulated current
(8), or dielectric analysis (5)] to avoid any Arrhenius
slope changes through the phase transition. In addition,
the temperature should be below the temperature where
the bulking agent decomposes, since the decomposition
products could be reactive with the active pharmaceu-
tical ingredient (API).
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Hydrolysis in Pharmaceutical Formulations

Solid Dosage Form Stability Screening

Bulk Crystalline Active Pharmaceutical
Ingredient

Initial solid-state screening for hydrolytic instability
first involves the use of pure bulk drug substance. The bulk
drug form or forms are placed in appropriate packaging
configurations and exposed to “accelerated” conditions of
increased temperature and humidity. Typical accelerated
conditions for pharmaceuticals are 30°C/60% RH,
40°C/75% RH, and 50°C/20% RH. While these are
common conditions for stability challenges of pharmaceu-
ticals, any specific combination of temperature and
humidity can usually be achieved by employing program-
mable temperature ovens and sealed systems under
humidity environments dictated by saturated salt solutions
(9). Often, multiple sets of samples are screened using
conditions that are “open,” that is, under conditions where
humidity can equilibrate between the sample and the
environment in the stability chamber. Such open conditions
are associated with containers that have some amount of
water vapor transport, e.g., polyethylene bottles, bags, and
open-topped glass vials with gauze coverings. Under
“closed” conditions, equilibration with the environment in
the stability chamber is limited to the slow moisture
transport through the packaging such that the humidity is
determined by the moisture sealed in the container. Typical
closed conditions employ crimp-sealed teflon-stoppered
glass vials or other tightly sealed glass containers, foil lined
high density polyethylene (HDPE) packaging, or foil—foil
blister packaging (see Sec. “Packaging” for a discussion of
packaging).

Since different physical (e.g., polymorph) and salt
forms of an API can have significantly different
hydrolysis rates and profiles, all available forms of the
API should be screened in the accelerated temperature—
humidity protocols. It is often useful to characterize the
API being screened using such physical measurements as
powder x-ray diffraction (PXRD), DSC, differential
thermal analysis (DTA), thermal gravitimetric analysis
(TGA), and photomicroscopy. This analysis ensures that
the lot of API being analyzed is of a single, stable
polymorphic form since morphology plays an important
role in hydrolytic reactivity (10). Different salt and
hydrate forms of the drug can result in different
hydrolytic reactivity based on several factors. For salt
forms, differences in aqueous solubility, microenviron-
mental pH, and hygrosopicity can lead to differences in
reactivity (see the “Hydrolysis of Crystalline Solids”
section). For hydrated forms, the degree to which the
waters of hydration are held in the crystal lattice affects
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reactivity (see the “Water Activity” section) (11,12). For
these hydrated forms, TGA/DTA and DSC can be used to
determine the transition temperature where water
molecules are lost, so that screening temperatures can
be selected to be below these temperatures and therefore
be predictive of room temperature behavior. Screening
hydrated forms at high temperatures may serve to
dehydrate crystals, even under relatively high humidity
conditions, thereby affecting reactivity in a nonlinear and
nonpredictive fashion.

An important aspect in estimating the reactivity of
crystalline materials is the amount of amorphous material
in the form studied (see the “Hydrolysis of Crystalline
Solids” section), so that both processed (e.g., milled or
ground) and unprocessed material should be included in
the screening studies. Since amorphous regions within a
crystal matrix can be considerably more hygroscopic than
the crystalline regions (13), water within a system can be
distributed unevenly resulting in significant plasticization
of amorphous regions. This in turn can lead to higher
hydrolysis rates than anticipated for purely crystalline
materials. Often, information on the hydrolytic reactivity
of amorphous regions can be investigated simply by
screening samples of amorphous bulk, derived from
lyophilization or spray drying, in the accelerated high
temperature and humidity conditions discussed above.
Preparation and screening of samples with known
amounts of amorphous and crystalline character may be
helpful in elucidating the effects of amorphous content on
reactivity in mostly crystalline matrices.

Comparisons among the stabilities of an API form at
corresponding open and closed conditions at different
temperatures make it possible to decouple the effects of
humidity and temperature. Generally, an increased
hydrolytic decomposition is noted in open packaging
configurations and increases with increasing humidity. For
ionizable compounds, the stability of different salt forms
may relate to the effective local pH around the API due to
buffering effects of the counterion. For some API systems,
the hydrolysis follows standard Arrhenius kinetics (14) at
constant relative humidity over certain temperature ranges;
however, this is case specific and should be investigated for
an API on an individual basis. Deviations from Arrhenius
behavior in crystalline solids can occur because of changes
in rate-determining steps, changes in the physical forms of
the materials, changes in the mechanisms of hydrolysis,
and changes in the water activity with temperature (see the
“Water Activity” section).

Quantitative models for the kinetics of drug
decomposition in the crystalline state (10,15—17) include
effects of temperature, crystal morphology, concen-
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tration of nucleation sites, water vapor pressure, and
moisture content. In some cases, the equations and
parameters have been optimized to model only a specific
region of the decomposition profile (usually the initial
decomposition) or for specific accelerated conditions (at
a particular temperature—humidity condition). For
example, in studying the decomposition of the water
soluble systems of propantheline bromide and meclofe-
noxate hydrochloride, the equation parameters change
depending on whether that stability screening is
performed at humidity conditions above or below the
critical relative humidity (CRH) of the system. Here, the
CRH is defined as the humidity at which the solid starts
to take up bulk moisture, a factor related to the relative
humidity over a saturated solution of the compound at
that temperature. Thus, the relative factors that are
important in the decomposition of a particular system
may need to be identified before effective modeling of
the hydrolytic decomposition of a specific system can be
achieved.

Excipient Blends

In addition to screening the bulk API, binary or
ternary mixtures of the API with common pharmaceu-
tical excipients should be screened using the open and
closed high temperature—humidity conditions described
above. Excipient mixtures can be screened, as with bulk
API, in appropriate packaging configurations. While it is
possible to screen for stability of the API with excipients
using aqueous suspensions of the components, it has
become common to evaluate the stability of these drug—
excipient mixtures in both uncompressed powder blends
and compacted tablets. To stress the hydrolytic
instability in a blend, interfacial contact of the drug
with excipients can be increased using a low-drug
loading of 10-30%.

With excipients present in closed systems, moisture
can be brought into an otherwise dry system thereby
influencing hydrolysis. This phenomenon is related to the
amount of moisture the excipients contain initially and
the relative moisture affinity of the excipients and the
API. The moisture affinity is related to particle size,
amorphous content, processing conditions, and aqueous
solubility. Since currently there is no good database on
excipient moisture affinities, hydrolysis rates due to this
term are difficult to predict. Measurement of the water
content of excipients may be useful to assess prior to
initiation of excipient blend stability studies. Typical
water content values for common excipients are shown in
Table 1. Measurement of the relative humidity in a
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closed system can be indicative of water being brought
into an otherwise dry system.

Several articles describe the effects of excipients on
the solid-state hydrolytic decomposition of aspirin. In
studies involving compacts of aspirin and sodium
bicarbonate (19), two distinct topochemical reaction
patterns of decomposition are noted at low and high
temperatures. This emphasizes that crystal morphology,
particle-size distribution, and morphological distri-
butions play important roles in hydrolysis rates.
Additional studies using blends of aspirin with metal
stearates (20) illustrate that these excipient blends predict
solid-state decomposition products of commercial
aspirin tablet formulations more accurately than do the
stability studies of the pure API due to specific
interactions of the API with the stearates.

MECHANISMS OF HYDROLYSIS

The chemistry of hydrolysis is largely the chemistry
of an electrophilic carbon atom (often a carbonyl group
carbon) with a good leaving group (21-23). There are
cases (e.g., acetals, ketals, hemi-acetals, hemi-ketals,
imines, alkyl halides, phosphate esters, and sulfate
esters) where a carbonyl group is not present, though
these are less common in drug substances. Table 2 offers
examples of potentially hydrolyzable functional groups
and examples of drugs containing these functional
groups. The nature of the leaving group, the presence of
acidic or basic catalysts, and the electrophilicity of the
carbonyl group (or other center) play a fundamental role
in modulating the reactivity. A general scheme of the
reaction is depicted below, where OH acts as a
nucleophile and L is a leaving group (charged or neutral).
This reaction can also be classified as an acyl transfer to
water (or hydroxide).

[0}

-

R L R OH

H* + OH"

Since water cleavage involves loss of a functional
group, the stability of the eliminated molecule will affect
the reactivity. For this reason, amides are generally less
hydrolytically reactive than esters since RO is generally
more stable than R,N ™ [note that the relative pK, values
of the conjugate acids are 18—19 for alcohols and =25
for amines (21)]. Some functional groups are particularly
sensitive to hydrolysis, and their presence may lead to
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Table 2

Potentially Hydrolyzable Functional Groups in Pharmaceuticals and Example Drugs in Rough Rank
Order from Most to Least Stable

Functional Group

General Structure

Example

Amide

Lactam

Carbamic Ester

Ester

Lactone

Imide

Alkyl Chloride

Acetal

Imine

0
)kT/

o]

F(H,CO)——NH
(o]

R—O T/

R,H

O

)J\O/

O
J(H,C)—0

LA

N

R,H

Acetaminophen, chloramphenicol, oxazepam,
chlordiazepoxide

Penicillin G (B-lactam antibiotics)

Loratadine, pipazetate

Atropine

Warfarin

Barbiturates

Chlorambucil

Erythromycin

Diazepam, oxazepam, chlordiazepoxide
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Hydrolysis in Pharmaceutical Formulations

hydrolytic instability even in the absence of catalysts.
These groups include acetals, ketals, hemi-acetals, hemi-
ketals, imines, alkyl halides, phosphate esters, and sulfate
esters. Since there are many factors related to the
chemical structure of a drug and its environment in the
dosage form, the presence of potentially hydrolytically
reactive sites should be viewed in terms of interpreting
the experimental findings rather than as a prediction of
hydrolytic instability. Some reactions are extremely slow
and unlikely to be an issue. However, since pharmaceu-
tical standards for degradation are very exacting, even
relatively slow rates can be problematic. For example,
the half-life for hydrolysis of an unactivated amide (a
tripeptide) at neutral pH and room temperature is
approximately 7years with a pseudo first-order rate
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constant of 3 X 10~ % sec ™! (24), yet even this slow rate
corresponds to more than 10% degradation in 2 years and
would generally be unacceptable for pharmaceutical
applications. Rate constants for hydrolysis of several
drugs are listed in Table 3.

Often, the rate of hydrolysis in the absence of catalysts
is slow such that most reactivity is associated with
catalytic reactions. For example, ester hydrolysis is
generally slow due to the poor leaving-group ability of
alkoxide and requires chemical or enzymatic catalysis.
The same is true for non-activated amides, while for
imines, hydrolysis occurs readily without catalysts. A
general rank order of hydrolytic reactivity is as follows:
RC=NR’ > RCO,COR’ > RCOSR’ > RCO,R’ >
RCONHo,.

Table 3

Examples of Pseudo First-Order Rate Constants for Hydrolysis of Drugs

Drug Type T (°C) pH k (sec™h) Notes
Acetaminophen (23) Amide 25 6 1x107°
Chloramphenicol (23) Amide 25 6 7.5%x107°
Oxazepam (23) Amide 70 32 13x107* Primary hydrolysis
9x1077 Secondary hydrolysis
10.9 41%x107* Primary hydrolysis
3.6Xx107° Secondary hydrolysis
85 2 ~1x1077 Primary hydrolysis
~63%x107° Secondary hydrolysis
55 ~1.6%x107° Primary hydrolysis
4x10°° Secondary hydrolysis
11 ~25%1072 Primary hydrolysis
~1x10°° Secondary hydrolysis
Atropine (23) Ester 40 2 ~107° Concomitant dehydration at pH 2—4
4 ~1071° Concomitant dehydration at pH 2—4
9 ~107°
Chlordiazepoxide (23) Imine 80 1 ~8x%x107°
3 ~3%x107°
5 ~5%107°
7-11 ~6%x107°
Erythromycin (23) Acetal 60 5 ~1.3
7 ~1.6X%107°
8 ~4x1072
10 ~0.5
Chlorambucil (23) Alkyl chloride 25 2 ~2x107°
3 ~6%x107°
5-10 ~2%x107*
Diazepam (23) Imine 80 2 ~1x1073 Primary hydrolysis
~1%x107° Secondary hydrolysis
4-8 <17x1077
10 ~1x107°
Phenobarbital (23) Imide 80 7 26%x107°
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Specific Base Catalysis

Specific base catalysis involves reaction dependent on
the specific base hydroxide. This reaction depends only
on the pH of a solution, not on the total amount of base
present. General base catalysis, in contrast, depends on
the total concentration of bases present, including
hydroxide (see the “General Base” section). The two
can therefore be distinguished by measuring reaction
rates at the same pH but with different buffer
concentrations (25).

The most common situation for base-catalyzed API
hydrolysis involves rate-limiting hydroxide attack on a
carbonyl to form a tetrahedral intermediate. This is
followed by elimination to give an anionic leaving group
and the carboxylic acid in a mechanism referred to as B2
for base catalyzed, acyl cleavage, bimolecular (21):

(o} O‘) (o} [0}
J:_j - /*\K—' /”\ X ‘—Jj\ + HX
R X =R X R OH R O-
OH

Electron withdrawing substituents near the carbonyl
group (i.e., at the R substituent) facilitate hydrolysis by
making the carbonyl more electrophilic (22,26). The
substituent effects become attenuated with increasing
distance from the carbonyl group. Leaving group ability
becomes significant in the overall reaction when loss of that
group is sufficiently slow to become rate-limiting. Leaving
group ability will generally correlate with the pK, of the
conjugate acid. That is, the stronger the basicity of the
leaving group, the poorer it is as a leaving group. For
example, the leaving group ability corresponding
to increasing reactivity and acidities of the conjugate
acids follow in the order R = alkyl (ketones) < R = amine
amide) < R = alkoxy ester). In alkaline environments,
hydrolysis is essentially irreversible. For carbonyl groups
that are part of ring structures (e.g., lactones and lactams),
opening the ring can relieve strain, which provides an
additional driving force for the reaction (27,28). This strain
will be minimal for five- and six-membered rings.

As with esters, most amides hydrolyze via the Bc2
mechanism; however, the reaction requires greater
catalysis and/or higher temperatures since NH, is a
very poor leaving group (21). In some cases, amide
hydrolysis may progress through a dianion intermediate
leading to a reaction rate that is higher than first order
with respect to hydroxide ion (29). The nature of the
amine leaving group determines whether the dianionic
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intermediate will follow path a or b (in the scheme
below). For example, electron-withdrawing R-substitu-
ents will stabilize the negative charge on the nitrogen,
making NR; a good enough leaving group to allow for
path a, while in many cases, protonation of the nitrogen
allows for elimination of an amine along path b (30).

(o]
B — o | emw
S I
OH

}

b
R——C—NHR, — R—C—O0 + HNR,
+

o

Compounds containing carbon—nitrogen double bonds
are also susceptible to hydrolysis. Aliphatic imines are
easily hydrolyzed by water alone whereas compounds such
as aromatic imines, oximes, hydrazones, and semicarba-
zones are more difficult to hydrolyze and usually require
acid or base catalysis (21). A general scheme for the
hydrolysis of a carbon—nitrogen double bond in the
neutral to alkaline pH region is shown below (31):

H - 0)
Y oH \T/ ' \‘L/ /ﬁ\+NHZR
N N N NS
Ne - g W OR O HTIR

H

R = alkyl, aryl = imine; R = OH = oxime; R
= NH, = hydrazone; R = NHCONH,
= semicarbazone

The rate of hydrolysis of a specific compound will vary
with the reaction conditions, and in the case of imines,
whether the carbon—nitrogen double bond is originally
from a weakly or strongly basic amine (32). The rate-
determining step in hydrolysis of these compounds in the
neutral to alkaline pH region is the initial attack of the water
or hydroxide ion. For some imines, the hydrolysis rate in
the alkaline pH region may seem pH independent since the
concentrations of hydroxide ion and of protonated imine
vary in equal and opposite directions (31).

A number of drugs (e.g., macrolide antibiotics) contain
hemi-acetal and hemi-ketal functionalities, both of which
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are subject to base-catalyzed hydrolysis. The mechanism
for base-catalyzed hydrolysis of hemi-acetals (R = H) and
hemi-ketals (R = alkyl) is shown below (21,22):

For acetals (R = H) and ketals (R = alkyl), only acid-
catalyzed hydrolysis occurs (see the ‘“Specific Acid
Catalysis” section).

Specific Acid Catalysis

Specific acid catalysis, that is catalysis by hydronium
ion, can involve cleavage of the leaving group, or for the
case of an ester, of the alkyl—oxygen bond, assuming the
alkyl group can form a stable carbocation. In general,
acid-catalyzed mechanisms are reversible such that
products can slow the reaction as they build up.

The most common mechanism for acid-catalyzed
hydrolysis of a carboxylic acid derivative is known as
Aac2 for acid catalyzed, acyl cleavage, bimolecular
illustrated below:

H+ H
o
JJ\ L __p _Sow R
S G

R X
*OH,
OH,
H
H
R +/R"_/(L+RXH -H /H\+R’XH
OHI slow p—"~oH H g OH X-0,NH

As indicated, the rate-determining step in this scheme
depends on both the nucleophile (water) and the substrate.
The first event in this mechanism is the protonation of the
carbonyl oxygen, followed by slow addition of water to
yield a tetrahedral carbon. A proton shift then takes place
(not necessarily intramolecularly) followed by the slow
elimination of the protonated leaving group (the alcohol for
an ester, or an amine for an amide). The hydrolysis of
amides requires significantly stronger conditions than for
esters. This is due to the fact that the electron-donating
nitrogen substituent stabilizes the ground state of the
carbonyl group via resonance of the w-system, and this
stabilization is lost in going to the tetrahedral intermediate.
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The result is a higher activation barrier to form the
intermediate and an overall slower hydrolysis rate.

For esters, a rarely seen mechanism is possible when a
stable carbocation can be formed by cleavage of the alkyl
to oxygen bond. Examples include allylic, benzylic, and
tertiary alkyl group esters. In the mechanism shown
below, a cation is formed from the protonated substrate in
the rate-determining process, then intercepted by water to
yield the alcohol:

H
0 + O/H O/
/“\ /R * J|\ R-—'/K +R*
o A o

ROH + H'

R* + H,0

This mechanism is known as the A; 1 mechanism for
acid catalyzed, alkyl cleavage, unimolecular. The rate-
limiting process is analogous to an Syl substitution
reaction. Although amides can theoretically be similarly
hydrolyzed, this mechanism is only observed under
extreme conditions (33).

A number of drugs (e.g., macrolide antibiotics) contain
acetal, hemi-acetal, ketal, and hemi-ketal functionalities,
all of which are subject to acid-catalyzed hydrolysis. The
mechanism for acid-catalyzed hydrolysis of hemi-acetals
(R = H) and hemi-ketals (R = alkyl) is shown below (22):

OH OH"
OH
H /(‘*VC )k +ROH
, R’
R P
0/ (o R
R R |
H
o)

For acetals (R = H) and ketals (R = alkyl), hydroly-
sis yields the corresponding hemi-acetal or hemi-ketal as
shown below:

OR” OR™
OR
H /Q{‘C )]\ +ROH
R
R R
O/ o7, R
R R |
H
OR” .
+H,0 xR
R /\\R
OH,* on
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These species will undergo further hydrolysis to yield
the corresponding aldehydes or ketones.

Another class of hydrolyzable functional groups is
represented by the C=NR group, which is common to
imines (R is alkyl or aryl), oximes (R is OH or OR/),
hydrazones (R is NH,), and semicarbazones (R is
NHCONH,). The scheme below depicts the general
mechanism for acid-catalyzed hydrolysis of these groups
21):

N * " no ?Hz
! ! i
Ny a > R L.
0- OH
o D N R N
" + NH;R l |
NH,R IszR

These hydrolyses are generally reversible. The
mechanism consists of addition of a water molecule to
the protonated substrate, followed by elimination of the
amine from a tetrahedral intermediate. In acidic
solutions, the rate-determining step is the breakdown of
the tetrahedral, zwitterionic intermediate (31,34).

Buffers and Other Catalysts

General acid—base catalysis is the most encountered
catalytic behavior of buffer species (25). Such catalysis
can be detected on pH rate profiles (see the “pH Rate
Profiles” section) when the slope of the curve at acid
catalysis and base catalysis regions deviates from — 1
and +1, respectively. A commonly observed kinetic
phenomenon when general acid—base catalysis is
involved is a change in rate-determining steps, often
revealed by a dome shaped curve when plotting log k vs.
the pK,s of different buffer species (Brgnsted plot). The
three mechanisms associated with this catalysis are
described in the sections that follow.

General Base

Buffers can act as bases to remove a proton from
water to facilitate hydroxyl attack on a carbonyl carbon.
When the rate-limiting step is removal of the proton
rather than water attack on the drug, the hydrolysis
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reaction rate will depend on the total base concentration
rather than just that of the hydroxide ion. The result is a
general base catalysis of the hydrolysis (35).

General Acid

Protonation of a carbonyl oxygen facilitates nucleo-
philic attack (as discussed in the “Specific Acid
Catalysis” section). When the protonation, rather than
the addition of water, is rate limiting, there will be a rate
dependence on the total concentration of acids rather
than just on the specific acid, hydronium ion.

Nucleophilic Catalysis

Nucleophilic catalysis occurs when a nucleophile
adds to a carbonyl to form an intermediate that is more
susceptible to hydrolysis than the original species. This
circumstance is rarely encountered with pharmaceuti-
cals. A well-studied example of nucleophilic catalysis is
the imidazole-catalyzed hydrolysis of esters and amides
with activated acyl groups (36,37). Nucleophilic
catalysis is more common in phosphate hydrolysis,
especially in DNA hydrolysis where the specific
orientation of phosphate groups enables reaction (see
the “Hydrolysis of Macromolecules” section).

Metal Catalysts

The rate of solution hydrolysis of esters (38),
phosphate esters (39), amides (40), anhydrides (41),
and mixed anhydrides can often be enhanced by the
addition of metal ions to the medium. The most effective
metal catalysts are generally divalent metal ions such as
Cu®™, Ni**, Co?*, Zn**, Ca?*, Mg®", Mn?", and Cd**.
Catalysis is often most effective when the molecule is
capable of chelating the metal such that the metal ion is
held near the reacting site of the molecule (42). Chelation
can occur whenever a molecule has negative charges or
dipoles (such as with carbonyls) arranged such that two
can ionically bind the metal ion. In addition to small
molecules, proteins and nucleic acids are especially
prone to metal ion binding (see the “Hydrolysis of
Macromolecules” section). Examples of divalent metal-
catalyzed hydrolysis include the deactivation of (3-lactam
antibiotics, such as penicillin and cephalosporin (43);
carboxypeptidase A (38,41), a Zn-containing metalo-
enzyme that catalyzes the hydrolysis of amide peptide
bonds; and ribonuclease, which utilizes a divalent
cationic metal ion to catalyze hydrolysis of RNA (44).

Divalent metals catalyze hydrolysis under both acidic
and basic conditions. The divalent metal ion ligates a
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carbonyl oxygen making the carbon more electrophilic.
This serves to raise the concentration of the tetrahedral
intermediate (see the “Specific Base Catalysis” and
“Specific Acid Catalysis” sections). Metal ion com-
plexation to the leaving group can also accelerate
decomposition of the tetrahedral intermediate. Both
processes lead to overall increases in the rate of
hydrolysis, sometimes by orders of magnitude.

For liquid formulations, addition of ethylene diamine
tetraacetate (EDTA) will often eliminate metal catalysis
by competitive binding to the metal ions provided the pH
is above about 5. With solid dosage forms, competitive
chelators such as EDTA will be most effective if in the
same phase as the drug. Although this sometimes occurs
by simple mixing, often the chelator must be applied
from solution.

pH Rate Profiles

To develop an oral or parenteral solution formulation
of a drug susceptible to hydrolysis, an understanding of
the effects of pH and buffers is essential. In the most
general sense, the rate of hydrolysis will depend on five
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rate constants (23,45,46): an acid-catalyzed rate kg + , a
base-catalyzed rate koy — , an uncatalyzed rate k, a rate
with acidic buffers kg, and a rate with basic buffers kgg.
Those rates that are dependent on pH (acid and base
catalysis) are independent of the remaining rates; that is,
for different buffer concentrations and buffer types, a
minimum reaction rate will occur at the same pH. This
allows for an optimization process as follows:

1. keeping buffer concentration constant, optimize
solution pH for maximal stability; and

2. keeping the pH constant, optimize the buffer type
and concentration for maximal stability.

In analyzing the hydrolysis reaction rate dependence
on pH, it is often useful to plot the logarithm of the
observed reaction rate (initial reaction rate) against the
pH. The resulting graph will typically show a minimum
at the most stable pH with a slope of 41 and — 1 in the
basic and acidic regions indicating acid and base
catalysis. This is shown in Fig. 1 (curve 1) with pH 7
as the most stable condition. In most cases, however, the
position of greatest stability is on the acidic side since
base catalysis rates tend to be higher than acid catalysis

pH Rate Profiles in Absence of Buffer Catalysis
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= Curve 1: base rate = acid rate > uncatalyzed rate

== Curve 2: base rate = acid rate competitive uncatalyzed rate
=Curve 3: base rate = acid rate drug deprotonation at pKa of 8
'Curve 4: base rate = acid rate with drug protonation at pKa of 4
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pH rate profiles in absence of buffer catalysis.

Nevakar Exhibit 1080, Page 11 of 34



124

rates. If the uncatalyzed rate constant is sufficiently high,
the pH rate profile will indicate a flat region of maximum
stability (Fig. 1, curve 2). For a drug having an acidic or
basic functional group, the ionization of that group can
affect the rate of hydrolysis by effectively changing the
electrophilicity of the hydrolyzing moiety (often a
carbonyl). The degree to which these groups affect the
reaction rate depends on the electronic overlap of the
group with the carbonyl. In general, the greater the
distance of the acidic or basic group from the carbonyl,
the lower the effect on the hydrolysis rate. For ionizable
drugs with pK, values in the range of the study, a
characteristic inflection in the pH rate profile may be
observed at a pH value equal to the pK,. The pH rate
profile (Fig. 1, curve 3) for a drug that is a monoprotic
weak acid is described in Eq. (1):

kobs = ku+[H  Ifua + kifua + kofa-
+ k3[OH ™ |fua + ko [OH ™ [fa- (1)

where, fya and fa- are fractions of drug present in
un-ionized and ionized states, respectively. These will
depend on the pH of the solution and the pK, of the
drug. Similarly, the pH rate profile (Fig. 1, curve 4) for a
drug that is weakly basic with one pK, is described in
Eq. (2):

kobs = kn+ [H fgn+ + ki [H Ifp + kof B+
+ kaf s + kou-[OH ™ [fB (2)

where, fg and fgy+ are fractions of drug present in un-
ionized and ionized states.

When buffer species act as catalysts (see the “Buffers
and Other Catalysts” section), the pH-rate profile will
show deviations from the slopes of =1 observed with
only specific (hydroxide and hydronium ion) catalysis
(47,48). Buffer concentrations can also affect the ionic
strength of the solution thereby affecting the drug
hydrolysis rate (see the “Ionic Strength” section). Since
the buffer effect on the hydrolysis rates can be
significant, it is critical when formulating solutions of
hydrolytically susceptible drugs that buffer type and
concentration be examined.

Ionic Strength

The ionic strength of a medium can affect the rates of
reactions by stabilizing or destabilizing the transition
state with respect to the starting materials (49,50). This
effect is strongest when the drug molecule is ionically
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charged such that bringing hydroxide or hydronium in
contact involves a change in charge separation. In
addition, higher ionic strength can affect the acidity and
basicity of ions by stabilizing charge separation, that is,
by favoring free ions vs. ion pairs. In the end, however,
ionic strength effects on hydrolyses of drug molecules in
realistic formulations tend to be small [see for example
Refs. (50-52)]. When ionic strength does affect the
hydrolysis rates, it generally is found to increase the rate
[see for example Refs. (53—55)]. These effects can be
evaluated by keeping a constant pH and buffer
concentration while increasing the concentration of a
non-buffering salt such as sodium or potassium chloride.
In cases where rates are significantly affected, this factor
must be accounted for in the formulation development
generally by keeping the buffer concentration low.

Computational Modeling

Computational modeling of hydrolysis reactions can
be helpful in rationalizing degradation products,
especially secondary degradation. Commercial computer
programs designed to predict the synthetic outcome of a
reaction include EROS (Elaboration of Reactions for
Organic Syntheses) (56), WODCA (Workbench for the
Organization of Data for Chemical Applications) (57),
LHASA (Logic and Heuristics Applied to Synthetic
Analysis) (58), and CAMEO (Computer Assisted
Mechanistic Evaluation of Organic Reactions) (59).
Predictions can be more accurate with a given
calculational hydrolysis reaction condition, independent
of the true reaction behavior. For example, hydrolysis of
amides are predicted by CAMEO more accurately using
basic than acidic conditions (60). For this reason, the use
of these programs requires a history of connections
between experiments and calculations. The use of such
programs for predicting rates of hydrolyses has also
proved limited to date. Computational modeling is
therefore most suited to helping explain observed
products rather than a priori estimating products and
rates in real systems. These explanations can at times be
useful when developing formulation solutions.

Water Activity

In solid materials, water is either tightly bound as a
crystal hydrate or more loosely entrapped in the
amorphous portion of the material (13,61 -64). Depend-
ing on the degree to which the water is bound, its
availability for effecting hydrolysis will change. In solid-
state systems with both amorphous and crystalline
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regions, most of the unbound water, i.e., water available for
chemical reactions, will partition to the amorphous regions,
making these regions more prone to hydrolysis (65).

Water activity (A,,) is a measurement that indicates
how tightly water is bound. The water activity of a
substance is defined as the equilibrium ratio of the
moisture vapor pressure above a substance vs. that over a
pure water control at the same temperature. In practice,
water activity is obtained by placing a sample in an
airtight enclosure and measuring the dew point, that is,
the temperature where the moisture in the air is saturated
(66). Although traditional methods for measuring water
content in pharmaceutical formulations involve weight
loss on drying and Karl-Fischer techniques, these
techniques fail to provide an indication of how much
water is available for reaction. For predicting drug
stability, water activity will in general show a better
correlation with hydrolytic activity. Though not widely
used in the pharmaceutical industry, water activity is
commonly used for predicting stability in the food
industry (67-71). Based on this, an increased use of
water activity measurements in understanding hydrolytic
reactivity is anticipated in the pharmaceutical industry
(13,62,72-175).

For hydrolysis reactions where water is involved in
the rate-limiting step (Bac2 from “Specific Base
Catalysis” and A2 in “Specific Acid Catalysis”), the
hydrolysis rate will depend on the water activity around
the drug. For solutions, this will translate to the water
concentration, while in solids, this will be the moisture
content in the same phase as the drug. The moisture
content in a solid will equilibrate with the moisture in the
environment as a function of the water activity. For
temperature extrapolations, it is therefore preferable to
keep the water activity of the air constant, generally by
keeping the relative humidity constant. Since the
solubility of water in the excipients and drug may vary
with temperature, the water distribution within the
dosage form may vary with temperature such that
Arrhenius behavior is not observed. Table 1 shows
typical water contents for a number of excipients, but
does not indicate the water activity (availability)
associated with the excipients since, unfortunately,
such data are not available at this time. As an example
of the influence of water availability on hydrolysis rates,
compacts of aspirin containing dibasic calcium phos-
phate dihydrate degrade approximately 10 times faster
than formulations containing lactose and two-fold faster
than formulations containing microcrystalline cellulose
(76). Interestingly, the rate of degradation does not
correlate with total water content in the compacts in that
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the lactose compact contains the most water, yet shows
little degradation; however, a lower water activity
associated with lactose provides less water to partition
into amorphous regions and effect hydrolysis than with
dibasic calcium phosphate dihydrate, where the water is
more loosely bound.

Hydrolysis of Crystalline Solids

The majority of mechanistic studies on hydrolysis of
crystalline pharmaceutical compounds in solid dosage
formulations indicate that in most, if not all, cases
hydrolysis occurs only in amorphous regions, at crystal
defect sites or at the surface of crystals (10,13,14,66,77).
Hydrolysis in crystalline domains, though possible, is
hindered by three factors.

1. Crystal packing stabilization of the starting
material adds reorganization energy to the
activation energy for hydrolysis since most
molecules do not remain stabilized in a crystal
lattice throughout the course of the reaction. As
the reaction proceeds, a heterogeneous mixture of
crystalline reactants and products plus amorphous
mixtures thereof is often formed (78). This high-
energy mixture can slow reaction due to the
additional activation needed to reach this state (in
contrast to solution).

2. Limited mobility raises the activation energy for
such bimolecular processes as hydrolysis by
making collisions more difficult. In addition, to
the extent that attack on an electrophilic center
requires a particular site on the molecule be
available, crystal orientations may not be optimal
for a given hydrolysis.

3. Water within a crystal lattice tends to be bound as
hydrates rather than available for reaction (see the
“Water Activity” section). For amorphous drug
substances (or regions on a crystal) or for crystal
defect sites, preferable sorption of water by these
less ordered systems can plasticize the solid leading
to more water uptake and increased molecular
mobility. This in turn facilitates hydrolysis.

Because of the above factors, it is often important to
determine the source of non-crystalline domains in drug
products made from crystalline drug substances. It
should be remembered that only a small percentage of
drug need be in an amorphous form to constitute an issue
for shelf life. We can broadly divide these non-crystalline
domains into two categories, equilibrium and non-
equilibrium (high energy) forms. Equilibrium amorphous
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forms are created when drug has solubility in the
excipients. Under the stresses induced by various
processes (e.g., granulation and tableting), molecular
mixing between drug and excipients can occur to give a
new amorphous phase. The tendency for this to happen
will depend on the mutual solubility of the drug and the
excipient, and on the physical interactions between the
two during the processes. In some cases, moisture can act
to increase both the phase compatibility of the drug and
excipients, and to allow more molecular interactions
between the two. Such formulation variables as drug and
excipient particle size can increase surface contact points
between drug and excipient, which increases the rate of
molecular mixing. For example, the rate of aspirin
hydrolysis is 10-fold greater in tablets containing
powdered vs. granular magnesium stearate (79), and
five-fold greater in tablets containing dibasic calcium
phosphate dihydrate with a particle size of 10 vs. 40 um
(80). In general, molecular interactions can be studied by
DSC, where phase compatibility can be assessed.

Non-equilibrium drug forms include amorphous
forms and crystal defects. Although these forms can
involve excipients, they do not require them as with
equilibrium amorphous forms. Because these non-
equilibrium forms are at a higher energy than the
crystalline form of the drug, they are more reactive
(lower change in energy going to a common transition
state). These amorphous and crystal defect regions on
crystalline drugs can be formed by mechanical energy
that can break apart a crystal lattice. Such forces occur in
granulations, and tableting is sufficient to induce defects
and amorphous regions in many crystalline drugs.

Both equilibrium and non-equilibrium amorphous
drug forms will generally have greater mobility for both
drug and water molecules. This mobility will increase
greatly when the amorphous material is at a temperature
above the glass transition temperature, 7, of the
material. Since plasticization by a soluble material,
such as water, will lower the 7, the mobility (and hence
hydrolysis rates) can rise dramatically as a function of
relative humidity.

In many cases, it is difficult to distinguish between the
equilibrium and non-equilibrium situations. Both depend
on processing to either allow mixing or force break-up of a
crystal lattice, and both will generally increase with greater
stresses during processing. Generally, if a pure drug is
sensitive (i.e., hydrolyzes more rapidly) to processing
conditions without excipients, there is a likelihood that the
drug is prone to formation of non-equilibrium amorphous
material. If the sensitivity is greatly increased in the
presence of excipients, drug solubilization should be
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suspected. In this case, thermal analysis to determine phase
compatibility may be helpful. In practical terms, excipients
with a hydrophilic—lipophilic balance less matched to
drugs could potentially alleviate the problem. Excipients
that have lower molecular motion during processing (e.g.,
crystalline excipients) should also lower the interactions;
however, flow during processing is often necessary for
good mechanical performance in such operations as
tableting.

Hydrolysis of Lyophiles

Lyophilization (freeze-drying) is a common method
of stabilizing drugs that are unstable in solution.
Lyophilization consists of freezing, primary drying (ice
sublimation), and secondary drying (removal of unfrozen
water if any), which are combined in one operational
cycle. Lyophilized materials can be produced in either
crystalline or amorphous form. Crystalline drug is
generally more chemically stable than its amorphous
form (81); however, solubility or ease of reconstitution
may necessitate the use of amorphous material. Even
partially crystalline formulations may reduce hydrolysis
rates (82). In many cases, however (especially with
proteins), it is practically impossible to crystallize a drug
during lyophilization. The majority of commercial
lIyophilized pharmaceuticals are probably amorphous or
partially amorphous. Lyophilized formulations contain a
relatively low amount of residual water, usually 1-5%
by weight; however, this amount is usually adequate to
cause a pharmaceutically significant amount of hydroly-
sis (greater than about 0.2% by weight). Examples of
drugs that undergo hydrolysis in freeze-dried materials
include peptides and proteins (3,83—-88), esters (such as
aspirin, methylprednisolone succinate, moexipril, heroin,
aspartame) (4,5,89-92), B-lactams (89,93,94), and
carbohydrates (95-99). Though hydrolysis does occur
in these systems, in general the rates of hydrolysis
reactions in the freeze-dried state are significantly lower
than in solution. For example, a ten- to one hundred-fold
decrease in the hydrolysis rate of moexipril was observed
on going from solution to lyophile (91).

There are three variables that have a significant impact
on hydrolysis rates and should be considered in
development of freeze-dried formulations. It should be
noted, however, that it is not obvious what the effects will
be on any given molecule such that these must be
determined experimentally for each specific drug.

1. Water content. The rate of hydrolysis decreases
with decrease in water content. However,
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quantitative relationships between water content
and hydrolysis rates may be complex. When water
is solely a reactant, a linear relationship between
water concentration and reaction rate is observed.
Change in water content, however, often leads to
changes in physical properties of the material such
as molecular mobility, microenvironmental pH,
and microenvironmental polarity (100), compli-
cating the water dependence. For example, an
exponential increase in the hydrolysis rate was
observed for aspartame degradation in a lyophile
as a function of water activity (water content) (4).
For development of a new product, it is
recommended that a water target level of less
than 1 wt% be used to minimize hydrolysis issues.
In certain cases, the water can be distributed such
that a higher percentage is associated with the
drug. When a crystalline bulking agent (such as
mannitol or glycine) is used, the effective water
concentration in a drug is usually much higher
than the average water content measured in the
formulation, since the crystalline domains will
contain relatively little water (see also the “Water
Activity” section).

2. The pH of the solution before lyophilization. The
reactivity of lyophilized formulations often
depends on the pH of the solution before
lyophilization. As a general rule, the pH
sensitivity of solid-state hydrolyses resembles
that in solution; however, when going to a non-
aqueous environment such as in the lyophile,
there are often shifts in the pH of maximum
stability to hydrolysis (91,101). Therefore, it is
recommended that tests be conducted for
lyophilized materials with the solution pH
adjusted to plus or minus 2 pH units from the

Table 4
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pH for minimal solution hydrolysis rates. Usually,
the pH of solution before lyophilization and
solution obtained by reconstitution of lyophilized
cake are very similar. However, if a volatile acid
or base (such as HCI) is used to adjust the pH,
lyophilization may result in significant pH
changes (91).

3. Excipients (buffers, bulking agents). The bulking
agents and buffers can exert various stabilizing or
destabilizing effects on the API. Agents that do
not form a single phase with the API will have
little influence on the API stability except to the
extent that there is partitioning of water in the
system. When the bulking agent is in a single
phase with the API, it will be stabilizing if it
lowers the water activity near the drug (see the
“Water Activity” section), or decreases the local
mobility by increasing the 7, of the drug and
thereby decreases its free volume. Conversely, the
additives will be detrimental to hydrolytic
stability if they increase the water activity or
increase mobility by lowering the T,. The most
common amorphous bulking agent in lyophiles is
sucrose, which often stabilizes drugs to hydrolysis
(93), presumably by decreasing the free volume.
Though buffers may induce catalysis of hydroly-
sis (see the “Buffers and Other Catalysts” section)
in lyophiles, the buffer choice is often dictated by
the need for a low crystallization potential and
high collapse temperature (see Table 4). Crystal-
lization of a buffer component during freezing is
usually undesirable because it can result in
significant pH changes (105). Materials with
higher collapse temperatures can be freeze-dried
at higher temperatures, hence providing a faster
and more robust lyophilization cycle. Phosphate

Crystallization Potential and Collapse Temperatures of Common Buffers Measured by DSC

Buffer Crystallization Observed? Collapse Temperature (°C) Reference
Citric acid/sodium No (pH 2.5-7) —50 (pH 2.5); =35 (pH 4); —42 (pH 7) (102)
Citric acid/potassium No (pH 2.5-7) —48 (pH 2.5); —32 (pH 4); — 60 (pH 7) (102)
Tartaric acid/sodium Yes (pH 2-4); no (pH 5) —35to —40 (pH 3-5) (102)
Succinic acid/sodium Yes (pH 4-6) (102)
Glycine/sodium Yes (pH 10) (103)
Glycine/HCl Yes (pH 3) (103)
L-histidine/sodium No (pH 4-8) —47 (pH 4.0) —32 (pH 7.7) (104)
Malic acid/sodium No (pH 2-6) —49 (pH 2); —43 (pH 4); —50 (pH 6) (102)
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buffer, which is one of the most common buffers
in liquid pharmaceutical formulations, has a high
crystallization potential, often making it undesir-
able for lyophilized formulations subject to
hydrolysis (106).

Hydrolysis of Macromolecules

Macromolecules, most commonly proteins and
nucleic acids (DNA), are becoming increasingly
common as APIs. These are typically administered
parenterally, often as complexes to assist entry into target
cells. For both proteins and DNA, hydrolysis represents a
significant mode of degradation. Problems resulting from
hydrolysis of DNA include loss of transcriptional activity
due to excessive strand breaks, especially if the breaks
occur in either the promoter region or the gene sequence
(107). Depending on the protein and hydrolysis site,
hydrolysis can result in loss of protein activity.

Macromolecules can be considered different from
small molecules based on three factors.

1. Though the primary functional groups within
DNA and proteins undergo hydrolytic degra-
dation similar to conventional small molecule
pharmaceuticals, this reactivity is affected by the
secondary and tertiary structures of the macro-
molecules. Therefore, equivalent functional
groups within a macromolecule may hydrolyze
at dramatically different rates depending on the
overall structure. For example, metal cations can
bind to macromolecules, bringing the metals into
the proximity of hydrolytically active sites (see
Sec. “Metal Catalysts”). This effect can make the
macromolecules especially prone to metal cata-
lyzed hydrolysis.

2. A single macromolecule will have numerous
potential hydrolysis sites. For some macromol-
ecules, a single hydrolysis can result in inacti-
vation of the entire macromolecule. This can
make the overall hydrolytic sensitivity of a
macromolecule orders of magnitude greater than
for the analogous small molecule (at least on an
equal weight basis).

3. Hydrolytic cleavage of some macromolecules can
lead to strain relief. For example, hydrolysis of
supercoiled (plasmid) DNA can lead to unwinding
of the DNA. This provides an added driving force
for the hydrolysis and makes single hydrolytic
events have large influences on the overall drug
activity.

Waterman et al.

Structurally, DNA has very stable phosphodiester
bonds and hydrolytically labile N-glycosyl bonds (see
Fig. 2). The hydrolytic resistance of the phosphodiester
bond is due to the lack of the 2'-OH group of the ribose
sugar. The presence of the 2'-OH on ribonucleic acids
(RNA) leads to stronger base—sugar N-glycosyl bonds,
but weaker N-glycosyl bonds. This major difference
affects the stability of deoxyribonucleic and ribonucleic
acids differently, and accounts for the greater stability of
DNA (108).

Conventional double-stranded B-DNA has the hydro-
phobic bases positioned in the internal core of the double
helix, essentially free from solvent contact. In aqueous
formulations, the exterior surface of the DNA double
helix is completely solvated by water due to the
favorable ion—dipole interactions between water and the
highly anionic phosphate surface charge of the phosphate
backbone. This accessibility of water to the macromol-
ecule’s surface manifests itself in an apparent four-fold
increase in the rate of hydrolysis of single-stranded DNA
compared to double-stranded DNA (108).

Hydrolytic degradation of double-stranded DNA is a
two-step process that ultimately results in a single strand
break. The first step of the pathway is a rapid
depurination of either the guanine or adenine purine
residues resulting in apurinic sites along the DNA strand,
with the guanine residue leaving most rapidly (109).
Pyrimidine bases, thymine, and cytosine can also be
hydrolytically cleaved, but their release occurs at only
5% of the purine rate (108). Following depurination, the
DNA undergoes a 3-elimination reaction that results in a
single stranded nick (see Fig. 3). Kinetically, the rate of
depurination is more rapid than the [-elimination
reaction, which occurs in the order of several days
(110). This apparent rate difference is due to the
equilibrium established between the low reactivity cyclic
form (approximately 99%) of the base-free sugar and the
reactive acyclic aldehyde form (approximately 1%) of
the sugar (110).

The initial depurination step is acid catalyzed and the
B-elimination is base catalyzed. Data show that
physiological pH to slightly basic is optimal for stability.
The overall rate of degradation is governed by the
following equation (111):

_ | ki(bp)t
SB = k; (bp)t {7(1+ kzt)]

where SB is the number of strand breaks, k; is the rate

constant for the depurination step, k, is the rate constant
for the B-elimination, and bp is the number of base pairs.
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Hydrolytically Labile
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Figure 2. Structure of DNA.

A more elaborate equation accounting for the presence of
oxidative degradation is also available (112).

Proteins undergo nonenzymatic hydrolytic deamida-
tion primarily at asparagine and glutamine residues,
resulting in formation of aspartate and glutamate,
respectively (113). Generally, hydrophobic amino acids
decrease hydrolytic reactivity, while hydrophilic amino
acids, in particular threonine or serine residues, increase
the reactivity. This effect can involve secondary and
tertiary structural features that bring water into the
vicinity of susceptible amino acid residues. Proton
donors neighboring either the glutamine or asparagine
can act as catalysts for the hydrolysis (see the “General
Acid” section). Additionally, folding of the protein may
bring these groups near hydrolytically sensitive amino
acids (113). As with most amide hydrolyses, the
deamidation of proteins is catalyzed by acids or bases

(see the “Specific Acid Catalysis” section) resulting in
greatest stability at approximately neutral pH (113).

Prodrugs

Prodrug versions of APIs are often developed when
the parent compound has poor or limited intestinal
absorption, is metabolized in the gastro-intestinal tract,
or to increase API solubility for parenteral drug products
(114-119). For absorption purposes, prodrugs serve to
mask very polar groups, thereby increasing the log P
(lipophilicity) of the compounds and increasing their
permeation through the lipophilic intestinal mucosa.
Prodrugs can also stop or slow gastric and intestinal
metabolic degradation, thereby allowing absorption to
occur before the drug degrades. Most prodrugs available
in the market today mask carboxylic acids or alcohols,
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forming esters, which are cleaved hydrolytically to
regenerate the API (see Table 5).

Hydrolysis of a prodrug to generate the API is
typically mediated by esterases. The hydrolytic lability
of these ester groups can be mediated by steric and
electronic factors associated with typical ester
cleavage (see “Specific Base Catalysis” and “Specific
Acid Catalysis”), but can also be enzyme receptor site
specific. Thus, hydrolytic lability may need to be
optimized around enzyme binding to achieve sufficient
parent API release. Parenteral prodrugs are typically
screened in human plasma (pH 7.4) to determine

stability (expressed as in vivo half-lives), while oral
prodrugs are additionally screened through simulated
gastric fluids with enzymes and intestinal homogenates
to assess stability.

Design of robust, marketable prodrugs requires that
they be hydrolytically unstable in vivo, but hydrolyti-
cally stable in the required dosage form (as indicated by
stability studies such as described in the “Preliminary
Screening for Hydrolytic Instability” section), an often
precarious balance. Because of the conflicting needs for
dosage form stability and biological activity, use of
biological enzymes to effect the in vivo hydrolysis

Nevakar Exhibit 1080, Page 18 of 34



Hydrolysis in Pharmaceutical Formulations 131
Table 5
Examples of Esters Used as Prodrugs
Drug or API Ester References
Drugs with carboxyl groups
L-Dopa Methyl ester (120)
Non-steroidal anti-inflammatory drugs (NSAIDS) Methyl esters (121)
Amino acids Glycolic and lactic acid esters (122)
Ibruprofen Guiacol esters (123)
Indomethacin Triglycerides, phenyl esters, glycolic acid esters (124-127)
Drugs with hydroxyl groups
Acyclovir Amino acid and hemi-succinate esters (128)
Epinephrine Dipivolate (129)
Digitoxigenin Amino acids esters (130)
Isoproterenol Ditoluyl and dipivaloyl esters (131)
Oxazepam and iorazepam Aliphatic and amino acid esters (130-135)

becomes especially important since it provides a
necessary differentiation in rates.

HYDROLYSIS OF EXCIPIENTS

In addition to drug hydrolysis, excipient hydrolysis
can sometimes be a concern. Frequently, the excipient is
present at high concentrations so that even a small
percentage of excipient degradation can impact the
purity of the drug product, affect its properties, or affect
the performance of the dosage form.

Non-polymeric Excipients

Table 6 summarizes information on non-polymeric
excipient hydrolysis. Such hydrolysis causes four general
issues in drug products.

1.

Excipient hydrolysis can generate reactive bypro-
ducts that can affect the drug stability. The primary
excipient functional groups that are susceptible to
hydrolysis are amides and esters, which yield
carboxylic acids and either alcohols or amines.
These groups have the potential to further react with
either the drug or other excipients. Depending on the
relative reaction rates of the excipient hydrolysis
and subsequent byproduct reaction with the drug,
the reactive byproduct can be consumed as quickly
as it is formed (if excipient hydrolysis is rate-
limiting). Drug reaction will then be pseudo first-
order with respect to the concentration of the
excipient. Otherwise, the consumption of the

reactive product is rate-limiting and this intermedi-
ate will build up until the formation and consump-
tion steps are equal. This will appear as a bi-modal
reaction rate for drug degradation with rapid initial
hydrolysis of the excipient followed by a slower
terminal rate. In aqueous solution, alcohol and
carboxylic acid products can react with reactive
drugs such as imines. In solids and non-aqueous
solutions, even less reactive drugs can react with the
products. Even in aqueous solution, amines can
react with drugs having electrophilic moieties. In
cases where the drug has a carboxylic acid or ester
group, the result of this process is trans-amidation
from an amide excipient to the drug.

Excipient hydrolysis can shift the pH of a solution
or potentially affect the microenvironmental pH
in a solid. When hydrolysis of an ester excipient
occurs, the carboxylic acid product lowers the pH
of its surroundings. When an ester is a co-solvent
(e.g., ethyl oleate or benzyl benzoate), its
concentration can be high enough that even
trace amounts of hydrolysis can cause substantial
pH shifts. Even with buffers present to stabilize a
solution pH, the pH may still shift substantially;
i.e., the amount of acid formed can exceed the
buffer capacity of the system.

Excipient hydrolysis can change the physical and
pharmaceutical characteristics of the product.
Although this effect is more common with
polymeric excipient hydrolysis (see the “Polymeric
Excipients” section), hydrolysis of some additives
can affect flow, disintegration, and dissolution
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rates, often by interaction with the API or other
excipients.

4. Flavors frequently contain esters. Hydrolysis
often will not only decrease the pleasant odor
and taste, but also impart an unpleasant odor and
taste to the formulation.

Polymeric Excipients

A wide variety of polymeric excipients are prone to
hydrolysis (see Table 7). Many of the excipients that
have some sensitivity to hydrolysis are cellulosics.
Pharmaceutical cellulosic derivatives involve esters or
hemi-acetals of cellulose, both of which are susceptible
to hydrolysis. Examples of such derivatized cellulosics
include cellulose acetate, cellulose acetate phthalate
(CAP), and hydroxypropyl methyl cellulose (HPMC).
Hydrolysis of this class of compounds leads to elevated
amounts of free acid and changes in solubility and
viscosity. These changes can in turn affect the in vivo
drug release performance.

The cellulose backbone itself is formed by
condensation of sugars with hemi-acetal linkages. As
such, strand scission occurs upon hydrolysis, generally
under acidic conditions. Such chain scissions result in
changes in drug release properties. Non-cellulosics
also hydrolyze to reduce molecular weight. For
example, alginic acid, a linear glycuronan polymer,
is prone to hydrolytic strand scissions (156,157). For
certain controlled release, injectable dosage forms,
hydrolysis can affect the release rate. One example is
the copolymer polylactide-co-glycolide (PLGA). Since
the drug release profile in this case is directly
dependent on the polymer molecular weight, hydroly-
sis eventually changes the in vivo performance of the
dosage form (158) (see also the “Hydrolytic Degra-
dation for Controlled Release” section).

For viscosity-based oral liquids or IM formulations,
hydrolysis of the viscosity-modifying agents can affect
the delivery or release rates. These viscosity-modifying
agents are usually long chain polymers or natural gums.
Hydrolysis can cause the chain lengths to shorten and
decrease the viscosity.

The presence of functional groups typically associated
with hydrolytic degradation in polymers does not
necessarily mean that hydrolysis will be a problem. For
example, the ester groups in polyacrylates and
polymethacrylates are very resistant to hydrolysis (159).
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Hydrolytic Degradation for
Controlled Release

Often, the same functional groups that are responsible
for problematic hydrolytic degradation of certain
excipients are responsible for their proper function. For
example, CAP and hydroxypropyl methyl cellulose
phthalate (HPMCP) are both enteric coating materials.
Enteric coating agents allow drug to be released at
intestinal pHs, but not at lower pHs of the stomach. Both
ionization and enzymatic hydrolysis contribute to the
dissolution of these enteric polymers in the intestine
(160). Hydrolysis during shelf life can lead to the enteric
polymer not being a sufficient barrier to gastric juices.
For this reason, formulation and packaging (see the
“Packaging” section) with such polymers may require
more rigorous water exclusion than with formulations
not including these polymers.

Biodegradable systems used for controlled release
devices employ hydrolysis as the release mechanism
(161). Hydrolytically unstable bonds can be part of the
polymer backbone with drug interspersed among
polymer chains, part of a side chain linked to a hydro-
phobic agent, part of a crosslinked network, or a part of
the polymer that is linked to the active agent as a prodrug
(158). The most common hydrolyzable biodegradable
polymers are PLGA copolymers. Degradation of these
polyesters is autocatalytic and dependent not only on the
chemistry and concentration of the ester in the polymer,
but also the extent of crystallinity. Other types of
biodegradable polymers using hydrolysis include poly-
ortho esters, polyacetals, and poly(glutamic acid)
(162,163). Erodable hydrogels typically consist of
cross-linked polymer matrices with hydrolytic instability
at either crosslinks or the polymer backbone. The
hydrolysis kinetics for such polymers depends on the
degree of water exposure, which often results in different
rates for material near the surface vs. that in the bulk. In
vivo drug release depends on polymer degradation to
enable drug release, either from a matrix or in the form of
polymer-encapsulated drug.

HANDLING HYDROLYSIS PROBLEMS

In the section below, general solutions are suggested
for hydrolysis problems. Since each drug is a special
case, the specific solutions (if any) that apply must be
determined experimentally for the specific drug and
formulation.
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Liquid Dosage Forms
pH

The pH rate profile (see the “pH Rate Profiles”
section) can be used to determine the shelf life at the pH
value of maximal stability. Even if a shelf life of more
than two years can be achieved at the pH of maximum
stability, a significant sensitivity to changes in shelf life
with pH can lead to robustness issues, despite a good
buffer system. In contrast, if a shelf life of more than two
years can be achieved over a large pH range, then
formulation pH can be selected based upon other factors
such as solubility and activity of the drug, injection site
toleration, and stability and solubility of other excipients.

In addition to stability for solution formulations, a
primary consideration for oral and parenteral formu-
lations should be the solubility of the drug and excipients
at the pH of maximum stability. If the drug does not have
adequate solubility at that pH, various solubilization
techniques such as cosolvents, complexation, and
surfactants may be needed. With these solubilization
methods, it may be necessary to re-evaluate the effect of
pH on degradation and the resultant shelf life.
Solubilization techniques have been known to increase
or decrease hydrolysis rates (45,164), or to change the pH
of maximum stability.

For oral solution and suspension products, not
only does the pH affect the hydrolysis rate of the
drug, but also the excipient stability (see the “Non-
polymeric Excipients” section), product taste, and the
potential for precipitation of the drug in the stomach,
resulting in bioavailability issues. For parenteral
products, pH not only affects drug stability, but also
injection site precipitation, irritation, and pain. These
problems will often occur when the pH is
significantly different from the physiological pH
(165). In addition, injection site precipitation can
lead to an alteration in the pharmacokinetic profile.
These factors become important considerations since
rarely is the pH value of maximum stability and
solubility close to pH 7.

If the desired stability along with the above-
mentioned considerations are not achieved in a solution
formulation for an oral or parenteral product, other
formulation approaches may be necessary. For parenteral
products, lyophilized formulations are often useful since
this decouples the stability from injection site issues.
Similarly, for oral products, powders for constitution
allow stability with a dry powder, but provide for
acceptable performance at the time of dispensing. This
strategy has been successful for numerous commercial
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oral antibiotic products. With lyophilized formulations,
selecting the pH of the solution from which the lyophile
is prepared can affect the product stability (see the
“Hydrolysis of Lyophiles” section). The selection of the
pH of the reconstitution vehicle will often be dominated
by non-stability considerations since the solution need
not be stable over an extended period.

Buffers

An appropriate buffer must be selected to maintain
the solution pH of a product at the pH of maximum
stability since shifts in pH can dramatically decrease
stability. This reduction in shelf life due to shifts in
pH can be predicted using the pH rate profile for the
drug (see the “pH Rate Profiles” section). The primary
criteria for selection of a buffer are the pH range and
buffer capacity [which is maximal at a pH value equal
to the pK, of the buffer (164)] for the buffer. Table 8
lists commonly used buffers along with their pK,
values and optimal pH ranges. For lyophilized
formulations, buffer crystallization potential and
collapse temperature should also be considered (see
“Hydrolysis of Lyophiles” and Table 5).

The buffering capacity can be increased by using a
higher concentration of a buffer; however, drug
hydrolysis catalyzed by buffers may become an issue
(see the “Buffers and Other Catalysts” section). For

Table 8

Common Buffers Used in Parenteral Formulations [Derived
from Refs. (165,166)]

Buffering Range

Buffer pK. (pH units)
Glycine 2.34,9.8 1.5-3.5,8.8-10.8
Glutamic acid 2.1,4.3,9.7 2-53
Phosphoric acid 2.1,7.2,12.7 2-3.1,6.2-8.2
Tartaric acid 3.0,4.3 2.0-5.3
Citric acid 3.14,4.8, 6.4 2.1-74
Lactic acid 3.1 2.1-4.1
Malic acid 34,5.1 2.4-6.1
Benzoic acid 4.2 3.2-5.2
Ascorbic acid 42,11.6 3.2-5.2
Succinic acid 42,56 3.2-6.6
Adipic acid 4.41,5.28 34-6.3
Acetic acid 4.8 3.8-5.8
Triethanolamine 8.0 7-9
Tromethamine (TRIS) 8.1 7.1-9.1
Diethanolamine 9.0 8.0-10.0
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parenteral products, high buffer capacity can lead to an
inability for adjustment to physiological pH in vivo, an
effect associated with substantial pain and irritation at an
injection site.

Use of co-solvents, surfactants, and complexing
agents to solubilize a drug may also influence the
buffering capacity and final pH of a formulation by
altering the effective pK, of the buffer and/or directly
interacting with the buffer components. Hence, in such a
formulation, the final pH and buffer capacity should be
measured and its effect on stability and shelf life of the
drug evaluated. In case of an adverse interaction, a
suitable alternative buffer may be necessary.

The selection of a buffer and its concentration can also
be influenced by the ionic strength contribution of the
buffer and its resulting effect on drug stability (see the
“Ionic Strength” section). The effect of ionic strength on
the drug degradation rate can be studied by monitoring
stability in a series of solutions of identical pH and buffer
concentrations but with increasing ionic strength by
adding salts such as potassium chloride or sodium
chloride. When ionic strength effects are significant, the
formulation may require a minimal buffer concentration
to maintain pH without itself affecting the stability. For
formulations that need to be isotonic, there are limited
options available for balancing the conflicting needs.

Formation of Suspensions

For hydrolytically labile drugs in liquid formulations,
formation of suspensions can be an option for increasing
stability (46). Reducing drug solubility in the formu-
lation minimizes the concentration of drug in solution
and thereby reduces the overall degradation rate, since
the reaction rates in the less mobile solid state are often
orders of magnitude slower. Neglecting the hydrolysis
rate in the solid, the rate of degradation in a suspension is
determined by the solubility of the drug at saturation.
This leads to a zero-order reaction rate, often
significantly lower than the rate for drug at higher
concentrations in solution. This method has been
demonstrated by converting highly water-soluble but
extremely labile penicillin G into poorly water-soluble
procaine penicillin G, which maintains the same
hydrolytically active center (41). The shelf life of a
procaine penicillin G suspension is significantly longer
than that of a penicillin G solution. In this case, the rate of
hydrolysis is proportional to the extremely low
concentration of procaine penicillin G in solution. This
method has been used successfully for many penicillin
and cephalosporin derivatives, a number of which have

Waterman et al.

been commercialized. However, parenterally, suspen-
sions can be administered by intramuscular and
subcutaneous routes only, and may be limited by the
need for sterile bulk. Formation of drug suspensions
requires either drug substance modification such as
insoluble or sparingly soluble salt formation or use of
non-solvents, which may not be preferred as the first
choice for stabilization against hydrolysis.

Non-aqueous Solutions

One option for stabilizing APIs in solution is to
replace some or all of the water with protic, dipolar
aprotic or pure organic solvent. These serve to stabilize
the drug by several mechanisms, as discussed below.

Organic solvents serve to decrease the concentration
of water (lower the water activity, as discussed in Sec.
“Water Activity”), and thereby to depress the reaction
rate. Although with some solvents, in particular alcohols
and amines, solvolysis can replace hydrolysis as a
degradation mechanism, for most formulations, residual
water-induced hydrolysis remains the major concern.

Since polar functionalities involved in the transition
state of hydrolyses are stabilized by protic solvents (such
as water), aprotic solvents can decrease the reaction rate.
This effect is countered by the greater nucleophilicity of
hydroxide anion when more poorly solvated (167). The
net result is therefore difficult to predict and must be
evaluated on a case-by-case basis. Retardation of
hydrolysis rates in alcohol—water mixtures have also
been attributed to variation in solvent structure (168).

Surfactants

For hydrophobic drugs, solubilization in surfactant
based micelles or liposomes can provide protection from
catalytic acid and base, thereby stabilizing the drug. This
effect has been most pronounced with non-ionic
surfactants; however, effects have been observed with
charged micelles and liposomes (169—172). Decreases in
hydrolysis rates from zero to about four-fold are
generally observed. With more polar drugs, the
molecules are presumably less deeply enveloped in the
hydrophobic core of the micelles and the resulting
stability improvement is diminished.

Lyophilization

By removing most of the water and reducing the
mobility of the drug, lyophilization often results in
increases in drug stability at the cost of using a more
complex manufacturing and end-use procedure. For
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many drugs, lyophilization remains the preferred method
for providing a formulation stable to hydrolysis as
discussed in the “Hydrolysis of Lyophiles” section.

Solid Dosage Forms

Several options for fixing hydrolysis problems with
solid dosage forms are listed below.

1. Excipient Choice. Excipients vary in the amount
of water they bring to the system (see Table 1),
how strongly they hold onto the water (see the
“Water Activity” section), and in their tendency
to dissolve some of the drug (see the
“Hydrolysis of Crystalline Solids” section). In
general, more brittle excipients are desirable
since their reduced flow during processing can
reduce molecular interactions with a crystalline
drug; however, other formulation considerations
(e.g., processability) may make such excipients
undesirable.

2. Acidity of Formulation. Since hydrolysis can be
catalyzed under both acidic and basic conditions
(see “Specific Base Hydrolysis,” “Specific Acid
Hydrolysis,” and “pH Rate Profiles”), excipient—
drug mixtures that have a microenvironmental pH
different than optimal will reduce the dosage form
stability. Using the pH of maximum stability in
solution, appropriate buffers can be used,
preferably in a form able to chemically interact
at the drug—excipient interface. One way of
potentially achieving such an intimate interaction
is to provide the buffer in solution as part of a wet
granulation.

3. Drug Form. Since crystalline drugs are generally
more resistant to hydrolysis (see the “Hydrolysis
of Crystalline Solids” section), drug forms (salts,
polymorphs, etc.), which have stronger lattice
energies (higher melt temperature), will tend to be
more stable. In a similar fashion, drug forms that
are more hydrophobic may provide greater
hydrolytic stability.

4. Processing Condition. Processing generally
increases the hydrolysis of drugs by increasing
the amount of amorphous drug present. This can
sometimes be decreased by reducing the stress on
the API by, for example, reducing tableting
forces. When the amorphous material is created
by direct interactions of an excipient with the API
(i.e., when the two form a single phase), reducing
interactions of the API with the excipient can
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reduce hydrolysis. This can be accomplished by
increasing the particle sizes of the API and
excipient, or by physically separating the two in
separate granulations (173).

Packaging
Barriers

For products susceptible to hydrolysis, packaging
may represent a reasonable option for stabilization. In
using packaging, one must contend both with the water
vapor available in the head-space and the dosage form
itself as well as the water vapor permeation through the
container walls and cap. For both liquid and solid
dosage forms, it is possible to package under low
humidity conditions such that the contribution from the
head-space can be minimal. The permeation of water
vapor into bottles or other packaging depends on the
material. Table 9 lists the rates of water vapor
transmission through a number of commonly used
packaging materials. As can be seen, only glass and foil
provide true barriers to water vapor transmission. To
get an idea of how much water enters a plastic bottle,
the following calculation is shown for a 60-cc HDPE
bottle assuming no permeation through the cap
(preferably sealed with a heat induction seal, HIS), an
interior relative humidity of 0%, and an external
relative humidity of 90%, both at 38°C:

Surface Area = 100cm?
Wall Thickness = 0.9 mm

Amount of water = (transmission)(surface area)
X (time)/(thickness)
=(0.12¢g mm/(m2 day))
% (0.01m?*)/(0.9 mm)
= 1.3 mg water/day

Even at the less severe external condition of
40°C/75% RH, the permeation rate will be about
1 mg/day. If the initial moisture content in the bottle is
zero, then the relative humidity inside the bottle will rise
to over 50% RH within about one day. This suggests that
the use of standard bottle plastic as a sole means of
protection of a dosage form from ambient moisture is
unlikely to be successful.
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Table 9

Water Vapor Transmission Rate for Common Packaging Materials

Water Vapor Transmission

[g mm/(m> day)]
Material at 38°C and 90% RH Reference
PVC 1.8 (174)
Polypropylene 0.54 (174)
HDPE 0.12 (175)
Aclar UltRx 0.006 (175)
Aclar 22A 0.011 (175)
Nylon 6 7.5-7.9 (175)
Oriented PET 0.39-0.51 (175)
Cold Formed Foil Blister <0.005 (176)

An option for solid dosage forms that provides better
moisture barrier characteristics as well as allowing single
dose use without exposing the bulk to moisture is blister
packaging (177-182). Although this option can be
significantly more expensive than bottle packaging, for
some drugs this cost can be absorbed. One can either start
with a preformed shape or mold the container to the
tablet or capsule in the process of packaging. With the
former option, there will be a greater amount of water
vapor trapped with the dosage form; however, the barrier
properties are generally superior. The water barrier
properties for a number of blister packaging options
(typically multilayer coextrusions or laminates) have
been studied under various temperature and humidity
conditions (180). Typically, the higher the barrier
properties, the greater the cost. In addition, many blister
packaging materials that are good for moisture, are poor
for oxygen. Because of the high surface area of a blister
package per dose, moisture permeability will be a
problem under challenging conditions with all the
blisters except foil. In particular, some blisters become
markedly more permeable at higher temperatures (180).
In terms of maintaining a low relative humidity inside a
blister under conditions of high moisture in the external
environment, only foil-foil blisters are likely to be
adequate.

Desiccants

Desiccants represent a valuable packaging option for
solving hydrolysis problems with solid dosages. The type
and capacity of desiccant can be adjusted to provide
adequate protection from degradation of a dosage form
over its shelf life. Desiccants vary in their water

adsorption capacity and rates. Desiccants also vary in
their ability to remove moisture as a function of relative
humidity in the air. When using moisture-permeable
packaging (plastic bottles), the system will reach a
steady-state condition where the amount of moisture
permeation through the bottle matches the moisture
adsorption rate. This steady-state moisture level will
differ with different adsorbants. For example, with such
desiccants as silica gel, the adsorption is efficient at high
humidity but very poor at low humidity, while for
molecular sieves, the efficiency at high humidity is less
than that for silica gel, but better than silica gel at low
humidity. The result is that for molecular sieves, the
steady-state humidity is lower; however, for reduction of
high humidity, one needs to use more adsorbant. In
addition, because of its greater adsorption ability at low
humidity, molecular sieves need more special handling
to avoid losing capacity during packaging operations.
Various desiccant options are summarized in Table 10.
Desiccation rates also depend on the form the desiccant
comes in. Sachets of desiccants have high permeation
rates and consequently can desiccate more rapidly than
can cartridges or canisters; however, insertion of the
desiccant into bottles on packaging lines is typically
slower for sachets than for cartridges or canisters.

A very approximate amount of desiccant needed for a
system can be estimated based on the data in Table 10
and the water permeation rates from Table 9. For
example, the amount of water entering a 60-mL HDPE
bottle at 40°C/75%RH outside, 40°C/20%RH inside the
bottle will be approximately half the rate calculated in
the “Barriers” section (i.e., 0.65 mg/day) or 475 mg in
two years. This estimate overstates the water trans-
mission rate at room temperature; however, using this
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estimate it would take at least 260mg of silica gel
desiccant to maintain a 20% RH in the bottle. Since
commercial desiccant canisters used for pharmaceutical
products usually have 1-2 g of desiccant, in most cases
there is adequate drying capacity to handle the shelf life
of the API in the bottle.

CONCLUDING REMARKS

Though, in general, the mechanisms of hydrolysis are
well established, the particular issues intrinsic in dosage
form development are difficult to predict. This is partly
due to the heterogeneity of many dosage forms.
Currently, stabilization methods exist for many hydroly-
sis problems for both liquids and solids; however, often
fixing hydrolysis introduces new problems to the
complex systems involved in dosage forms. Each drug
or drug candidate presents its own set of constraints,
making formulation development unique for each
situation. For this reason, this review offers a broader
perspective on hydrolysis and dosage form development.

REFERENCES

1. Alsante, K.M.; Friedmann, R.C.; Hatajik, T.D.; Lohr,
L.L.; Sharp, T.R.; Snyder, K.D.; Szczesny, E.J. Hand-
book of Modern Pharmaceutical Analysis; Ahuja, S.,
Scypinski, S., Eds.; Academic Press: Boston, 2001;
Vol. 3, 85-172.

2. Yoshioka, S.; Aso, Y.; Kojima, S. Temperature
Dependence of Bimolecular Reactions Associated with
Molecular Mobility in Lyophilized Formulations.
Pharm. Res. 2000, /7, 925-929.

3. Streefland, L.; Auffret, A.D.; Franks, F. Bond Cleavage
Reactions in Solid Aqueous Carbohydrate Solutions.
Pharm. Res. 1998, 15, 843—849.

4. Bell, L.N.; Labuza, T.P. Aspartame Degradation as a
Function of Water Activity. In Water Relationships in
Food; Levine, H., Slade, L., Eds.; Plenum Press: New
York, 1991; 337-349.

5. Duddu, S.P.; Weller, K. Importance of Glass Transition
Temperature in Accelerated Stability Testing of
Amorphous Solids: Case Study Using a Lyophilized
Aspirin Formulation. J. Pharm. Sci. 1996, 85, 345-347.

6. Royall, P.G.; Craig, D.Q.M.; Doherty, C. Characteriz-
ation of the Glass Transition of an Amorphous Drug
Using Modulated DSC. Pharm. Res. 1998, 15,
1117-1121.

7. Yoshioka, S.; Aso, Y.; Kojima, S. The Effect of
Excipients On the Molecular Mobility of Lyophilized
Formulations, as Measured by Glass Transition Tem-

11.

12.

13.

16.

17.

18.

19.

20.

21.

22.

Waterman et al.

perature and NMR Relaxation-Based Critical Mobility
Temperature. Pharm. Res. 1999, 16, 135-140.

Collins, G.L., Galop, M., Shalaev, E., Pikal, M.J.,
(2000). Measurement of Weak Glass Transitions in
Amorphous Pharmaceutical Formulations. AAPS
Annual Meeting Abstract.

Nyquvist, H. Int. Saturated Salt Solutions for Maintaining
Specific Relative Humidities. J. Pharm. Technol. Prod.
Mfr. 1983, 4 (2), 47-48.

Okamura, M.; Hanano, M.; Awazu, S. Relationship
Between the Morphological Character of 5-Nitroacetyl-
salicylic Acid Crystals and the Decomposition Rate in a
Humid Environment. Chem. Pharm. Bull. 1980, 28 (2),
578-584.

Snow, M.L.; Lauinger, C.; Ressler, C. 1,4-Cyclohex-
adiene-1-alanine (2,5-Diydrophenylalanine), a New
Inhibitor or Phenylalanine for the Rat and Leuconostoc
dextranicum. J. Org. Chem. 1968, 33, 1774—1780.
Ressler, C. Solid State Dehydrogenation of L-1,4-
Cyclohexadiene-1-Alanine Hydrate to L-Phenylalanine.
J. Org. Chem. 1972, 37, 2933-2936.

Ahlneck, C.; Zografi, G. The Molecular Basis of
Moisture Effects on the Physical and Chemical Stability
of Drugs in the Solid State. Int. J. Pharm. 1990, 62,
87-95.

Ball, M.C. Solid-State Hydrolysis of Aspirin. J. Chem.
Soc., Faraday Trans. 1994, 90 (7), 997-1001.
Yoshioka, S.; Carstensen, J.T. Nonlinear Estimation of
Kinetic Parameters for Solid-State Hydrolysis of Water-
Soluble Drugs II. Rational Presentation Mode Below the
Critical Moisture Content. J. Pharm. Sci. 1990, 79 (9),
799-801.

Yoshioka, S.; Uchiyama, M. Nonlinear Estimation of
Kinetic Parameters for Solid-State Hydrolysis of Water-
Soluble Drugs. J. Pharm. Sci. 1986, 75 (5), 459-462.
Yoshioka, S.; Uchiyama, M. Kinetics and Mechanism of
the Solid-State Decomposition of Propantheline Bro-
mide. J. Pharm. Sci. 1986, 75 (1), 92-96.

Kibbe, A. (Ed.) Handbook of Pharmaceutical
Excipients, 3rd Ed.; American Pharmaceutical Associa-
tion/Pharmaceutical Press: London, 2000.

Nelson, E.; Eppich, D.; Carstensen, J.T. Topochemical
Decomposition Patterns of Aspirin. J. Pharm. Sci. 1974,
63 (5), 755-757.

Mroso, P.V.; Po, A.LW.; Irwin, W.J. Solid-State
Stability of Aspirin in the Presence of Excipients:
Kinetic Interpretation, Modeling, and Prediction.
J. Pharm. Sci. 1982, 71 (10), 1096-1101.

Smith, M.B.; March, M.J. Advanced Organic Chemistry.
Reactions, Mechanisms and Structure, 5th Ed.; Wiley:
New York, 2001; 465-477, 1177-1178.

Carey, F.A.; Sundberg, R.J. Advanced Organic Chem-
istry, Part A: Structure and Mechanisms, 3rd Ed.;
Plenum Press: New York, 1990; 439-447, 465-470.

Nevakar Exhibit 1080, Page 28 of 34



Hydrolysis in Pharmaceutical Formulations

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Connors, K.A.; Amidon, G.L.; Stella, V.J. Chemical
Stability of Pharmaceuticals. A Handbook for Pharma-
cists, 2nd Ed; Wiley: New York, 1986; 32—-62, 163—808.
Kahne, D.; Still, W.C. Hydrolysis of a Peptide Bond in
Neutral Water. J. Am. Chem. Soc. 1988, 710 (22),
7529-7534.

Jencks, W.; Carriuolo, J. General Base Catalysis for
Ester Hydrolysis. J. Am. Chem. Soc. 1961, 83,
1743-1750.

Patai, S. The Chemistry of Carboxylic Acids and Esters;
Interscience Publishers: New York, 1969; 506-523.
Imming, P.; Klar, B.; Dix, D. Hydrolytic Stability Versus
Ring Size in Lactams: Implications for the Development
of Antibiotics and Other Serine Protease Inhibitors.
J. Med. Chem. 2000, 43 (22), 4328—-4331.

Long, F.A.; Purchase, M. The Kinetics of Hydrolysis of
B-Propiolactone in Acid, Neutral and Basic Solutions.
J. Am. Chem. Soc. 1950, 72, 3267-3273.

Bender, M.L.; Thomas, R.J. The Concurrent Alkaline
Hydrolysis and Isotopic Oxygen Exchange of a Series of
p-Substituted Acetanilides. J. Am. Chem. Soc. 1961, 83,
4189-4193.

Bender, M.L.; Pollack, R.M. Alkaline Hydrolysis of p-
Nitroacetanilide and p-Formylacetanilide. J. Am. Chem.
Soc. 1970, 92 (24), 7190-7194.

Cordes, E.H.; Jencks, W.P. The Mechanism of
Hydrolysis of Schiff Bases Derived from Aliphatic
Amines. J. Am. Chem. Soc. 1963, 85 (18), 2843 -2848.
Bruylants, A.; Feytmants-De Medicis, E. The Chemistry
of the Carbon—Nitrogen Double Bond; Patai, S., Ed.;
Wiley-Interscience: New York, 1970; Chap. 10,465-504.
Challis, B.C.; Challis, J.A. The Chemistry of Amides; Patai,
S., Ed.; Wiley: New York, 1970; Chap. 13, 816—831.
Hine, J.; Craig, J.C., Jr.; Underwood, J.G.; Via, F.A.
Kinetics and Mechanism of N-Isobutylidenemethyl-
amine in Aqueous Solution. J. Am. Chem. Soc. 1970, 92,
5194-5199.

Kirsch, L.E.; Notari, R.E. Theoretical Basis for the
Detection of General-Base Catalysis in the Presence of
Predominating Hydroxide Catalysis. J. Pharm. Sci.
1984, 73 (6), 724-7217.

Gopalakrishnan, G.; Hogg, J.L. Differentiation of
Nucleophilic and General Base Catalysis in Hydrolysis
of N-Acetylbenzotriazole Using the Proton Inventory
Technique. J. Org. Chem. 1981, 46 (24), 4959-4964.
Neuvonen, H. Kinetics and Mechanisms of Reactions of
Pyridines and Imidazoles with Phenyl Acetates and
Trifluoroacetates in Aqueous Acetonitrile with Low
Content of Water: Nucleophilic and General-Base
Catalysis in Ester Hydrolysis. J. Chem. Soc., Perkin
Trans. 1987, 2, 159-167.

Fife, T.H.; Przystas, T.J. Divalent Metal Ion Catalysis in
the Hydrolysis of Esters of Picolinic Acid. Metal Ion
Promoted Hydroxide Ion and Water Catalyzed Reac-
tions. J. Am. Chem. Soc. 1985, 107 (4), 1041-1047.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

141

Kluger, R.; Loo, R.W.; Mazza, V. Biomimetically
Activated Amino Acids. Catalysis in the Hydrolysis of
Alanyl Ethyl Phosphate. J. Am. Chem. Soc. 1997, 119
(50), 12089-12094.

Przystas, T.J.; Fife, T.H. The Metal-Ion Promoted Water
and Hydroxide-Ion Catalyzed Hydrolysis of Amides.
J. Chem. Soc., Perkin Trans. 1990, 2 (3), 393-399.
Fife, T.H.; Przystas, T.J. Metal Ion Catalysis of
Anhydride Hydrolysis. Metal Ion Promoted Water and
Hydroxide Ion Catalyzed Reactions of Mixed Cinnamic
Acid Anhydrides. J. Am. Chem. Soc. 1983, 105 (6),
1638—1642.

Mortellaro, M.A.; Bleisch, T.J.; Duerr, B.F.; Kang, M.S.;
Huang, H.; Czarnik, A.W. Metal Ion-Catalyzed
Hydrolysis of Acrylate Ester and Amides by Way of
Their Conjugate Addition Adducts. J. Org. Chem. 1995,
60 (22), 7238-7246.

Gensmantel, N.P.; Proctoe, P.; Page, M. Metal Ion
Catalyzed Hydrolysis of Some (-Lactam Antibiotics.
J. Chem. Soc., Perkin Trans. 2 1980, /1, 1725-1732.
Warnecke, J.M.; Held, R.; Busch, S.; Hartmann, R.K.
Role of Metal Ions in the Hydrolysis Reaction Catalyzed
by RNAase P RNA From Bacillus subtilis. J. Mol. Biol.
1999, 290 (2), 433-445.

Martin, A.; Bustamante, P.; Chun, A.H.C. Physical
Pharmacy, 4th Ed.; Lea & Febiger: Philadelphia, 1993;
284-323.

Ksotenbauder, H.B.; Bogardus, J.B. Remington’s Phar-
maceutical Sciences; 17th Ed.; Gennaro, A.R., Ed;
Mack Publishing: Easton, 1985; 249-257.

Fubara, J.O.; Notari, R.E. Influence of pH, Temperature
and Buffers on Cefepime Degradation Kinetics and
Stability Predictions in Aqueous Solutions. J. Pharm.
Sci. 1998, 87 (12), 1572-1576.

Stewart, P.J.; Tucker, I.G. Prediction of Drug Stability—
Part 2: Hydrolysis. Aust. J. Hosp. Pharm. 1985, 15 (1),
11-16.

Dawson, R.M.; Crone, H.D.; Bladen, M.P.; Poretski, M.
A Comparison of the Effects of Ionic Strength on Three
Preparations of Acetylcholinesterase in the Presence and
Absence of Gallamine. Neurochem. Int. 1981, 3 (5),
335-341.

Sluiter, C.; Ketteners-van den Bosch, J.J.; Hop, E.; van
der Houwen, O.A.G.J.; Underberg, W.J.M.; Bult, A.
Degradation Study of the Investigational Anticancer
Drug Clanfenur. Int. J. Pharm. 1999, 185 (2), 227-235.
Grit, M.; Zuidam, N.J.; Underberg, W.J.M.; Crommelin,
D.J.A. Hydrolysis of Partially Saturated Egg Phospha-
tidylcholine in Aqueous Liposome Dispersions and the
Effect of Cholesterol Incorporation on Hydrolysis
Kinetics. J. Pharm. Pharmacol. 1993, 45 (6), 490—-495.
Garrett, E.R.; Bojarski, J.T.; Yakatan, G.J. Kinetics of
Hydrolysis of Barbituric Acid Derivatives. J. Pharm. Sci.
1971, 60 (8), 1145—-1154.

Nevakar Exhibit 1080, Page 29 of 34



142

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Pech, B.; Duval, O.; Richomme, P.; Benoit, J.P. A
Timolol Prodrug for Improved Ocular Delivery:
Synthesis, Conformational Study and Hydrolysis of
Palmitoyl Timolol Malonate. Int. J. Pharm. 1996, 728
((1,2)), 179-188.

Boehm, J.J.; Poust, R.I. Hydrolysis of Succinylcholine
Chloride in pH Range 3.0 to 4.5. Chem. Pharm. Bull.
1984, 32 (3), 1113-1119.

Pawelczyk, E.; Plotkowiak, Z. Kinetics of Drug
Decomposition LIV. Thermodynamic Parameters of
Ampicillin Hydrolysis Catalyzed by Hydrogen and
Hydroxyl Ions. Acta Pol. Pharm. 1978, 35 (5), 551-560.
Hoellering, R.; Gasteiger, J.; Steinhauer, L.; Schulz, K.-
P.; Herwig, A. Simulation of Organic Reactions: From
the Degradation of Chemicals to Combinatorial
Synthesis. J. Chem. Inf. Comput. Sci. 2000, 40,
482-494.

Thlenfeldt, W.D.; Gasteiger, J. Computer Assisted
Planning of Organic Synthesis: The Second Generation
of Programs. Angew. Chem., Int. Ed. Eng. 1996, 34
(23/24), 2613-2633.

Judson, P.N.; Lea, H. Accessing Knowledge About
Chemical Synthesis by Computer. Chim. Oggi 1996, /4
9), 21-24.

Jorgensen, W.L.; Laird, E.R.; Gushurst, A.J.; Fleischer,
J.M.; Gothe, S.A.; Helson, H.E.; Pederes, G.D.; Sinclair,
S. CAMEO: A Program for the Logical Prediction of
Products of Organic Reactions. Pure Appl. Chem. 1990,
62, 1921-1932.

Campeta, A.M., Santafianos, D., personal communi-
cation.

Carstensen, J.T. Interactions of Moisture with Solids. In
Drug Stability: Principles and Practices, 3rd Ed.;
Carstensen, J.T., Rhodes, C.T., Eds.; Marcel Dekker:
New York, 2000; 191-208.

Carstensen, J.T. Effect of Moisture on the Stability of
Solid Dosage Forms. Drug Dev. Ind. Pharm. 1988, 74
(14), 1927-1969.

Thiel, P.A.; Madley, T.T. The Interaction of Water with
Solid Surfaces: Fundamental Aspects. Surface Sci. Rep.
1987, 7, 211-385.

Bymn, S.R.; Pfeiffer, R.R.; Stowell, J.G. Solid-State
Chemistry of Drugs; SSCI Press: West Lafayette, 1999;
235-237.

Saleki-Gerhardt, A.; Ahlneck, C.; Zografi, G. Assess-
ment of Disorder in Crystalline Solids. Int. J. Pharm.
1994, 101 (3), 237-247.

Stoloff, L. Calibration of Water Activity Measuring
Instruments and Devices: Collaborative Study. J. Assoc.
Off. Anal. Chem. 1978, 61, 1166—1178.

Chen, Y.H.; Aull, J.L.; Bell, L.N. Solid-State Tyrosinase
Stability as Affected by Water Activity and Glass
Transition. Food Res. Int. 1999, 32, 467-472.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Waterman et al.

Labuza, T.P. The Effect of Water Activity on the
Reaction Kinetics of Food Deterioration. Food Technol.
1980, 34 (4), 36—41, 59.

Rockland, L.B.; Nishi, S.K. Influence of Water Activity
on Food Product Quality and Stability. Food Technol.
1980, 34 (4), 42-51.

Rockland, L.B.; Stewart, G.F. Water Activity: Influences
on Food Quality, Academic Press: New York, 1981;
435-678.

Bell, L.N.; Hageman, M.J. A Model System for
Differentiating Between Water Activity and Glass
Transition Effects on Solid State Chemical Reactions.
J. Food Qual. 1995, 18, 141-147.

Schwimmer, S. Influence of Water Activity on Enzyme
Reactivity and Stability. Food Technol. 1980, 34 (5),
64-72.

Zografi, G.; Kontny, M.J. The Interactions of Water with
Cellulose and Starch Derived Pharmaceutical Excipi-
ents. Pharm. Res. 1986, 3 (4), 187—194.

Zografi, G. States of Water Associated with Solids. Drug
Dev. Ind. Pharm. 1988, 74, 1905-1926.

Heidemann, D.R.; Jarosz, P.J. Preformulation Studies
Involving Moisture Uptake in Solid Dosage Forms.
Pharm. Res. 1991, 8 (3), 292-297.

Ahlneck, C.; Lundgren, P. Methods for the Evaluation of
Solid State Stability and Compatibility Between Drug
and Excipient. Acta Pharm. Suec. 1986, 22 (5),
305-314.

Leeson, L.J.; Mattocks, A.M. Decomposition of Aspirin
in the Solid State. J. Am. Pharm. Assoc. Sci. Ed 1958,
47, 329.

Shalaev, E.Y.; Zografi, G. Interrelationships Between
Phase Transformations and Organic Chemical Reactiv-
ity in the Solid State. J. Phys. Org. Chem. 1996, 9 (11),
729-1738.

Ahlneck, C.; Waltersson, J.O.; Lundgren, P. Difference
in Effect of Powdered and Granular Magnesium Stearate
on the Solid State Stability of Acetylsalicylic Acid. Acta
Pharm. Technol. 1987, 33 (1), 21-26.

Landin, M.; Casalderrey, M.; Martinez-Pacheco, R.;
Gomez-Amoza, J.L.; Souto, C.; Concheiro, A.; Rowe,
R.C. Chemical Stability of Acetylsalicylic Acid in
Tablets Prepared with Different Particle Size Fractions
of a Commercial Brand of Dicalcium Phosphate
Dihydrate. Int. J. Pharm. 1995, 723 (1), 143—144.
Pikal, M.J.; Lukes, A.L.; Lang, J.E.; Gaines, K.
Quantitative Crystallinity Determinations for 3-Lactam
Antibiotics by Solution Calorimetry: Correlations with
Stability. J. Pharm. Sci. 1978, 67, 767-773.

Shalaev, E.Y.; Franks, F. Changes in the Physical State
of Model Mixtures During Freezing and Drying: Impact
on Product Quality. Cryobiology 1996, 33, 14-26.
Oliyai, C.; Patel, J.P.; Carr, L.; Borchardt, R.T.
Chemical Pathways of Peptide Degradation VII. Solid-

Nevakar Exhibit 1080, Page 30 of 34



Hydrolysis in Pharmaceutical Formulations

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

State Chemical Instability of an Aspartyl Residue in a
Model Hexapeptide. Pharm. Res. 1994, 71, 901-908.
Oliyai, C.; Patel, J.P.; Carr, L.; Borchardt, R.T. Solid-
State Chemical Instability of an Asparaginyl Residue in
a Model Hexapeptide. J. Pharm. Sci. Technol. 1994, 48,
167-173.

Oliyai, C.; Borchardt, R.T. Solution and Solid-State
Chemical Instabilities of Asparaginyl and Aspartyl
Residues in Model Peptides. In Formulation and
Delivery of Proteins and Peptides; ACS Symposium
Series 567, Cleland, J.L., Langer, R., Eds.; ACS:
Washington, 1994; 46—58.

Lai, M.C.; Schowen, R.L.; Borchardt, R.T. Deamidation
of a Model Hexapeptide in Poly(Vinylalcohol) Hydro-
gels and Xerogels. J. Pept. Res. 2000, 55, 93—-101.

Li, S.; Patapoff, T.W.; Overcashier, D.; Hsu, C.;
Nguyen, T.H.; Borchardt, R.T. Effects of Reducing
Sugars on the Chemical Stability of Human Relaxin in
the Lyophilized State. J. Pharm. Sci. 1996, 85, 873-877.
Pikal, M.; Dellerman, K.; Roy, M.L. Formulation and
Stability of Freeze-Dried Proteins: Effects of Moisture
and Oxygen on the Stability of Freeze-Dried Formu-
lations of Human Growth Hormone. Dev. Biol. Stand.
1991, 74, 21-38.

Yoshioka, S.; Aso, Y.; Kojima, S. Temperature
Dependence of Bimolecular Reactions Associated with
Molecular Mobility in Lyophilized Formulations.
Pharm. Res. 2000, /7, 925-929.

Herman, B.D.; Sinclair, B.D.; Milton, N.; Nail, S.L. The
Effect of Bulking Agent on the Solid-State Stability of
Freeze-Dried Methylprednisolone Sodium Succinate.
Pharm. Res. 1994, /1, 1467—-1473.

Strickley, R.G.; Visor, G.C.; Lin, L.-H.; Gu, L. An
Unexpected pH Effect on the Stability of Moexipril
Lyophilized Powder. Pharm. Res. 1989, 6, 971-975.
Poochikian, G.K.; Cradock, J.C.; Davignon, J.P. Heroin:
Stability and Formulation Approaches. Int. J. Pharm.
1983, 713, 219-226.

Almarsson, O.; Seburg, R.A.; Godshall, D.; Tsai, E-W.;
Kaufman, M.J. Solid-State Chemistry of a Novel
Carbapenem with a Releasable Sidechain. Tetrahedron
2000, 56, 6877-6885.

Pikal, M.J.; Dellerman, K.M. Stability Testing of
Pharmaceuticals by High-Sensitivity Isothermal Calori-
metry at 25°C: Cephalosporins in the Solid and Aqueous
Solution States. Int. J. Pharm. 1989, 50, 233-252.
Shalaev, E.Y.; Lu, Q.; Shalaeva, M.; Zografi, G. Acid-
Catalyzed Inversion of Sucrose in the Amorphous State
at Very Low Levels of Residual Water. Pharm. Res.
2000, /7, 366—370.

Karel, M.; Labuza, T.P. Nonenzymatic Browning in
Model Systems Containing Sucrose. J. Agric. Food
Chem. 1968, 16 (5), 717-719.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

143

Schebor, C.; Buera, M.d.P.; Chirife, J.; Karel, M.
Sucrose Hydrolysis in a Glassy Starch Matrix. Food Sci.
Technol. (London) 1995, 28 (2), 245-248.

Townsend, M.W.; DeLuca, P.P. Use of Lyoprotectants
in the Freeze-Drying of a Model Protein, Ribonuclease
A. J. Parenter. Sci. Technol. 1988, 42, 190—199.

Flink, J.M. Nonenzymatic Browning of Freeze-Dried
Sucrose. J. Food Sci. 1983, 48, 539-542.

Shalaev, E.Y.; Zografi, G. How Does Residual Water
Affect the Solid-State Degradation of Drugs in the
Amorphous State? J. Pharm. Sci. 1996, 85, 1137-1141.
Bell, L.N.; Labuza, T.P. Potential pH Implications in the
Freeze-Dried State. Cryo Lett. 1991, /2, 235-244.
Shalaev, E.Y.; Johnson, T.D.; Chang, L.; Pikal, M.J.
Thermomechanical Properties of Pharmaceutically
Compatible Buffers at Sub-zero Temperatures:
Implications for Freeze-Drying. Pharm. Res. 2002, /9,
195-201

Akers, M.J.; Milton, N.; Byrn, S.R.; Nail, S.L. Glycine
Crystallization During Freezing: The Effects of Salt
Form, pH, and Ionic Strength. Pharm. Res. 1995, 12,
1457-1461.

Osterberg, T.; Wadsten, T. Physical State of L-Histidine
After Freeze-Drying and Long-Term Storage. Eur.
J. Pharm. Sci. 1999, 8, 301-308.

van den Berg, L. pH Changes in Buffers and Foods
During Freezing and Subsequent Storage. Cryobiology
1966, 3, 236-242.

Carpenter, J.F.; Pikal, M.J.; Chang, B.S.; Randolph,
T.W. Rational Design of Stable Lyophilized Protein
Formulations: Some Practical Advice. Pharm. Res.
1997, 14, 969-975.

Viswanathan, A.; Doestsch, P.W. Effects of Nonbulky
DNA Base Damages On Escherichia coli RNA
Polymerase-Mediated Elongation and Promoter Clear-
ance. J. Biol. Chem. 1998, 273 (33), 21276-2128]1.
Lindahl, T. Instability and Decay of the Primary
Structure of DNA. Nature 1993, 22, 709-715.

Loeb, L.A.; Preston, B.D. Mutagenesis by Apurinic/
Apyrimidinic Sites. Annu. Rev. Genet. 1986, 20,
201-230.

Lindahl, T.; Nyberg, B. Rate of Depurination of Native
Deoxyribonucleic Acid. Biochemistry 1972, 11 (19),
3610-3617.

Middaugh, C.R.; Evans, R.K.; Montgomery, D.L.;
Casimiro, D.R. Analysis of Plasmid DNA from a
Pharmaceutical Perspective. J. Pharm. Sci. 1998, 87 (2),
130-146.

Evans, R.K.; Xu, Z.; Bohannon, K.E.; Wang, B.; Bruner,
M.W.; Volkin, D.B. Evaluation of Degradation Path-
ways for Plasmid DNA in Pharmaceutical Formulations
via Accelerated Stability Studies. J. Pharm. Sci. 2000, 89
(1), 76-87.

Cleland, J.L.; Powell, M.F.; Shire, S.J. The Development
of Stable Protein Formulations: A Close Look at Protein

Nevakar Exhibit 1080, Page 31 of 34



144

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Aggregation, Deamidation, and Oxidation. Crit. Rev.
Ther. Drug Carrier Syst. 1993, 10 (4), 307-377.
Asgharnejad, M. Improving Oral Drug Transport via
Prodrugs. Drugs Pharm. Sci. 2000, 702, 185-218,
Transport Processes in Pharmaceutical Systems.
Smyth, T.P.; O’Donnell, M.E.; O’Connor, M.J.; St.
Ledger, J.O. B-Lactamase-Dependent Prodrugs-Recent
Developments. Tetrahedron 2000, 56 (31), 5699-5707.
Han, H.-K.; Amidon, G.L. Targeted Prodrug Design to
Optimize Drug Delivery. Pharm. Sci. 2000, 2 (1).

Gao, H.; Mitra, A.K. Synthesis of Acyclovir, Ganciclo-
vir and Their Prodrugs: A Review. Synthesis 2000, (3),
329-351.

Prokai, L.; Prokai-Tatrai, K. Metabolism-Based Drug
Design and Drug Targeting. Pharm. Sci. Technol. Today
1999, 2 (11), 457-462.

Siemers, N.O.; Senter, P.D. Selective Drug Delivery
Using Targeted Enzymes for Prodrug Activation. Stud.
Med. Chem. 1999, 3, 115-133, Antibodies in Diagnosis
and Therapy.

Cooper, D.R.; Marrell, C.; Testa, B.; Van de Water-
beemd, H.; Quinn, N.; Jenner, P.; Marsden, C.D. L-Dopa
Methyl Ester—A Candidate for Chronic Systemic
Delivery of L-Dopa in Parkinson’s Disease. Clin.
Neuropharmacol. 1984, 7, 89-98.

Whitehouse, M.W.; Rainsford, K.D. Esterification of
Acidic Antiinflammatory Drugs Suppresses Their
Gastrotoxicity Without Adversely Affecting Their
Antiinflammatory Activity in Rats. J. Pharm. Pharmacol.
1980, 32 (11), 795-796.

Wermuth, C.G. Amino-Glycolic and -Lactic Esters as
Pro-Drugs of Amino Acids. Chem. Ind. 1980, (11),
433-435.

Cioli, V.; Putzolu, S.; Rossi, V.; Corradino, C. A
Toxicological and Pharmacological Study of Ibuprofen
Guaiacal Ester (AF 2259) in the Rat. Toxicol. Appl.
Pharmacol. 1980, 54, 332-339.

Paris, G.Y.; Garmaise, D.L.; Cimon, D.G.; Sweet, L.;
Carter, G.W.; Young, P. Glycerides as Prodrugs. 3.
Synthesis and Antiinflammatory Activity of [1-(p-
Chlorobenzoyl)-5-Methoxy-2-Methylindole-3-Acetyl]
Glycerides (Indomethacin Glycerides). J. Med. Chem.
1980, 23 (1), 9-13.

Jones, G. Lipoidal Pro-Drug Analogs of Various Anti-
Inflammatory Agents. Chem. Ind. 1980, (11), 452-456.
Barasoain, I.; Rojo, J.M.; Sunkel, C.; Partoles, A.
Indomethacin Esters Acting as Anti-Inflammatory and
Immunosuppressive Drugs. Int. J. Clin. Pharmacol.
1978, 16 (5), 235-239.

Arita, T.; Miyazaki, K.; Kohri, N.; Saitoh, H. The
Behavior in Gastrointestinal Tract and Biliary Secretion
of Acemetacin. J. Pharm. Soc. Jpn 1982, 102, 477-483.
Colla, L.; DeClerq, E.; Busson, R.; Vanderhaeghe, H.
Synthesis and Antiviral Activity of Water-Soluble Esters

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Waterman et al.

of Acyclovis (9-[2-(Hydroxyethoxy) Methyl] Guanine).
J. Med. Chem. 1983, 26 (4), 602—-604.

Hussain, A.; Truelove, J.E. Prodrug Approaches to
Enhancement of Physicochemical Properties of Drugs.
IV. Novel Epinephrine Prodrug. J. Pharm. Sci. 1976, 65
(10), 1510-1512.

Valcavi, U.; Caponi; Carsi, B.; Innocenti, S.; Martelli,
P.; Minoja, F. Synthesis and Biological Activity of
Digitoxigenin Amino Esters. Farm. Ed. Sci. 1981, 36
(11), 971-982.

Brazzell, R.K.; Kostenbauder, H.B. Isolated Perfused
Rabbit Lung as a Model for Intravascular and
Intrabronchial Administration of Bronchodilator Drugs.
Isoproferenal Prodrugs. J. Pharm. Sci. 1982, 71 (11),
1274—1281.

Maksay, G.; Tegyey, Z.; Kemeny, V.; Lukovits, I;
Otvos, L.; Palosi, E. Oxazepam Esters. 2. Correlation of
Hydrophobicity with Serum Binding, Brain Penetration,
and Excretion. J. Med. Chem. 1979, 22 (12),
1436-1443.

Maksay, G.; Palosi, E.; Tegyey, Z.; Otvos, L. Oxazepam
Esters. 3. Intrinsic Activity, Selectivity, and Prodrug
Effect. J. Med. Chem. 1981, 24 (5), 499-502.
Simon-Trompler, E.; Maksay, G.; Lukovits, I.; Volford,
J.; Otvos, L. Lorazepam and Oxazepam Esters.
Hydrophobicity, Hydrolysis Rates and Brain Appear-
ance. Arzneim.-Forsch. 1982, 32 (2), 102-105.
Nudelman, A.; McCaully, R.J.; Bell, S.C. Water-
Derivatives of 3-Oxy-Substituted 1,4-Benzodiazepines.
J. Pharm. Sci. 1974, 63 (12), 1880—-1885.

Yalkowsky, S.H.; Davis, E.; Clark, T. Stabilization of
Aspartame in Water: Organic Solvent Mixtures with
Different Dielectric Constants. J. Pharm. Sci. 1991, 80,
674-676.

El-Shattawy, H.E.; Peck, G.E.; Kildsig, D.O. Aspar-
tame-Direct Compression Excipients: Preformulation
Stability Screening Using Differential Scanning Calori-
metry. Drug Dev. Ind. Pharm. 1981, 7, 605-619.
Patrunky, M.; Wollmann, H. Stability Testing of Some
Drugs Containing Ester Groups: Benzyl Benzoate,
Benzyl Mandelate and Propyl Gallate. Part 11: Stability
of Drugs and Preparations Containing the Drugs. Zentbl.
Pharm. Pharmakother. Labdiagn. 1982, 121 (9),
851-856.

Jaminet, F.; Delattre, L.; Delporte, J.P.; Moes, A.
Influence of Sterilization Temperature and pH on the
Stability of Chlorhexidine in Solutions. Pharm. Acta
Helv. 1970, 45, 60-63.

Goodall, R.R.; Goldman, J.; Woods, J. Stability of
Chlorhexidine Solutions. Pharm. J. 1968, 200 (5437),
33-34.

Gui-You, D.; Satoh, T. Pharmacokinetic Studies on
Propyl Gallate Metabolism in Rats. Res. Commun.
Pharmacol. Toxicol. 1999, 4 (1-2), 27-31.

Nevakar Exhibit 1080, Page 32 of 34



Hydrolysis in Pharmaceutical Formulations

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Nakagawa, Y.; Nakajima, K.; Tayama, S.; Moldeus, P.
Metabolism and Cytotoxicity of Propyl Gallate in
Isolated Rat Hepatocytes: Effects of a Thiol Reductant
and an Esterase Inhibitor. Mol. Pharmacol. 1995, 47 (5),
1021-1027.

Grit, M.; Zuidam, N.J.; Underberg, W.J.M.; Crommelin,
D.J.A. Hydrolysis of Partially Saturated Egg Phospha-
tidylcholine in Aqueous Liposome Dispersions and the
Effect of Cholesterol Incorporation on Hydrolysis
Kinetics. J. Pharm. Pharmacol. 1993, 45, 490—-495.
Shija, R.; Sunderland, V.B.; McDonald, C. Alkaline
Hydrolysis of Methyl, Ethyl and n-Propyl 4-Hydro-
xybenzoate Esters in the Liquid and Frozen States. Int.
J. Pharm. 1992, 80 (2-3), 203-211.

Khan, M.N.; Olagbemiro, T.O. Kinetic Evidence for the
Participation of the Ionized Form of Methyl p-
Hydroxybenzoate in its Alkaline Hydrolysis. J. Chem.
Res., Synop. 1985, (5), 166—167.

Sunderland, V.B.; Watts, D.W. Kinetics of the
Degradation of Methyl, Ethyl and n-Propyl 4-Hydro-
xybenzoate Esters in Aqueous Solution. Int. J. Pharm.
1984, 79 (1), 1-15.

Trotta, F. Phthalic Acid Ester Hydrolysis Under Inverse
Phase-Transfer Catalysis Conditions. J. Mol. Catal.
1993, 85 (3), L265-1.267.

Kharkharov, A.A.; Rzhevskaya, E.V.; Levina, L.V.
Effect of Disperse Metal Complex Dyes on the
Hydrolysis of Propylene Carbonate. Vop. Tekhnol.
Tovaroved Izdelii Legk. Prom. 1973, 2, 55-58.
Nakagaki, M.; Yokoyama, S. Acid-Catalyzed Hydroly-
sis of Sodium Lauryl Sulfate. J. Pharm. Sci. 1985, 74,
1047-1052.

Santus, G.; Baker, R-W. Osmotic Drug Delivery:
Review of the Patent Literature. J. Control. Release
1995, 35, 1-21.

Eastman Chemical Co. Technical Literature: Pharma-
ceutical Ingredients—Cellulosic Enteric Polymers,
1994.

Stafford, J.W. Enteric Film Coating Using Completely
Aqueous Dissolved Hydroxypropyl Methyl Cellulose
Phthalate Spray Solutions. Drug Dev. Ind. Pharm. 1982,
8, 513-530.

Shin-Etsu Chemical Co. Ltd. Technical Literature:
Hydroxypropyl Methylcellulose Phthalate, 1997.
Shin-Etsu Chemical Co. Ltd. Technical Literature:
Hydroxypropyl Methylcellulose Phthalate, 1993.
Huikari, A.; Karlsson, A. Viscosity Stability of
Methylcellulose Solutions at Different pH and Tem-
perature. Acta Pharm. Fenn. 1989, 98 (4), 231-238.
Remunan-Lopez, C.; Bodmeier, R. Mechanical, Water
Uptake and Permeability Properties of Crosslinked
Chitosan Glutate and Alginate Films. J. Control. Release
1997, 44, 215-225.

Cohen, S.; Lobel, E.; Treygoda, A.; Peled, Y. Novel In
Situ-Forming Opthalmic Drug Delivery System from

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

145

Alginates Undergoing Gelation in the Eye. J. Control.
Release 1997, 44, 201-208.

Baker, R.-W. Controlled Release of Biologically Active
Agents; Wiley: New York, 1987.

McGinity, J.W., Ed. Aqueous Polymeric Coatings
for Pharmaceutical Dosage Forms: Drugs and the
Pharmaceutical Sciences; Marcel Dekker: New York,
1997; Vol. 79.

FMC. Technical Literature: Aquateric, Cellulose Acetate
Phthalate Aqueous Enteric Coating, 1983.

Ottenbrite, R.M.; Fadeeva, N. Polymer Systems for
Biomedical Applications. An overview. ACS Symp. Ser.
1994, 545, 1-14.

Merkli, A.; Heller, J.; Tabatabay, C.; Gurny, R. Purity
and Stability Assessment of a Semi-Solid Poly(Ortho
Ester) Used in Drug Delivery Systems. Biomaterials
1996, 17, 897-902.

Hoste, K.; Schacht, E.; Seymour, L. New Derivatives of
Polyglutamic Acid as Drug Carrier Systems. J. Control.
Release 2000, 64, 53-61.

Sweetana, S.; Akers, M.J. Solubility Principles and
Practices for Parenteral Drug Dosage Form Develop-
ment. PDA J. Pharm. Sci. Technol. 1996, 50 (5),
330-342.

Gatlin, L.A.; Gatlin, C.A. Formulation and Adminis-
tration Techniques to Minimize Injection Pain and
Tissue Damage Associated with Parenteral Products. In
Injectable Drug Development, 1st Ed.; Gupta, P.K.,
Brazeau, G.A., Eds.; Interpharm Press: Denver, 1999;
401-422.

Flynn, G.L. Buffers-pH Control Within Pharmaceutical
Systems. J. Parenter. Drug Assoc. 1980, 34 (2),
139-162.

Parker, A.J. Protic-Dipolar Aprotic Solvent Effects on
Rates of Bimolecular Reactions. Chem. Rev. 1969, 69
(1), 1-29.

Calmon, Y.P.; Canavy, J.L. Solvent Effects on the
Kinetics of Alkaline Hydrolysis of Dimethylacetylace-
tone. Part 1. Influence of Alcohol-Water Mixtures.
J. Chem. Soc. Perkin II 1972, 706-710.

Matsos, C.; Chaimovich, H.; Lima, J.L.F.C.; Cuccovia,
IM.; Reis, S. Effect of Liposomes on the Rate of
Alkaline Hydrolysis of Indomethacin and Acemetacin.
J. Pharm. Sci. 2001, 90 (3), 298-309.

Beg, A.E.; Meakin, B.J.; Davies, D.J.G. Influence of a
Cationic Surfactant on the Rate of Hydrolysis of p-
Nitrophenyl Acetate in Non-Buffer System. Pharmazie
1980, 35, 161-163.

Sheth, P.B.; Parrott, E.L. Hydrolysis of Solubilized
Esters. J. Pharm. Sci. 1967, 56 (8), 983-986.

Mitchell, A.G. The Hydrolysis of Propyl Benzoate in
Aqueous Solutions of Surface-Active Agents. J. Pharm.
Pharmacol. 1964, /6, 43—-48.

Carstensen, J.T. Solid State Stability; Incompatibility
Prevention Techniques. In Drug Stability: Principles

Nevakar Exhibit 1080, Page 33 of 34



146

174.

175.
176.
177.

178.

179.

and Practices, 3rd Ed.; Carstensen, J.T., Rhodes, C.T.,
Eds.; Marcel Dekker: New York, 2000; 171-172.
Klockner Pentaplast of America, Inc. Technical
literature.

Honeywell International, Inc. Technical literature.
Alcan Packaging, Inc. Technical literature.

Allinson, J.G.; Dansereau, R.J.; Sakr, A. The Effects of
Packaging on the Stability of a Moisture Sensitive
Compound. Int. J. Pharm. 2001, 227 (1-2), 49-56.
Pilchik, R. Pharmaceutical Blister Packaging, Part 1,
Rationale and Materials. Pharm. Technol. 2000, 68—77,
November.

Forcinio, H. Choosing a Blister Material. Pharm.
Technol. 2000, 26-30.

Received October 14, 2000
Accepted August 18, 2001

180.

181.

182.

183.

Waterman et al.

Taborsky, C.J.; Foster, M.G.; Lockhart, H.; Polgar, B.
Permeation of Unit-Dose Blister Market Containers
Under USP and ICH Conditions. Pharm. Technol. 2000,
38-42, August.

Gerlowski, L.E. Water Transport Through Polymers:
Requirements and Designs in Food Packaging. Polym.
Prepr. (Am. Chem. Soc., Div. Polym. Chem.) 1989, 30
(1), 15-16.

Germano, A.; Lorenzi, E.; Calvo, B.; Guerra, F.
Packaging in Heat-Sealable Materials, and the Stability
of Drugs. Boll. Chim. Farm. 1974, 113 (10), 513-531.
Dobson, R.L. Protection of Pharmaceutical and Diag-
nostic Products Through Desiccant Technology.
J. Packag. Technol. 1987, 1 (4), 127-131.

Nevakar Exhibit 1080, Page 34 of 34





