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ABSTRACT: Deamidation of asparagine-containing proteins and peptides results in the for-
mation of hydrolysis products via a reactive succinimide intermediate. In amorphous lyophile
formulations at low water content, nucleophilic amine groups in neighboring molecules can
effectively compete with water for reaction with the succinimide intermediate resulting in the
formation of a variety of covalent amide-linked adducts. This study examines the effects of
changes in percentage of a polymeric excipient [hypromellose (HPMC)] and water content on
the degradants formed from a model asparaginyl peptide (Gly–Phe–L-Asn–Gly) in amorphous
solids also containing an excess of Gly–Val and carbonate buffer and stored at 40◦C. Degra-
dation of Gly–Phe–L-Asn–Gly and formation of succinimide intermediates, aspartyl peptides,
and covalent amide-linked adducts were monitored by high-performance liquid chromatogra-
phy. In all formulations and storage conditions, the formation kinetics of aspartyl hydrolysis
products and covalent adducts could be described by a mechanism-based model that assigned a
central role to the succinimide intermediate. Increasing the percentage of HPMC (i.e., reactant
dilution) favored the formation of hydrolysis products over covalent amide-linked adducts, con-
sistent with the bimolecular nature of covalent adduct formation. Increases in water content
as relative humidity (RH) was varied from 33% to 75% produced orders-of-magnitude increases
in the rate constants for succinimide formation and hydrolysis with both becoming nearly con-
stant at high water contents. A bell-shaped profile for the dependence of the rate of covalent
adduct formation on water content was observed, a result that may be indicative of phase sepa-
ration at higher RHs. © 2012 Wiley Periodicals, Inc. and the American Pharmacists Association
J Pharm Sci
Keywords: amorphous; chemical stability; deamidation; hypromellose; lyophilization; nonre-
ducible aggregates; solid-state stability; peptide stability; phase separation; protein aggregation

INTRODUCTION

Peptides and proteins are inherently unstable in
solution and are therefore generally formulated as
lyophilized solids to maximize their stability. Amor-
phous lyophiles stored below the glass transition
temperature (Tg) of the system exist as glasses
in which local molecular reorientations (i.e., local
mobility or $-relaxation) dominate, whereas long-
range molecular motions (i.e., global mobility or "-
relaxation) are retarded. In recent years, the im-
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portant role of molecular motions in inducing in-
stability even at temperatures well below Tg has
become increasingly appreciated.1–5 In turn, this
has led to numerous attempts to relate decreases
in stability that accompany increases in tempera-
ture and relative humidity (RH) to various mea-
sures of molecular mobility such as the Tg itself
or relaxation times determined using methods such
as differential scanning calorimetry,5–7 isothermal
calorimetry,8 thermally stimulated depolarization
current spectroscopy,9 dielectric spectroscopy,10,11

thermomechanical analysis,12 or nuclear magnetic
resonance.13 Empirical equations that were orig-
inally developed to account for the tempera-
ture dependence of structural relaxation in amor-
phous systems including the Williams–Landel–Ferry
equation,14,15 the Adam–Gibbs–Vogel equation,15 and
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the Kohlrausch–Williams–Watts equation16–19 are
now frequently utilized in the pharmaceutical liter-
ature to relate chemical degradation to temperature.

Yet, despite these trends, a number of cases cited
in the literature have shown a lack of correlation
between reactivity and Tg

20,21 or other measures of
molecular mobility.22 One possible explanation is that
different types of mobility may be responsible for
different types of reactions.23 For example, chemi-
cal reactions requiring translational diffusion of large
molecules may be more closely coupled with measures
of global mobility or long-range structural relaxation,
whereas intramolecular reactions may be sensitive
only to local reorientations.9,22

Often ignored in attempts to establish the degree of
coupling between the kinetics of a chemical reaction
in amorphous solids and a particular relaxation pa-
rameter is the fact that most reactions of pharmaceu-
tical interest involve multiple reaction steps. For ex-
ample, most of the important degradation pathways
for proteins and peptides including deamidation, iso-
merization, and racemization24; covalent aggregate
formation involving disulfide,25,26 amide,27–30 or lysi-
noalanine cross-links31; oxidation32,33; and the Mail-
lard reaction34 all occur through one or more reactive
intermediates. Deamidation of asparagine residues
in proteins and peptides occurs via a succinimide in-
termediate, in both aqueous solutions24,27 and amor-
phous lyophiles.35,36 Recently, we demonstrated that
the decomposition of a model asparagine-containing
peptide in amorphous lyophiles containing an excess
of a second peptide (Gly–Val) produced at least 10
degradants including products from hydrolysis, iso-
merization, and racemization reactions as well as
four amide-linked covalent adducts.37 Application of a
mechanism-based model to fit the kinetic data estab-
lished that the rate-determining step in the reaction
was the formation of a reactive succinimide and that
the formation of all subsequent degradation products
proceeded through the succinimide.37

Mechanistic models that take into account the de-
tailed reaction chemistry, when known, may be use-
ful tools in understanding how changes in formula-
tion and storage conditions might impact amorphous
product stability and the degradants generated. It
is likely that such models may provide more clarity
in understanding the role of structural relaxation in
chemical stability by allowing one to explore the de-
gree of coupling of each reaction step to various types
of relaxation parameters. In this study, formulations
containing the model peptide, Gly–Phe–L-Asn–Gly, in
the presence of an excess of a second peptide (Gly–Val)
were chosen as a model system to explore the effects
of RH and varying percentages of a polymeric excipi-
ent [hypromellose (HPMC)] on both the rate of succin-
imide formation and the competition between two nu-
cleophilic components in the formulation (water and

the N-terminus of Gly–Val) for the reactive intermedi-
ate. Bulking agents such as sugars38 or polymers39,40

are commonly used in protein and peptide lyophilized
formulations to minimize aggregation or recrystal-
lization. HPMC was chosen for this study because
of its ability to prevent recrystallization of active
ingredients,41 its relatively high Tg,42 and because the
majority of its hydroxyl groups have been alkylated,
thus minimizing the number of potential nucleophilic
sites on the excipient. We have previously shown
that covalent adducts between Gly–Phe–L-Asn–Gly
and the N-terminus of Gly–Val are produced exclu-
sively from the succinimide intermediate.37,43 The re-
sults presented in this manuscript illustrate the value
of a mechanism-based model for understanding the
effects of formulation variables and storage condi-
tions on both the overall rate of degradation and the
degradants produced.

MATERIALS AND METHODS

Reagents

The starting reactant, Gly–Phe–L-Asn–Gly, and cor-
responding hydrolysis products were synthesized by
GenScript (Piscataway, New Jersey) as trifluoroac-
etate salts with purities greater than 95% as de-
termined by high-performance liquid chromatogra-
phy (HPLC). These compounds were further char-
acterized as previously described.37 Standards of
succinimide intermediates (Gly–Phe–D-Asu–Gly and
Gly–Phe–L-Asu–Gly) and covalent adducts used for
HPLC quantitation are described elsewhere.37 A sam-
ple of HPMC (Methocel E5), having an average sub-
stitution of 29% methyl and 10% propyl groups,
was donated by Dow Chemical (Midland, Michi-
gan) and used as received. Gly–Val was purchased
from Bachem (Torrance, California) as the zwitte-
rion (99.0% purity by thin layer chromatography).
HPLC-grade acetonitrile was purchased from Fisher
Scientific (Springfield, New Jersey). Sodium bicar-
bonate (ACS grade) was purchased from EM Sci-
ence (Gibbstown, New Jersey), and succinic acid was
purchased from Aldrich (St. Louis, Missouri). Anhy-
drous dimethylsulfoxide (DMSO) used in determin-
ing water content was purchased from Acros Organ-
ics (Pittsburgh, Pennsylvania). Deionized water was
used throughout the experiments.

Preparation of Lyophiles

Preparation and characterization of lyophiles from
a 0.5% HPMC solution were previously described
in detail. Similarly, solutions of HPMC at higher
concentrations [1.0%, 1.5%, 2.0%, 3.0% (w/v)] were
prepared by adding the appropriate amount of
polymer to buffered solutions (pH adjusted to 9.5
with dilute sodium hydroxide) containing sodium
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Figure 1. Reaction mechanism reflected in the kinetic model (Eqs. 1–4) used to generate rate
constants for the formation of the succinimide intermediate from Gly–Phe–L-Asn–Gly, and the
formation of aspartates or amide-linked covalent adducts from the reaction of the succinimide
with water or Gly–Val, respectively.

bicarbonate (9.3 mM) and Gly–Val (1.5 mM).
Gly–Phe–Asn–Gly was then added to buffer/polymer
solution to make a 1 mM solution. The peptide
solution was mixed, and 100:L aliquots were trans-
ferred into glass autosampler vials. Vials were then
placed on a prechilled lyophilization shelf (−45◦C)
to freeze the samples. Once the samples were frozen
(approximately 5–8 min), the lyophilization cycle
was initiated. The lyophilization cycle consisted of
primary drying at −40◦C for 1420 min followed by an
increase in shelf temperature at a rate of 0.2◦C/min
to 40◦C. Secondary drying at 40◦C was completed
after 120 min. The pressure was held constant at
100 mtorr throughout the run.

Lyophiles for water determination were prepared
by transferring 2 mL aliquots into 20-mL scintillation
vials followed by lyophilization using the same cycle
as above. These lyophiles were then dried further in
a vacuum oven at 50◦C for 4 days or until the weight
remained constant, then analyzed for water content
as described below.

Kinetic Studies

All kinetic studies were performed at 40◦C. Lyophiles
prepared from a 0.5% (w/v) solution of HPMC were
exposed to various RHs by storing the lyophiles over
saturated salt solutions of sodium chloride (75% RH),
sodium nitrate (60% RH), potassium carbonate (40%
RH), and magnesium chloride (33% RH).44 Lyophiles
containing higher percentages of HPMC were all
stored at the same RH (40%).

Initially, lyophiles were preequilibrated at ambient
temperature and at the same RH to be employed in ki-
netic studies for as little as 15 min (75% and 60% RH)
or as long as 12 h (40% and 33% RH). This preequili-
bration step was deemed necessary to ensure that wa-

ter content became constant prior to initiating kinetic
studies at 40◦C. After the preequilibration step, sam-
ples were placed in a desiccator at the same RH and
40◦C and the time (Tzero) was recorded. Samples were
removed at specific time points, diluted with deion-
ized water along with a few microliters of 1 N HCl to
adjust pH to approximately 4.1 to quench the reaction
and provide a similar pH value as the mobile phase.
Samples were then analyzed immediately or placed
in a freezer (−20◦C) until the time of analysis.

The reactant and degradant concentrations were
monitored versus time using a stability-indicating
HPLC method during a time frame in which <25%
of the starting reactant degraded. Mass balance re-
mained at >95% throughout this time frame. Con-
centrations of the individual succinimide intermedi-
ates, hydrolysis products, and covalent adducts ob-
tained from peak areas and response factors gener-
ated from standards were pooled and labeled as “suc-
cinimides,” “aspartates,” and “adducts.” These pooled
concentrations versus time were then analyzed simul-
taneously using a mechanism-based kinetic model.
Figure 1 illustrates the assumed mechanism for the
formation of the succinimide intermediate from the
starting asparagine-containing peptide followed by
its reaction with water or Gly–Val to form aspartates
or amide-linked covalent adducts, respectively. Dif-
ferential equations (Eqs. 1–4) were derived based on
Figure 1 to fit the concentration versus time using
nonlinear regression software (Scientist; Micromath
Scientific Software, St. Louis, Missouri).

∂
[
Gly − Phe − L − Asn − Gly

]

∂t

= −ksuccinimide
[
Gly − Phe − L − Asn − Gly

]
(1)
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∂
[
Succinimide

]

∂t
= ksuccinimide[Gly − Phe

− L − Asn − Gly] − (kaspartates

+ kadducts)
[
succinimide

]
(2)

∂
[
Aspartates

]

∂t
= kaspartates

[
succinimide

]
(3)

∂
[
Adducts

]

∂t
= kadducts

[
succinimide

]
(4)

Lyophile Characterization

Water Content

Post-lyophilization samples were prepared for the
analysis of water content by suspending the entire
cake in anhydrous DMSO (∼1 mL). The water content
was measured by injecting the suspension into the
cell of a Karl Fischer apparatus. Carbonate buffers
contribute a molar amount of water to the measured
water content.45 The contribution of carbonate buffer
was subtracted from the measured water content to
obtain initial water contents for each formulation. A
brief validation study was performed to confirm that
carbonate contributes a molar equivalent when an-
alyzed by Karl Fischer titration. Lyophiles contain-
ing varying weight ratios of sodium bicarbonate to
Gly–Val (0:1, 1:1, 2:1, and 3:1) were prepared and
analyzed as stated above. Once adjusting for the mo-
lar equivalent of water contributed by the carbonate
buffer, the water contents for each of the lyophiles
were equivalent.) The water contents for lyophiles
stored at various RHs were determined by monitoring
their change in weight, which was attributed to water
uptake. These results were then added to the initial
sample water contents to obtain the values reported.

Reconstituted Solution pH

Lyophiles were reconstituted with 100:L of water,
and the pH was measured at the beginning and end
of the kinetic experiments. An averaged valued is
reported as the experimental value. Measurements
were performed using a Beckman pHI 40 pH Meter
(Brea, California) with a MI-40 combination micro-
pH probe (Microelectrodes, Inc., Bedford, New Hamp-
shire).

Polarized Light Microscopy

Samples of each formulation were analyzed by po-
larized light microscopy at the beginning and end of
the kinetic studies. Cakes were suspended in silicone
oil, placed on a glass slide, and then covered with
a glass cover slip. Samples were then examined for
crystallinity using a polarizing microscope (Olympus
BX51, Olympus Corporation, Center Valley, Pennsyl-
vania) equipped with a 522 nm filter.

RESULTS

Lyophile Characterization

Appearance and pH

Lyophiles of each formulation after lyophilization
were white and retained the height of the original
fill volume. Lyophiles stored at 75% RH were par-
tially collapsed (approximately 50% of their original
height) after the initial equilibration step at ambient
temperature. No further collapse was observed when
these samples were transferred to chambers at the
same RH at 40◦C. Lyophiles stored at RHs below 75%
showed no evidence of collapse. The absence of any
detectable birefringence when lyophiles were viewed
under a polarizing microscope (data not shown) indi-
cated that none of the formulation components crys-
tallized to an extent that could be visualized by this
method. The pH values of reconstituted formulations
before and after the kinetic studies were not signifi-
cantly different.

Water Content and Composition at Varying RH

A summary of the water content in lyophiles varying
in the amounts of HPMC incorporated into the formu-
lations is shown in Table 1. Percentages of HPMC and
the other formulation components listed in Table 1
were calculated on the basis of the water content de-
termined after equilibration at 40% RH. The water
content immediately after lyophilization ranged from
2.4% in lyophiles containing 43.1% HPMC to 6.1%
for lyophiles containing 69.1% HPMC. After vacuum
drying at 50◦C, the water content of each formula-
tion was reduced and became more consistent with
values between 2% and 3% (w/w). After storage of
lyophiles varying in HPMC percentage at 40% RH
and 40◦C, their water contents ranged from 8% to
10% (w/w) and did not differ significantly with the
HPMC percentage. Previously, we reported the water
content for lyophiles prepared from solutions contain-
ing 0.5% HPMC that were equilibrated at 40% RH
and 40◦C to be significantly higher than the value
in Table 1 (first column).37 Most of the discrepancy
(∼5%) stems from the fact that no carbonate correc-
tion was applied previously. Also, because one of the
aims of the present study was to examine the effect of
water content, larger sample sizes were employed in
the present Karl Fischer analyses and other changes
in sampling procedure were implemented in order to
reduce possible moisture changes during sample ma-
nipulation. The present results for water content are
believed to be more reliable.

Although water concentrations did not change sig-
nificantly with an increase in HPMC percentage, an
increase in the amount of HPMC did lead to a corre-
sponding reduction in the solid-state Gly–Val concen-
tration. The solid-state concentrations of Gly–Val (M)
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Table 1. Weight Percentages of the Individual Components in Amorphous Lyophiles Prepared from Solutions Varying in the Amount
of HPMC

0.50% 1.00% 1.50% 2.00% 3.00%

HPMC in Solution (%w/v) w/w (%) M w/w (%) M w/w (%) M w/w (%) M w/w (%) M

Gly–Phe–L-Asn–Gly 3.18 – 2.96 – 2.75 – 2.24 – 1.63 –
Gly–Val 10.8 0.806 7.52 0.562 5.61 0.419 4.56 0.340 3.30 0.246
Carbonate 23.4 – 16.3 – 12.1 – 9.86 – 7.14 –
Sodium 10.1 – 7.06 – 5.13 – 4.18 – 3.04 –
HPMC 43.1 – 57.4 – 64.8 – 69.2 – 76.1 –
TFA 0.977 – 0.517 – 0.511 – 0.386 – 0.302 –
Water content after drying 2.40 – 2.38 – 3.23 – 3.14 – 3.07 –
Water content @ 40% RH 8.43 – 8.36 – 9.37 – 9.75 – 8.65 –

Also included is the measured water content of lyophiles after drying in a vacuum oven at 50◦C and after equilibration at 40% RH.

were estimated assuming a solid density of 1.3 g/mL.
These concentrations were later used to calculate
second-order rate constants for covalent amide-linked
adduct formation to test the assumption in the model
(Fig. 1) that this reaction is bimolecular.

Water contents in lyophiles containing a constant
amount of HPMC [43.1% (w/w)] at 40% RH) increased
linearly with increasing RH (Fig. 2). Also shown are
literature values for water content in films of HPMC
alone46 as a function of RH. The higher values found
for lyophiles described in these experiments indicate
that the peptides and carbonate buffer contribute sub-
stantially to the overall moisture uptake. To confirm
that the absorption of water in HPMC films is similar
to HPMC lyophiles, the water content of a lyophilized
sample of the HPMC employed in this study was
determined at 40% RH as indicated by the trian-
gle in Figure 2. The similarity of this value to that
previously reported in the literature confirms that
the other formulation components contribute signif-
icantly to the water affinity in the present formula-
tions.

Reactant and Degradant Profiles

The identification and characterization of each
the succinimide intermediates and subsequent
degradants, including the hydrolysis products and
covalent amide-linked adducts, have been previ-
ously described elsewhere.37 The starting reactant,
Gly –Phe–L-Asn–Gly, first undergoes deamidation to
form the reactive L-succinimide intermediate. The L-
succinimide intermediate partially racemizes in the
amorphous solid as well as in solution to form a D-
succinimide intermediate. Both succinimide isomers
are then susceptible to nucleophilic attack at both the
"- and $-carbonyls. In the case wherein water is the
nucleophile, isoaspartate (attack at the "-carbonyl)
and aspartate (attack at the $-carbonyl) residues re-
place the original asparagine residue. Likewise, the
primary amine group at the N-terminus of Gly—
Val can react with either carbonyl in both the D-
and L-succinimide intermediates to form two differ-
ent types of branched peptides (four different amide-
linked adducts). In summary, a total of 10 degradants

Figure 2. Increase in water content for the lyophiles containing constant HPMC (43.1%, w/
w) and buffers when stored at different relative humidities [♦, error bars represent standard
deviations (n = 3)] and water content for pure HPMC films45 (�). The water content for a pure
HPMC lyophile stored at 40% RH generated in the present study is also shown (�).
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can be generated from the deamidation of the starting
reactant Gly –Phe–L-Asn–Gly including the D- and L-
succinimide intermediates, D- and L-diastereomers of
isoaspartate and aspartate containing peptides, and
four covalent and amide-linked Gly–Val adducts.

Under all the experimental conditions explored in
this manuscript, both aspartyl and isoaspartyl pep-
tides and covalent Gly–Val adducts were observed.
We have previously examined the suitability of a ki-
netic model wherein all of the observed degradants
proceed through a succinimide intermediate.37 Using
the Gly–Phe–L-Asn–Gly and its succinimide interme-
diate as the starting reactant and simultaneously fit-
ting concentration profiles over time, it was confirmed
that all degradants were produced through the suc-
cinimide intermediate.43 However, given the focus of
the present manuscript on effects of formulation and
storage conditions on the overall reaction rate and the
partitioning of the succinimide intermediate to form
either hydrolysis products or covalent amide-linked
adducts, individual degradant concentrations were
pooled together into larger classes including “imides,”
“aspartates,” and “adducts.” The advantage of group-
ing the degradants into larger categories is that more
reliable rate constants could be generated from the
higher concentrations of analytes produced. Shown in
Figure 3 is a representative example of the data gen-
erated during the degradation of Gly –Phe–L-Asn–Gly
lyophiles along with the fits obtained using Eqs. 1–4.
Consistent with previous observations, the reaction
scheme in Figure 1 and Eqs. 1–4 provided good si-
multaneous fits of concentration versus time data
for reactant disappearance, product formation, and
succinimide intermediate concentrations, which were

Figure 3. Semilogarithmic plots of concentration versus
time for the degradation of Gly–Phe–L-Asn–Gly (�) to the
succinimide intermediates (�) and the formation of hydrol-
ysis products (�) and covalent adducts (X) in lyophiles con-
taining 76% HPMC stored at 40◦C and 40% RH.

typically present at low, approximately steady-state
concentrations over the time course of these studies.

Reaction Kinetics with Varying HPMC Content

Shown in Figures 4a–4c are the concentration versus
time profiles for the starting reactant Gly –Phe–L-
Asn–Gly (a), the aspartates (b), and covalent Gly—
Val adducts (c) in lyophiles containing various weight
percentages of HPMC. The overlays of the fraction
Gly –Phe–L-Asn–Gly remaining over time at various
HPMC weight percentages were nearly superimpos-
able (Fig. 4a), suggesting that increasing the amount
of HPMC polymer diluent in the formulations had
a negligible impact on the overall degradation rate.
Similarly, no significant effect of HPMC content was
discernible in Figure 4b, wherein the concentrations
of aspartates over time at various HPMC weight per-
centages are displayed. The most significant impact of
HPMC content can be observed in Figure 4c, wherein
the fraction of covalent amide-linked adduct forma-
tion was clearly highest in the lyophiles with the low-
est HPMC percentage. Decreasing rates of formation
were observed as HPMC percentage was increased
from 43% to 64%, above which there was a diminish-
ing effect of further increases in HPMC content.

Pseudo-first-order rate constants for the various re-
action steps depicted in Figure 1 and in Eqs. 1–4,
generated from simultaneous fits to the data in Fig-
ure 4, are listed in Table 2. The rate constants for
the rate-determining step in the deamidation of the
starting reactant Gly–Phe–L-Asn–Gly (i.e., succin-
imide formation) did not change significantly as the
weight percentage of HPMC increased, judging from
the overlap of the 95% confidence limits. Similarly,
the rate constants for aspartate formation showed no
trend with increasing HPMC content. Only for cova-
lent adduct formation were there significant differ-
ences in the pseudo-first-order rate constants. The
decrease in covalent amide-linked adduct formation
with increases in HPMC excipient concentration re-
sulted in dramatic changes in the ratios of hydroly-
sis products to covalent adducts, as also evident in
Table 2.

The rate constants and error bars for the 95% confi-
dence limits shown in Table 2 are plotted against the
weight percentage of HPMC in Figures 5a–5c. Visu-
ally, there appears to be a correlation between the rate
constant for deamidation and HPMC content in Fig-
ure 5a, and a correlation coefficient from a linear fit of
0.88 was obtained, but based on the 95% confidence
interval for the slope, this correlation was not sig-
nificant. The individual rate constants for aspartate
formation in Figure 5b are clearly scattered around
the average value, confirming the lack of correla-
tion between aspartate formation and HPMC content.
The plot for rates of formation of covalent adducts
decreased significantly with increasing amounts of
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Figure 4. Concentration versus time profiles for the start-
ing reactant Gly–Phe–L-Asn–Gly (a) and the formation of
aspartates (b) and covalent Gly–Val adducts (c) in lyophiles
containing various weight percentages of HPMC [43% (♦),
56% (�), 64% (�), 69% (X), and 77% (*) at 40◦C/40% RH.

HPMC (Fig. 5c). Qualitatively, this behavior is
consistent with the expected bimolecular nature
of this reaction step coupled with the dilution of
Gly–Val accompanying increases in HPMC content

(Table 1). Assuming that the reaction between Gly—
Val and the succinimide intermediate is a second-
order reaction and therefore dependent on the con-
centration of Gly –Val as indicated by Eq. 5,

∂
[
Adducts

]

∂t
= kadducts

[
Gly − Val

] [
Succinimide

]
(5)

and that the succinimide intermediate is at steady-
state, Eq. 5 can be reduced to Eq. 6.

∂
[
Adducts

]

∂t
= k′

adducts

[
Gly − Val

]
(6)

To further evaluate the dilution effects on the over-
all rate of adduct formation, a plot of the calculated
second-order rate constant versus the effective con-
centration of Gly–Val in the lyophile was generated
(Fig. 6). The calculated rate constants for kadducts var-
ied from 0.286 to 0.484 M−1 h−1, but fluctuated around
the average value with no significant differences as
determined by the overlap of their 95% confidence in-
tervals, consistent with Eq. 5.

Reaction Kinetics with Varying Water Content

The qualitative effects of water content on the degra-
dation of Gly–Phe–L-Asn–Gly and degradant forma-
tion can be seen in Figure 7a. At 33% RH, over 4000 h
were needed to obtain approximately 10% degrada-
tion of the starting reactant compared with 75% RH
when only 1 h was needed to achieve the same amount
of degradation. The first-order rate constant for the
deamidation of Gly –Phe–L-Asn–Gly trends upward
from 5.8% to 10.2% water content and then plateaus
from 10.2% to 13.6% water content (Fig. 8). No change
was detected in the rate of deamidation from 10.2%
to 13.6% water content, indicating that the plasti-
cization effects of water on this reaction had reached
a maximum.

Dramatic increases in the rates of degradant for-
mation can be seen in Figures 7b and 7c as wa-
ter is increased. Similar to the degradation of Gly
–Phe–L-Asn–Gly, the required time to generate the
same amount of degradants at 33% RH compared

Table 2. Pseudo-First-Order Rate Constants (h−1) Described in Eqs. 1–4 Using Data Generated from Lyophiles
Containing Various Percentages of HPMC Stored at 40◦C/40% RH

HPMC Content (w/w) 43% 57% 65% 69% 76%

Succinimide formation 0.0104 0.0069 0.0074 0.0064 0.0062
(0.008–0.013) (0.0031–0.011) (0.0051–0.0097) (0.0042–0.0085) (0.0028–0.0096)

Aspartate formation 1.35 0.83 1.10 1.24 1.15
(0.95–1.76) (0.31–1.3) (0.69–1.52) (0.66–1.82) (0.34–1.96)

Adduct formation 0.36 0.161 0.129 0.119 0.119
(0.26–0.47) (0.077–0.25) (0.092–0.166) (0.074–0.165) (0.057–0.18)

Ratio aspartates/adducts 3.8 5.1 8.5 10.4 9.7

Ratios of aspartate to covalent adduct formation rates are also shown. 95% Confidence intervals are reported in parentheses.
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Figure 5. Pseudo-first-order rate constants for the deamidation of Gly–Phe–L-Asn–Gly (a),
aspartate formation (b), and covalent adduct formation (c) in lyophiles as the weight percentage
of HPMC increases. Dotted line in panel b represents the overall average of the individual rate
constants. Error bars represent 95% confidence intervals.

with 75% RH was 2000 times longer. Figure 9 shows a
semilogarithmic plot of the rate constants for forma-
tion of aspartate and adduct degradants at various
water contents. The trend for aspartate formation
with increasing water content resembled that for the
formation of the succinimide intermediate. Increases
in the rate of aspartate formation were observed from
5.8% to 10.2% water content, plateauing at 13.6%.
Unlike the other reaction steps, adduct formation ex-
hibited a bell-shaped profile. The rate increased from

5.8% to 8.1% water content and then decreased from
10.2% to 13.6%. The first-order rate constants for the
degradation of the starting reactant and the forma-
tion of hydrolysis and adduct degradants are summa-
rized in Table 3.

DISCUSSION

Under basic conditions in both aqueous solutions
and amorphous solids, the rate-limiting step in the
deamidation of asparaginyl-containing proteins and

JOURNAL OF PHARMACEUTICAL SCIENCES DOI 10.1002/jps



EFFECTS OF WATER AND POLYMER CONTENT ON COVALENT AMIDE-LINKED ADDUCT FORMATION 9

Figure 6. Plot of the calculated second-order rate con-
stants for adduct formation as Gly–Val concentration is
varied. The dashed line represents the overall average and
error bars represent the 95% confidence intervals.

peptides is the formation of a reactive succinimide
intermediate.24,35,36 Generally, the succinimide then
undergoes reaction with water at either its "- or $-
carbonyl to form isoaspartyl- and aspartyl-containing
degradants.24 Although this intermediate has been
shown to be susceptible to attack by other nucle-
ophiles in aqueous solutions, such as ammonia and
substituted amine nucleophiles, these reactions sel-
dom compete effectively with water, which is typically
present at overwhelmingly higher concentrations.27

Only at high nucleophile concentrations such as in
concentrated ammonia buffers or when a nucleophilic
substituent on the same molecule is situated in
close proximity to the succinimide making possible
an intramolecular reaction do such alternative path-
ways appear to be significant in aqueous solutions.
However, in nonaqueous solvents or in amorphous
lyophiles containing reduced water content, the sit-
uation appears to be more complicated, as both the
number and complexity of degradants produced from
asparaginyl deamidation increase substantially. Sev-
ers and Froland47 recently attempted to stabilize a
31-amino-acid polypeptide drug candidate contain-
ing two asparaginyl residues that was susceptible to
deamidation in aqueous solutions by formulating it in
anhydrous DMSO. To their surprise, the degradation

rate did not decrease and multiple degradation prod-
ucts, including a variety of amide-linked dimers and
multimers, were found. More recently, a study by Des-
fougères et al.48 revealed that lysozyme dimerization
was significant in freeze-dried powders stored in the
dry state at 80◦C and correlated with the concentra-
tion of succinimides. They proposed that dimerization
could occur by the attack of a basic group of an amino
acid side chain (e.g., lysine) on a neighboring protein
molecule harboring a succinimide.48

By using a model system and a mechanism-based
kinetic model, we have recently established that
covalent amide-linked adduct formation in amor-
phous lyophiles could be attributed entirely to reac-
tions involving a succinimide intermediate.37 In this
manuscript, we explored the influence of formulation
and RH on the partitioning of the succinimide inter-
mediate to produce either hydrolysis products or co-
valent amide-linked adducts.

Equations 1–4 based on the reaction mechanism
outlined in Figure 1 were successfully utilized to si-
multaneously fit the concentration versus time data
for reactant disappearance and the formation of both
Gly–Val adducts and hydrolysis products (Figs. 4 and
7) as well as the succinimide concentrations that were
typically present at a low steady-state level as il-
lustrated by the example in Fig. 3. By applying a
mechanism-based model, rate constants for each type
of reaction step could be generated for every formula-
tion and storage condition explored. These values are
listed in Table 2 for formulations varying in HPMC
content and stored at 40◦C/40% RH and in Table 3 for
lyophiles prepared from 0.5% (w/w) HPMC stored at
40◦C and at varying RHs.

Dilution Effect by HPMC on Degradation of Gly
–Phe–L-Asn–Gly and Degradant Formation

The two-step deamidation process illustrated in
Figure 1 involving rate-determining succinimide for-
mation followed by nucleophilic attack by either water
or Gly–Val to yield aspartyl/isoaspartyl degradants
or covalent amide-linked adducts, respectively, pro-
vides an opportunity to explore the effects of both

Table 3. Pseudo-First-Order Rate Constants (h−1) for Succinimide and Degradant Formation at Various Relative
Humidities (and Water Contents) used to Generate Figures 8 and 9

Relative Humidity 33% 40% 60% 75%

Succinimide formation 1.7 × 10−5 0.0104 0.136 0.097
(0.3 × 10−5–3.1 × 10−5) (0.008–0.0130) (0.029–0.243) (0.080–0.114)

Aspartate formation 1.9 × 10−3 1.35 4.5 2.35
(0.35 × 10−3–3.5 × 10−3) (0.95–1.76) (0.74–8.3) (1.97–2.73)

Adduct formation 1.5 × 10−4 0.360 0.51 0.044
(0.23 × 10−4–2.7 × 10−4) (0.26–0.47) (0.23–0.80) (0.033–0.055)

Water content 5.80% 8.10% 10.2% 13.6%
Ratio aspartates/adducts 13 3.8 8.8 53

Ratios of aspartate to covalent adduct formation rates are also shown. 95% Confidence intervals are reported in parentheses.
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Figure 7. Concentration versus time profiles for the starting reactant Gly–Phe–L-Asn–Gly (a)
and the aspartates (b) and covalent adducts (c) in lyophiles stored at 40◦C and 33% RH (inset,
X), 40% RH (�), 60% RH (�), and 75% RH (♦).

formulation and storage variables on these diverse
reaction types. The first step involves the intramolec-
ular attack of an asparaginyl nitrogen in the pep-
tide backbone on the carbonyl of the asparagine
side-chain amide resulting in succinimide forma-
tion accompanied by ammonia release. This reaction
would be expected to exhibit first-order kinetics with

respect to the concentration of the starting peptide
and therefore should be largely unaffected by the di-
lution accompanying increases in HPMC content in
the formulation. Other consequences of increasing the
HPMC content in the amorphous lyophiles that might
affect the rate of deamidation could include possi-
ble alterations in water uptake at the same RH or

JOURNAL OF PHARMACEUTICAL SCIENCES DOI 10.1002/jps



EFFECTS OF WATER AND POLYMER CONTENT ON COVALENT AMIDE-LINKED ADDUCT FORMATION 11

Figure 8. Semilogarithmic plot of deamidation rate con-
stant in amorphous solids as water content is increased.
Error bars represent 95% confidence intervals.

alterations in local mobility. Water molecules may
participate in the reaction coordinate for succinimide
formation by altering the relative stability of the tran-
sition state in relation to the ground state through
hydrogen bonding.49 Changes in local mobility ac-
companying increases in HPMC content might also
influence succinimide formation, a reaction that has
been shown to be highly dependent on segmental
flexibility.50–53

The effect of percent HPMC content on succin-
imide formation, the overall rate-determining step
in deamidation under the conditions of this study, is
shown in Figure 5a. Although a negative slope was
found for the rate constant for deamidation versus
HPMC percentage, the overlap in 95% confidence lim-
its in the data suggests that there is no statistically
significant influence of HPMC content on this step.
Also, the 95% confidence interval for the slope of the
linear regression line included zero.

As shown in Table 1, increasing the amount of
HPMC in amorphous lyophiles had no significant
influence on the overall water content. Consistent
with these results, Konno and Taylor41 observed al-
most no increase in water uptake with HPMC content
when lyophiles containing various amounts of HPMC
(25%–85%, w/w) were exposed to 75% RH. Compar-
ison of the equilibrium water content of the peptide
containing lyophiles in this study with that for amor-
phous HPMC alone (Fig. 2) indicates that peptide and
buffer salts accounted for approximately half of the
water uptake (i.e., 4%) at 40% RH. Providing that the
formulation components are molecularly dispersed,
the nearly constant overall water content with in-
creases in the HPMC content would be expected to
have a negligible effect on the deamidation rates, con-
sistent with the lack of a significant trend as shown
in Figure 5a.

Although succinimide hydrolysis resulting in the
formation of aspartyl and isoaspartyl peptides is a
bimolecular reaction, in aqueous solutions the large

excess of water leads to pseudo-first-order reaction
kinetics. Given the nearly constant water content in
lyophiles as a function of HPMC percentage as re-
ported in Table 1, pseudo-first-order kinetics would
also be expected in these solid-state reactions. This
was indeed the case, as illustrated by the nearly con-
stant value for the pseudo-first-order hydrolysis rate
constant as reported in Figure 5b.

Previously, Konno and Taylor41 demonstrated that
increasing the HPMC content in amorphous felodip-
ine resulted in gradual increases in Tg, consistent
with an antiplasticizing effect of HPMC. Attempts
to obtain reliable values for Tg in the amorphous
lyophiles of interest in this study were unsuccess-
ful. However, the improved physical stability of these
lyophiles in comparison with formulations of the
same peptide components without HPMC (results not
shown) and the absence of any evidence of physi-
cal collapse or crystallization of components when
lyophiles were stored at 40◦C and 40% RH are in-
dicative of an inhibitory effect of HPMC on global
(i.e., matrix) mobility. The absence of effects of in-
creasing HPMC content on either the deamidation
rate or the rate constant for succinimide hydroly-
sis could indicate either that changes in local mo-
bility for relaxation processes that influence the re-
action kinetics were small over the range of HPMC
percentages explored or that neither of these re-
actions are significantly coupled to local mobility.
The latter possibility is unlikely in view of the ef-
fects of increasing water content on these reactions,
which contrast markedly with the HPMC results
(vide infra).

Covalent adduct formation involves the bimolecu-
lar reaction of the succinimide with Gly–Val, a reac-
tion that should be inhibited by the dilution effect
resulting from increasing the amount of HPMC if the
reactants are molecularly dispersed in these lyophile
formulations. Increasing excipient content has been
shown to be effective in reducing aggregation of pro-
teins in amorphous sugars20 and nucleation and re-
crystallization in polymers.54 The plot for the rates of
formation of covalent adducts decreased significantly
with increasing amounts of HPMC (Fig. 5c), qualita-
tively conforming to the expected behavior given the
bimolecular nature of this reaction step coupled with
the dilution of Gly–Val (Table 1). To further evaluate
the dilution effects, Figure 6 was generated to deter-
mine whether or not the reduction in covalent adduct
formation could be quantitatively ascribed to changes
in the Gly–Val concentrations when the model in Fig-
ure 1 was assumed. The calculated rate constants for
kadducts fluctuated around the average value with no
apparent trend and no significant differences as de-
termined by the overlap of their 95% confidence inter-
vals.
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Figure 9. Semilogarithmic plot showing the effects of water content on the rate constants for
aspartate (♦) and adduct (�) formation. Error bars represent 95% confidence intervals.

Water Sensitivity—Dependence on the Reaction Step

As noted by others, water can play a myriad of
roles in influencing chemical reactivity in amorphous
solids.3,51,55–57 It can function as a direct reactant,
as in hydrolysis reactions; as a catalyst via solvation
(e.g., hydrogen bonding) effects that may stabilize a
transition state in relation to its ground state; as a
plasticizer to increase local or global mobility; or as a
solvent to solubilize reactants or alter local microen-
vironment pH or dielectric constant. Less appreciated
but fairly certain in some cases is the likelihood that
the nature of water’s role will be dependent on the re-
action type. For example, in the present study, the role
of water as a direct reactant (i.e., nucleophile) applies
only to succinimide hydrolysis. The plasticization ef-
fects of water may be more critical for the bimolecular
steps governing the fate of the succinimide interme-
diate than for the intramolecular rate-determining
reaction involved in its formation, given the need for
translational mobility in the former, whereas only ori-
entational mobility would appear to be necessary for
the latter. Clearly ascribing the effect of water on
amorphous reactivity to any one of the above possibil-
ities may prove difficult.

Increases in RH from 33% to 75% resulted in lin-
ear increases in water content ranging from approx-
imately 6% to 13% in amorphous lyophiles (Fig. 2).
These increases in water content resulted in dra-
matic increases in the deamidation rate (i.e., succin-
imide formation) as displayed in Figure 8. A change
in water content from 5.8% to 10.2% produced a
striking increase in deamidation rate of nearly four
orders-of-magnitude. Although we are unaware of
other examples of such large increases in reactiv-
ity with a less than 5% increase in water content,
others have reported that peptide deamidation rates
in amorphous polymers can be highly sensitive to

moisture content.3,56 Increasing water content from
10.2% to 13.6% (w/w) failed to increase the rate of
succinimide formation further. Plateaus in the water-
induced enhancement in chemical reactivity are com-
mon in the literature, and often indicate a reduction
in the Tg of the system to a value near the storage
temperature.29,56,58 In the present study, partial col-
lapse of the lyophiles was observed at 75% RH, sug-
gesting that a reduction in the system Tg to a temper-
ature close to 40◦C did occur at this RH.

An increase in water content from 5.8% to 8.1% pro-
duced increases in both succinimide hydrolysis and
covalent adduct formation of three or more orders-of-
magnitude, as shown in Figure 9. For the hydroly-
sis reaction, this increase far exceeds that expected
from the change in the solid-state water concentra-
tion, indicating that plasticization, transition-state
solvation, or other solvent effects must play an im-
portant role. Although the rate constant for hydrol-
ysis appears to reach a plateau at water contents
above 8.1%, similar to the behavior of the succinimide
formation step, the profile for the formation of cova-
lent Gly–Val adducts is more complex. Despite the
fact that succinimide hydrolysis might be expected to
undergo greater acceleration than covalent adduct
formation from increases in water content in the low-
water-content region because water is a direct reac-
tant in the case of hydrolysis, the opposite occurred.
At lower water contents between 5.8% and 8.1%, the
rate of amide-linked adduct formation increased more
dramatically than the rate of hydrolysis, increasing
by approximately 100-fold compared with a 24-fold
increase in aspartate formation in this region. Strick-
ley and Anderson30 observed a similar phenomenon
in their study of insulin degradation in lyophiles pre-
pared from solutions at pH 2–5. Within this region,
insulin degradation occurs via a cyclic anhydride in-
termediate formed at the A21 terminal asparagine
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residue. This intermediate can then undergo compet-
ing hydrolysis or covalent insulin dimer formation.
They found that as water content increased the frac-
tion of dimer formation in relation to hydrolysis in-
creased. To account for this counterintuitive finding,
they invoked free volume theory as originally devel-
oped by Cohen and Turnbull,59,60 wherein the diffu-
sion coefficient depends exponentially on the mean
free volume available in the matrix and the permeant
size. Smaller molecules, such as water, have signif-
icant mobility compared with larger peptide or pro-
tein molecules in rigid structures such as glasses.
Although larger diffusants are severely restricted in
their translational mobility in glasses at low water
content, they undergo disproportionate increases in
molecular mobility relative to a small molecule such
as water in systems containing an added plasticizer.

Unlike the other two reaction pathways, the forma-
tion of covalent adducts exhibits a bell-shaped profile
versus water content. The rate of adduct formation
increased from 5.8% to 8.1% water content, with a
flattening in the rate from 8.1% to 10.2%, followed
by a decrease of approximately 10-fold from 10.2%
to 13.6%. Bell-shape profiles in plots of degradation
rate versus water content have been reported quite
frequently,58 and have been rationalized in the con-
text of water’s multiple roles in influencing reaction
kinetics.58,61 For example, plasticization effects lead-
ing to increased reactant mobility with increasing wa-
ter content may be overshadowed by the dilution ac-
companying additional increases in water content.

Alternatively, increasing amounts of water in the
amorphous lyophiles may induce or promote phase
separation of one or more of the formulation com-
ponents, leading to a reduction in the rate of co-
valent adduct formation. Increasing water content
in polymers leads to water clustering due to self-
association of water,62–64 producing heterogeneity in
water distribution. In HPMC at high moisture con-
tents (>6%), water diffusivity increases are corre-
lated with moisture-induced swelling.46 These plas-
ticization effects may promote redistribution of other
small molecules in the formulation, particularly ion-
ized species such as Gly–Val, which have a high affin-
ity for water, as suggested by Figure 2.

Previous researchers have described phase sep-
aration in binary mixtures of HPMC with an-
other polymer65 or peptide.66 Hussain et al.66 em-
ployed multiple methods such as scanning electron
microscopy, differential scanning calorimetry, and
atomic force microscopy to detect phase separation
between HPMC and cyclosporin A, noting that the
degree of phase separation increased with the pep-
tide concentration.66 These observations suggest that
phase separation in the present systems, particularly
at high moisture contents, cannot be ruled out.

CONCLUSION

This study examined the effects of changes in per-
centage of a polymeric excipient (HPMC) and wa-
ter content on the degradants formed from a model
asparaginyl peptide (Gly–Phe–L-Asn–Gly) in amor-
phous solids also containing an excess of Gly–Val and
carbonate buffer and stored at 40◦C. Deamidation of
Gly–Phe–L-Asn–Gly in amorphous solids resulted in
the formation of hydrolysis products (aspartates and
isoaspartates) and covalent amide-linked adducts. In
all formulations and storage conditions, the forma-
tion kinetics of aspartyl hydrolysis products and co-
valent adducts could be described by a mechanism-
based model that assigned a central role to the suc-
cinimide intermediate. Increasing the percentage of
HPMC (i.e., reactant dilution) did not significantly
affect the overall degradation rate but did favor the
formation of hydrolysis products over covalent amide-
linked adducts, consistent with the bimolecular na-
ture of covalent adduct formation. Increases in water
content as RH was varied from 33% to 75% produced
orders-of-magnitude increases in the rate constants
for succinimide formation and hydrolysis with both
becoming nearly constant at high water contents. A
bell-shaped profile for the dependence of the rate of
covalent adduct formation on water content was ob-
served, a result that may be indicative of phase sepa-
ration at higher RHs.
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