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The chemical stability of an Asp-hexapeptide (Val-Tyr-Pro-Asp-Gly-
Ala) in lyophilized formulations was evaluated as a function of mul-
tiple formulation variables—specifically pH of the bulk solution,
temperature, moisture content, and type of bulking agent (amor-
phous vs. crystalline). The disappearance of the starting Asp-
hexapeptide in the solid state conformed to pseudo-first-order re-
versible kinetics. This type of degradation profile was accounted for
by the product distribution. The factorial experimental design of this
study allowed statistical analysis of the effects of individual formu-
lation variable (main effects) as well as those of two-factor interac-
tions on the degradation of the Asp-hexapeptide. Analysis of Vari-
ance (ANOVA) calculations of the main effects indicated that while
the influence of pH of the starting solution was not statistically
significant, residual moisture level, temperature, and, especially,
type of bulking agent had a significant impact on the solid state
chemical reactivity of the hexapeptide. Furthermore, depending on
which type of excipient was used in the lyophilized formulations,
residual moisture level and temperature could be important stability
variables. These types of factorial experiments have proven to be
useful in the rapid identification of significant formulation variables
in a given system and, consequently, in optimization of formula-
tions.

KEY WORDS: lyophilization; lyophilized formulations; factorial
experimental design; Asp-hexapeptide; solid state chemical stabil-
ity; formulation development.

INTRODUCTION

A comprehensive understanding of the chemical reac-
tivity of polypeptides at the molecular level is essential for
their development as pharmaceutical agents. The stability of
proteins is more complex and diverse than small molecules
because in addition to the primary sequence, polypeptides
possess higher order structures (i.e., secondary, tertiary, and
quaternary) (1). Although extensive research efforts have
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been dedicated to studying the factors influencing the chem-
ical stability of polypeptides in aqueous medium (2-10), our
understanding of solid state stability of polypeptides is still
limited and evolving.

Protein products are commonly administered intrave-
nously because of their characteristically poor and erratic
oral bioavailability (11), and often are lyophilized to achieve
adequate shelf-life stability (12). However, development of
freeze-dried formulations presents a new set of stability vari-
ables such as the effect of the type of excipients used, as well
as those of residual moisture content and choice of optimum
lyophilization cycle on the stability of the drug produst. As-
sessment of these variables is imperative for designing the
most stable dosage form with minimal lot-to-lot shelf-life
variability.

We have recently described the solution kinetics and
mechanism of the degradation of an Asp-hexapeptide (Val-
Tyr-Pro-Asp-Gly-Ala) (13). The routes of degradation were
found to be pH-dependent. Under highly acidic conditions,
the Asp-hexapeptide predominantly underwent specific
acid-catalyzed hydrolysis at the Asp-Gly amide bond to gen-
erate a tetrapeptide and a dipeptide. Simultaneously, the
starting peptide, to a lesser extent, cyclized to form a cyclic
imide (Asu-hexapeptide) whose breakdown was base-
catalyzed. Consequently, the latter became more unstable
with increasing pH, giving rise to formation of the isoAsp-
hexapeptide and the regeneration of the parent Asp-
hexapeptide at near neutral and alkaline pH values.

The present study evaluates the stability of the Asp-
hexapeptide in lyophilized formulations as a function of pH,
temperature, moisture level, and type of bulking agent using
a factorial experiment design. This design made it feasible to
examine the main and two-factor effects of the aforemen-
tioned variables on the stability of the hexapeptide in the
lyophilized state. The complete study design is summarized
in Table 1.

MATERIALS AND METHODS

Materials

The Asp-hexapeptide (L-Val-L-Tyr-L-Pro-L-Asp-L-
Gly-L-Ala) was synthesized by Dr. Madhup Dhaon (Abbott
Laboratories, North Chicago, IL). L-Val-L-Tyr-L-Pro-L-
Asu-L-Gly-L-Ala (Asu-hexapeptide) was isolated as a major
side product during the HPLC purification of the Asp-
hexapeptide. L-Val-L-Tyr-L-Pro-L-Asp (tetrapeptide) was
synthesized by the Biochemical Research Services Labora-
tory (University of Kansas, Lawrence, KS). Lactose mono-
hydrate (NF), mannitol (USP), anhydrous dibasic sodium
phosphate (USP), and anhydrous citric acid (USP) were
used as supplied by Abbott Laboratories (North Chicago,
IL). Trifluoroacetic acid (TFA, HPLC grade) was purchased
from Pierce Chemicals (Rockford, IL). HPLLC grade aceto-
nitrile was supplied by Fisher Chemical (Fair Lawn, NI).
The water used in all studies was from a Millipore MILLI-
Q™ Water System.

Apparatus

High-performance liquid chromatography was done
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Table I. Factorial Experimental Design for the Solid State Stability
Study of Asp-hexapeptide

Trial Number pH Bulking Agent
1 3.5 mannitol
2 5.0 mannitol
3 6.5 mannitol
4 8.0 mannitol
S 3.5 lactose
6 5.0 lactose
7 6.5 lactose
8 8.0 lactose

At a given trial, three moisture levels (M1, M2, M3) were evaluated
at 40°, 50°, and 60°C.

with a system consisting of a Shimadzu LC-6A pump, a
SCL-6B system controller, a SPD-6A variable wavelength
UV detector, a Perkin Elmer ISS-100 autosampler, and a
C-R4A Chromatopac integrator. The pH readings were re-
corded using a POPE Model 1501 pH/ion meter. The HPLC
analysis of the Asp-hexapeptide and its products was per-
formed on an Alltech ODS Hypersil C,5 column (5 pm resin,
4.6 X 250 mm). Lyophilization of all samples was carried out
using an Edwards lyophilizer. Residual moisture was deter-
mined by coulometric Karl Fischer assay (Photovolt Aqua-
test 8 Moisture Analyzer). Powder X-ray patterns were ob-
tained using a Nicolet 12 diffractometer with monochroma-
tized copper radiation (50 kilovolts).

Lyophilization Studies

All buffer solutions were prepared by mixing solutions
of 0.01 M dibasic sodium phosphate and 0.01 M citric acid at
room temperature to obtain the desired pH. The resulting
buffer solutions of pH 3.5, 5.0, 6.5, and 8.0 were filtered
through a 0.2 pwm nylon filter (Pall Trinity Micro Corp.,
Cortland, NY) into autoclaved flasks. Sufficient quantities of
peptide and excipient were dissolved in 500 ml of pH-
adjusted buffer solutions to yield initial peptide and bulking
agent concentrations of 1.3 X 107* M and 4% w/v, respec-
tively. Aliquots of 2 mL were filled into 10 mL USP Type I
flint vials using Fill-O-Matic filler. The filling machine was
calibrated and in process weight checks were done to assure
filling accuracy. These vials were then labeled, loaded onto
trays, and lyophilized. Lyophilization stoppers (West Co.,
Phoenixville, PA) were placed on top of vials prior to loading
into the lyophilizer. The following lyophilization cycle was
used for this study: hard freezing—shelf (—35°C), hold
product (—25°C) for 1 hour; primary drying— shelf (0°C),
hold product (—2°C) for 2 hours, vacuum (250 microns);
secondary drying—shelf (6°C), hold product (4°C) for 1
hour, vacuum (250 microns); third stage drying—shelf
(15°C), hold product (12°C) for 1 hour, vacuum (250 microns)
for 1 hour; fourth stage drying—shelf (40°C), hold product
(30°C) for 10 hours, vacuum (100 microns); shelf temperature
for unloading (20°C). At the completion of the cycle, nitro-
gen was introduced into the freeze drying chamber, and the
shelves were collapsed to seal the vials with lyophilization
stoppers. The stoppers used in this study had been washed,
siliconized, and dried using heat and reduced pressure.
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Moisture Loading

All lyophilized samples, except for the control (moisture
level 1) samples, were loaded with moisture. The required
volumes (0.8 pL, moisture level 2; 1.6 pL., Moisture level 3)
of distilled water was measured using a 10 nL Hamilton
syringe into plastic WISP (Waters Associates) inserts. The
inserts with liquid water, open at one end, were placed inside
the vials on top of the lyophilized cakes. This placement of
inserts into the vials was done in an atmosphere of dry ni-
trogen created by using an inverted funnel. The vials were
then restoppered, capped with aluminum seals and stored at
temperatures ranging from 40° to 60°C.

-

Determination of Crystallinity of Samples

The crystallinity of the lyophilized samples was deter-
mined by powder X-ray diffraction. The relative intensity
was determined by comparing the resulting integrated peak
areas with those of the standard (bulk powder).

Moisture Content Determination

Residual moisture content was determined by Karl
Fischer assay. With the exception of the lactose/peptide for-
mulation at high moisture loading level, the reported mois-
ture percentages for all formulations were expressed as av-
erage values of duplicate sample vials.

HPLC Protocol

The vials were removed at designated time intervals and
placed in a freezer ( — 15°C or lower) prior to HPLC analysis.
At the time of analysis, the vials were then reconstituted
with 2 mL of distilled water and the resulting solutions were
injected directly onto the HPLC column. Because of the size
of the study, multiple repetitions of experiments (e.g. dupli-
cates, triplicates) were not feasible. Single determinations
were made for all Kinetic data points except the initial time (t
= () points for which triplicates were determined.

The HPLC separation was carried out at ambient tem-
perature, using an isocratic system consisting of 12% (v/v)
acetonitrile and 0.1% (v/v) TFA in water at a flow rate of 1.0
mL/min and detection at 214 nm.

Data Fitting and Statistical Analysis

The disappearance of the Asp-hexapeptide was fitted to
the pseudo-first-order reversible kinetic model from which
the rate constants k, (forward rate constant) and k, (reverse
rate constant) were generated. This non-linear curve fitting
was accomplished with the Least Squares algorithm in the
program ‘‘MINSQ” (MicroMath) for IBM compatible per-
sonal computers. Analysis of Variance (ANOVA) calcula-
tions were performed separately on the rate constants k, and
k, at all temperatures using Statgraphics (STSC, Rockville,
MD) software application. However, only trends that are
applicable to the forward rate constant k, are discussed in
this paper since those that pertain to the reverse rate con-
stant proved to be equal and opposite to the forward rate
constants. The significance of trends presented here fall
within the 95% confidence interval (p < 0.05).
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RESULTS AND DISCUSSION

Characteristics of the Asp-hexapeptide Formulations

All mannitol/peptide formulations lyophilized well, pro-
ducing stable, homogenous cakes which retained their integ-
rity under all conditions throughout the study. The lactose/
peptide formulations generated acceptable, albeit less
sturdy, lyophilized cakes. All lyophilized formulations re-
constituted rapidly with water.

Based on the powder X-ray diffraction studies, the ly-
ophilized cakes of mannitol/peptide formulations showed
crystalline X-ray patterns that are characteristic of lyophi-
lized mannitol (Fig. 1a) while those of lactose/peptide exhib-
ited amorphous structure (Fig. 1b). Additionally, no physical
transformations of the solids took place in either formulation
with the progress of time and increasing hydration level (data
not shown).

It was observed that the crystalline formulations did not
retain and/or take up as much water as the freeze-dried
amorphous formulations as evidenced by the experimentally
measured moisture contents. Residual moisture contents for
mannitol/peptide formulations were estimated to be 0.3% =
0.08%, 0.4% =+ 0.05%, and 0.6% = 0.05% water for low,
medium, and high moisture loading levels, respectively. The
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Fig. 1: Powder X-ray diffraction of mannitol/peptide formulation
versus lyophilized mannitol 4% w/v solution (panel a) and lactose/
peptide formulation at 3 months (panel b).
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lactose/peptide formulations contained 1.9% * 0.7%, 2.7%
+ 0.2%, and 5.5% water at low, medium, and high moisture
loading levels, respectively.

Degradation Pathways in the Lyophilized State

The degradation pathways were found to be dependent
on the pH of the bulk solutions and moisture content of the
freeze-dried formulations. In general, the kinetics of the dis-
appearance of Asp-hexapeptide followed pseudo-first-order
reversible kinetic behavior under all experimental conditions
(Scheme 1, Fig. 2). This type of kinetic profile was justified
by the product distribution observed after 6 months of deg-
radation at 60°C. Under acidic conditions (pH 3.5 and 5.0),
the lyophilized Asp-hexapeptide predominantly decomposed
to generate the Asu-hexapeptide, irrespective of the type of
excipient present in the formulation (Scheme I, Figs. 3a and
3b). The hydrolysis of Asp-Gly amide bond constituted a
much less significant pathway under these conditions
(Scheme I, Figs. 3a and 3b). At pH 6.5 and 8.0, the parent
hexapeptide exclusively isomerized via formation of the
Asu-hexapeptide to produce the isoAsp-hexapeptide (Figs.
3a and 3b). The extent of hydrolysis of the Asu-hexapeptide
intermediate at pH 8.0 exceeded that at pH 6.5, rendering
the isoAsp-hexapeptide the major product of degradation in
the basic environment.

Upon examination, the product distribution in solid
state was significantly different from that in solution, prob-
ably because most of the water, an important participant in
hydrolytic reactions, was removed by lyophilization. Evi-
dently, the hydrolysis of the Asu-hexapeptide intermediate
and that of the Asp-Gly peptide bond (formation of tetrapep-
tide) were suppressed in water-deficient environments.
Thus, at lower pH values (pH 3.5, 5.0, and 6.5), the major
product observed was the Asu-hexapeptide, and only trace
amounts of tetrapeptide and isoAsp-hexapeptide were de-
tected at pH 3.5 and 6.5, respectively (Scheme I, Figs. 3a

Pathway b, step 1

o\\c LOH . o y W o
(‘:H2 H HO <_l‘(—2—-_——’ N—C-C—-N-C-C~OH
NN-g-ﬁ-r:-(l:—g-r'«-c—c-ou ~N H O H CH,
HHOHHDOH CH H

Asu-hexapeptide
Asp-hexapeptide su-fiexapep

Pathway b, step 2

Pathway a
Oy, ..OH o H Ho
¢ C—N-E-C-N-C-C-OH
CHz " ! " CHti H O 1 Ch
wrN-G—C—0H H-N-C-C-N~C-C-OH 2 3
DA M
HHO o 3 Hho
Tetrapeptide Dipeptide 1soAsp-hexapeptide
Pathway 3 Pathway b
Step 1 Step 2
pH3.5 minor major undetected
pH 5.0  undetected major undetected
pH 6.5  undetected major minor
pH 8.0  undetected minor major

Scheme I. Pathways of degradation of the Asp-hexapeptide in
solid state.
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Fig. 2: Typical curve-fitted plots of the disappearance of Asp-
hexapeptide at low moisture level (60°C) in lactose.

and 3b). It was observed that the stability of the Asu-
hexapeptide in lyophilized formulations was dependent on
not only the moisture content [e.g., 13 pg/mL (low moisture
level), 6.3 pg/mL (medium moisture level), 3.8 pg/mL (high
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Fig. 3: Peptide distribution at 60°C and low moisture level after 6
months for mannitol/peptide (panel a) and lactose/peptide formula-
tions (panel b).
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moisture level) of Asu-hexapeptide remained at pH 8.0 and
60°C after six months] but also the pH of the bulk solution
(Fig. 4). Thus, at pH 8.0, the base catalysis component of the
hydrolysis of Asu-hexapeptide intermediate offset the nearly
inoperative water catalysis component. Consequently, the
rate of decomposition of the Asu-hexapeptide was suffi-
ciently significant to afford the isoAsp-hexapeptide as a ma-
jor degradation product at pH 8.0 (Scheme I, Figs. 3a and
3b).

Effects of Individual Formulation Variables

Nature of Excipient -

It has been reported that the crystallinity of excipients
in the final formulation depends on the lyophilization cycle
(14) and potential interactions between the bulking agent and
other components in the formulation may accelerate solid
state chemical decomposition of drugs (15,16). Residual wa-
ter in lyophilized products which can interact with the ex-
cipient to facilitate physical transformation of solids (i.e.,
excipients, drug) has been shown to compromise the overall
stability of the active drug (17).

Upon exposure of the formulations to moisture during
loading, the percent of moisture content increased, confirm-
ing that additional moisture was taken up into the lyophilized
cakes. The lactose-containing cakes, being amorphous, had
greater affinity for moisture than those containing mannitol.
This was evident from the higher moisture content of lactose
containing formulations. Yet, the peptide was significantly
more stable in the lactose matrix compared to mannitol un-
der all conditions (Fig. 5a). Pikal and co-workers (18) simi-
larly observed greater stability for lyophilized human growth
hormone against aggregation and chemical decomposition in
partially amorphous formulation than in either totally amor-
phous or crystalline excipient systems. These authors con-
cluded that this was because a partially amorphous system
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Fig. 4: Influence of pH on the stability of Asu-hexapeptide in man-
nito}/peptide formulations at 60°C and low moisture level after 6
months.



Solid State Degradation of Aspartyl Residues

1

0.08 @

0.06 -

0.04 -

ky, day -!

0.02

1

Q T T
Mannitol Lactose

Lyophilization bulking agent

0.08

(0)

0.06

ky, day -1

0.04
0.02 E[L _]i
| 1 i

40 50 60

Temperature °C
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(panel b) on the mean rate constant of peptide degradation k, (p <
0.05).

allowed molecular interaction with the protein and/or acted
as a “‘sink’’ for residual water. However, the results from
these studies clearly suggested that while an excipient sys-
tem which is partially amorphous is necessary for stability
enhancement, this condition alone is not sufficient for sta-
bility (18). Thus, it is not unreasonable that an amorphous
lyo-protectant could stabilize a protein/peptide drug against
chemical degradation better than a completely crystalline
one. In this case, the stabilizing effect observed with lactose
obviously is not due to any physical transformation whereby
the amorphous peptide or excipient crystallizes, thus alter-
ing the stability of the peptide. Moreover, these results are
not inconsistent with the view that the activity of water mol-
ecules in lactose/peptide formulations might be relatively lower
as compared to that in mannitol/peptide systems due to greater
interaction between water and the amorphous lactose. This
association consequently decreased the number of free water
molecules available for chemical reaction with the peptide.

pH of the Bulk Solution

Although the concept of pH has no meaning in the solid
state, the pH of the unlyophilized bulk solution determines
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the extent of ionizations of the peptide and buffer species
both in solution and in the solid state (18). In some cases, the
rate constant of degradation in solid state can be comparable
to or higher than that in solution at a given pH (19,20).
Therefore, it is important that formulation scientists confirm
whether the same pH dependence for the rate of degradation
generated from solution stability studies applies in solid
State.

While the bulk solution pH noticeably perturbed the
product distribution, it had no statistically significant effect
on the solid state chemical stability (mean rate constant k;)
of the Asp-hexapeptide within the pH range studied (data not
shown). In solution, however, the pH of the medium gov-
erned not only the product distribution but also the rate of
degradation of the Asp-hexapeptide (13). This peptide de-
graded approximately four times faster in solution at acidic
pH values than at basic pH in solution. Under aqueous
acidic conditions, specific acid-catalyzed hydrolysis of the
Asp-Gly amide bond and cyclic imide formation constituted
the major route of degradation in aqueous solution. In the
solid state at pH 3.5, this predominant hydrolytic pathway
was substantially suppressed due to lack of moisture. This
accounted for a reduction in the overall rate of decomposi-
tion in solid state under acidic conditions.

In solution, at basic pH values, the Asp-hexapeptide
exclusively undergoes pH-independent isomerization in
which the slow kinetic step is the formation of cyclic imide
(13). Unlike the acid-catalyzed formation of tetrapeptide, the
rate of formation of cyclic imide was only slightly affected in
the solid state as evidenced by the accumulation of cyclic
imide product over a wide pH range except at pH 8.0 (Figs.
3a and 3b). Lack of moisture had little impact on this ring
closure since it does not require water as a direct participant.
Consequently, the rate of cyclic imide formation in the solid
state would be somewhat comparable to that in solution. The
slight difference in the rates may be attributed to lowered
chain flexibility due to moisture deficiency.

Collectively, the depressed pH dependence of the over-
all rate of peptide decomposition observed in the solid state
(data not shown) is a direct result of suppression of the rate
of acid-catalyzed tetrapeptide formation (Asp-Gly amide
bond hydrolysis) under acidic conditions and pH-inde-
pendent isomerization reaction under basic conditions.

Moisture Level

Water has always played an important role in the chem-
ical stability of drugs, whether they be macromolecules or
small organic molecules. It is known that water facilitates
spontaneous chemical degradation by increasing molecular
mobility to encourage intermolecular encounters, chain flex-
ibility to foster intramolecular rearrangements, and the num-
ber of water molecules available as direct participants in
reactions.

It was observed that the rate of degradation of the Asp-
hexapeptide increased as the vial moisture content increased
(data not shown). In this case, increasing the moisture con-
tent augmented not only the number of free water molecules
available for catalyzing the decompositions of the cyclic im-
ide and cyclic anhydride intermediates, but probably also the
molecular mobility and chain flexibility, which would in-
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crease the propensity of the peptide to undergo cyclization in
the formations of tetrapeptide and cyclic imide. However,
the differences in rate constants were statistically significant
only between low and high moisture levels (data not shown).

Temperature

In general, the stability of the Asp-hexapeptide varied
inversely with temperature in a non-linear Arrhenius fash-
ion. The difference in rate constants was minimal between
40°C and 50°C (Fig. 5b). On the other hand, the effect of
temperature was statistically significant between 40°C and
60°C and between 50°C and 60°C (Fig. 5b). In other words,
the rate constant increased substantially at 60°C, possibly
indicating the existence of a critical temperature threshold.

Effects of Two-Factor Interactions on the Stability
of Asp-hexapeptide

Temperature/Bulking Agent

The statistically significant main effect of temperature
on the mean degradation rate constant can be accounted for
by examining the temperature and bulking agent two-factor
interaction. While the stability of peptide formulations con-
taining lactose was indifferent to the effect of temperature,
the decomposition rate constants for mannitol formulations
were sensitive to a ten-degree increase in temperature, par-
ticularly from 50°C to 60°C (Fig. 6a). When mannitol was
used as a formulation excipient, increasing the temperature
from 50°C to 60°C enhanced the average rate constant of
peptide degradation fourfold (Fig. 6a). One plausible expla-
nation for this temperature threshold observed in mannitol/
peptide formulations would be the following. At 60°C in a
lyophilized two-phase system, the experimental temperature
might have approached or exceeded the glass transition tem-
perature, T,, of the amorphous hexapeptide in a predomi-
nantly crystalline mannitol matrix. An increase in tempera-
ture induces a transition from a glassy to a rubbery state in
the amorphous peptide, resulting in an increase in the mo-
lecular mobility of both the peptide and water (21). This
increased mobility, which occurs as the operating tempera-
ture is near or above T, has been shown to be sufficient to
allow amorphous solids to readily undergo solid state chem-
ical reactions (22-26). In the lactose/peptide formulations,
the lyophilized hexapeptide is intimately mixed (a solid so-
lution) in the lactose matrix after lyophilization to become a
single amorphous (glassy) system. As such, the peptide in
this matrix can be characterized with one ‘‘composite’’ glass
transition temperature, which is probably higher than that of
the peptide in the mannitol matrix. Therefore, the stability of
the Asp-hexapeptide was not affected within the temperature
range of 40° to 60°C in the presence of lactose. This hypoth-
esis assumes that the lyophilized Asp-hexapeptide in the
mannitol and lactose matrices is in an amorphous state. The
ratio of the peptide to the excipient in the formulation was
1:500. Thus, it was not possible to test the validity of this
assumption by using techniques such as X-ray diffraction
and thermal methods (DSC, calorimetry) because of their
inherent sensitivity limits.
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In this study, the mannitol/peptide formulation stability
was significantly affected by temperature as well as residual
moisture level (Fig. 6b). In contrast, the lactose/peptide for-
mulations remained unaffected by the moisture level as well
as the temperature (Fig. 6b). The stability of the Asp-
hexapeptide decreased significantly with increasing moisture
level in the mannitol matrix. As discussed in the previous
section, the Asp-hexapeptide is assumed to be amorphous in
both the predominantly crystalline mannitol and amorphous
lactose matrices. Since amorphous solids have greater affin-
ity for moisture than crystalline solids, the effective amount
of water (i.e., activity of water) available for the hexapeptide
in the predominantly crystalline matrix (mannitol) is signifi-
cantly higher than in the amorphous (lactose) system. Water
dissolved in an amorphous solid can act as a plasticizer to
greatly increase the free volume of the solid by reducing
hydrogen bonding between adjoining molecules of the solid,
with a corresponding reduction in its glass transition temper-
ature, T, (27-30). If the amount of water taken up is suffi-
cient to plasticize the local region to a point where T, < T
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(the operating temperature), molecular mobility can be high
enough to support enhanced chemical reactivity (21).

Relationship Between Solid State Kinetics and Solution
Kinetics of the Asp-hexapeptide

One striking difference between the kinetics of degra-
dation in solution (13) and in the solid state was the product
distribution. In the solid state, lyophilization successfully
suppressed the hydrolysis of the Asp-Gly amide bond (for-
mation of tetrapeptide) and the breakdown of the cyclic in-
termediate which generates the isoAsp-hexapeptide product,
since both of these reactions involve water as a participant.
Thus, while the formation of tetrapeptide prevailed over the
formation of cyclic imide at acidic pH values in solution, the
trend was apparently reversed in the solid state under similar
acidic conditions. The cyclic imide was observed to be the
major product at all pH values (3.5 to 6.5) except the basic
pH (8.0) in solid state. In contrast, the cyclic imide instan-
taneously degraded in solution to produce the isoAsp-
hexapeptide as the predominant product at near neutral to
alkaline pH such that the cyclic imide intermediate itself was
not detectable under these conditions. More importantly, the
maximum stability occurred at pH > 7.0 in solution, whereas
the effect of pH was not statistically significant in solid state.
However, it was apparent that the cyclic imide intermediate
is susceptible to base-catalyzed hydrolysis since its stability
decreased with increasing pH in solution as well as in the
solid state.

SUMMARY AND CONCLUSIONS

Factorial studies of the type employed here have proven
useful in formulation development, since they allow statisti-
cal analysis of multiple variables in one single experiment.
They also provide relatively rapid identification of signifi-
cant formulation variables for a given system. In this case, a
“‘designed’” experiment successfully delineated the influ-
ence of each variable and any two-variable interaction on the
chemical stability of the Asp-hexapeptide. The results from
these types of experiments may be useful for the optimiza-
tion of formulations of therapeutic peptides.

This study indicated that the pH of the starting solution
did not have a statistically significant impact on the mean
degradation rate constant. Increasing the residual moisture
content and/or temperature of the lyophilized formulations
was deleterious to the chemical stability of the Asp-
hexapeptide, especially if mannitol was used as the bulk ex-
cipient. Lactose, an amorphous bulking agent, imparted a
stabilizing effect to the peptide drug at the moisture level and
temperature ranges studied.

The general degradation patterns in the solid state
proved to be similar to those observed in solution. There
were no new degradation pathways observed in the solid
state. However, the product distribution differed signifi-
cantly from that seen in an aqueous medium. The removal of
water by lyophilization suppressed certain hydrolytic path-
ways, specifically the breakdown of the cyclic anhydride and
cyclic imide intermediates, such that the predominant path-
way became the intramolecular formation of cyclic imide at
all pH values except for pH 8.0. In general, these findings
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reinforced our proposed reaction mechanisms for the degra-
dation of the Asp-hexapeptide in solution (13).
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