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To accelerate drug development, the pharmaceutical industry is working to shorten and improve studies
on stability. The Accelerated Stability Assessment Program (ASAP) incorporating the humidity-corrected
Arrhenius equation as an accelerated methodology has been proposed for both drug substances and drug
products. In this study, the effect of magnesium stearate (MgSt) content on the chemical stability of acetyl-
salicylic acid was evaluated as a model system of drug—excipient compatibility studies using ASAP. In the
acetylsalicylic acid powder blends, temperature and humidity showed a first-order linear response to the
natural logarithm of the reaction rate constant, and MgSt content also showed a first-order linear response.
A polynomial model was built in which temperature, humidity, and MgSt content were independent each
other. The fitting index of the model, the coefficient of determination, was 0.9567, which was a good fit. In the
long-term stability study (25°C/60% relative humidity, 6 months), there was good agreement in total between
measured values and model-predicted values. Using this model, we inferred that the degradation rates were
depended on MgSt content at the fixed temperature and humidity because the micro-environmental pH of
the excipient was catalytically affected. Applying this model equation can significantly reduce the duration of

formulation design and stability studies and save time and costs in drug development.
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Introduction

In drug substance and drug product applications, it is es-
sential to conduct stability studies based on the International
Conference on Harmonization (ICH) QIA(R2) guideline.” For
the stability studies based on ICH guidelines, the long-term sta-
bility studies under the assumption of actual storage are time-
consuming, and there are problems such as difficulty in extrap-
olation to long-term stability studies from accelerated and stress
studies. In addition, while regulatory authorities are working to
shorten the review system for an accelerated development of in-
novative new drugs, there is a lack of understanding of changes
in quality with the shortening of stability studies.”? Moreover,
since the drug applications for very short-term stability data
have been approved in the early stage of development such
as Phase I, the development of accurate stability predictions
through short-term stability studies is crucial for the successful
establishment and production of pharmaceuticals.”

The Arrhenius equation is known as a correlation between
a reaction rate constant and the temperature of a chemical
reaction and has been used for the evaluation of the stability
of pharmaceuticals. However, humidity is also known to be an
important factor for the stability of pharmaceuticals but has
not been evaluated using the conventional Arrhenius equa-
tion. Thus far, the Accelerated Stability Assessment Program
(ASAP) (Eq. 1) capable of assessing humidity has been pro-
posed, and research has been conducted with the aim of short-
ening and improving the accuracy of stability prediction.*>

Ink=InA-E,/(R-T)+ B(%RH) Q)]
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where, £ is the reaction rate; 4 is the frequency factor; £, is
the activation energy; R is the gas constant; 7 is the absolute
temperature; B is the humidity sensitivity constant; and %RH
is relative humidity (RH). Although the ASAP is empirical,
it has been reported that the model equation fits well for a
number of pharmaceuticals.” In addition, as an extension
of the Arrhenius equation in chemical stabilities, the effect
of the content of the drug load,*” reactive excipient in solid
dispersions,” oxygen concentration in capsules containing oil
components,” and reactive impurities in polyethylene glycol
have been reported.'” Also reported is the short-term stability
evaluation of dissolution slow down owing to physical changes
in immediate-release tablets as an extension of the Arrhenius
equation.'” The incorporation of various unstable factors into
the Arrhenius equation has led to efforts to understand quality
more quickly and accurately.'”

A number of cases have been reported in chemical incom-
patibilities between formulation components.”? In particular,
it has been reported that magnesium stearate (MgSt), which is
commonly used as a lubricant for tablets, has chemical incom-
patibilities with many drugs, including acetylsalicylic acid,'¥
eprazinone hydrochloride,'”” and angiotensin-converting
enzyme inhibitors.'*'"” In addition, MgSt is known to cause
salt disproportionation in the salt form of a weakly ionizable
drug.!®!” Although many cases of chemical interactions with
MgSt in pharmaceuticals have been reported, there are no the-
oretically predicted multiple interactions using the Arrhenius
equation for rapid formulation design and stability studies. In
this study, we focused on the MgSt content in the formula-
tion components and confirmed the effect of MgSt content on
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chemical stability. In addition, the correlation of temperature,
humidity, and MgSt content with the reaction rate constant at
each temperature and humidity condition was modeled by sta-
tistical analysis. The correlation between the prediction from
the model equation and the actual long-term stability study
was evaluated, and the possibility of the stability prediction by
the change in MgSt content was examined.

Experimental

Materials Acetylsalicylic acid (Fig. 1) of a special grade
was obtained from Kanto Chemical Co., Inc. (Tokyo, Japan).
p-mannitol Parteck M200 was purchased from Merck KGaA
(Darmstadt, Germany). MgSt NF NON-BOVINE HyQual
was purchased from Mallinckrodt Pharmaceuticals (Dublin,
Ireland). Lithium chloride, magnesium chloride hexahydrate,
sodium bromide, and sodium chloride were purchased from
Kanto Chemical Co., Inc. Britton—Robinson buffer solu-
tions (pH 2.0 to 12.0, ionic strength: 1.0) were of a special
grade and obtained from Nacalai Tesque, Inc. (Kyoto, Japan).
Phosphoric acid of a special grade and acetonitrile of HPLC
grade were purchased from Kanto Chemical Co., Inc. Purified
water for LC-MS was purchased from FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan). All other chemicals and
reagents were commercial products of analytical grade.

Preparation of Acetylsalicylic Acid Powder Blends
Powder blend mixtures of acetylsalicylic acid, p-mannitol,
and MgSt were prepared by simple mixing. The components
and composition of acetylsalicylic acid powder blends are
described in Table 1. Acetylsalicylic acid was ground using
a mixer mill (MM200; RETSCH GmbH, Haan, Germany)
at the frequency of 25Hz for a total of 2min. For the proce-
dure, 2-mL Eppendorf tubes (DNA LoBind; Eppendorf AG,
Hamburg, Germany) and two zirconium dioxide balls (3mm
i.d.) were used. The powder X-ray diffraction pattern of the
ground sample showed the diffraction peaks (data not shown).
Acetylsalicylic acid, p-mannitol, and MgSt were sieved using
Japanese Pharmacopoeia mesh No. 100 screens (Tokyo Screen
Co., Ltd., Tokyo, Japan). These components were stirred in
an agate mortar and a pestle. Each of the blend samples was
divided into a 20mg portion and stored in a 10mL screw-
capped GC glass vial. Control samples were stored at —20°C
in a freezer.

MgSt comprises a mixed composition of magnesium salts

e

O
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of stearic acid and palmitic acid, and it has been reported that
physical properties differ between manufacturers and lots.?? Tt
is speculated that batch-to-batch differences can also occur in
this degradation model. In this experiment, the same manufac-
turer and the same lot of MgSt were used. In addition, the %
(w/w) MgSt used in the pharmaceutical formulation is gener-
ally approximately 1% (w/w) by total weight; however, a high
concentration was used to confirm the effect of the content
while ensuring good content uniformity in this experiment.

Stability Study of Acetylsalicylic Acid Powder Blends
in Solid-State The powder blend samples with five differ-
ent MgSt content (0, 1, 2, 3, and 4% (W/w)) were exposed to
three different temperature conditions (35, 40, and 50°C) and
four different %RH (10, 30, 50, and 75%RH) for a maximum
10d. For all conditions, the samples were placed in a sealed
glass jar containing saturated salt solution that was stored
in a temperature-controlled oven. Saturated lithium chloride
solution was used to maintain the %RH environment at ap-
proximately 10%RH, saturated magnesium chloride hexahy-
drate solution was used for approximately 30%RH, saturated
sodium bromide solution was used for approximately 50%RH,
and saturated sodium chloride solution was used for approxi-
mately 75%RH. A temperature-humidity logger (KT-255U,
Fujita Electric Works, Ltd., Kanagawa, Japan) was used for
actual temperature and relative humidity data acquisition.
For the long-term stability study, the samples were stored at a
condition of 25°C/60%RH for 1 to 6 months in a temperature-
humidity controlled room.

Stressed and unstressed powder blend samples were added
to approximately 8 mL of water—acetonitrile (1:1 (v/v)) and
sonicated for Smin. The solution was filtered with a 0.45um
membrane filter (Millex-LCR hydrophilic polytetrafluoroeth-
ylene membrane, Merck KGaA). The first I mL of the filtrate
was discarded and the remaining filtrate collected. The sample
solution was set at the concentration of 0.5mg/mL.

Stability Study of Acetylsalicylic Acid in Solution Ace-
tylsalicylic acid was dissolved in a mixture of water—aceto-
nitrile (1:1, v/v), mixed with the Britton—Robinson buffer
solution (pH 2.0 to pH 12.0, ionic strength: 1.0), and was
adjusted to a concentration to 1.0mg/mL. The solution was
stressed at 40°C and sampled periodically. The sample solu-
tion was diluted 2-fold with a mixture of water—acetonitrile
(1:1, v/v) before analyses.

Measurement

HPLC Analysis The Shimadzu Nexera X2 LC system
(Shimadzu Corporation, Kyoto, Japan) equipped with a
photodiode array detector was used for HPLC analysis. An
ACQUITY Ultra Performance LC (UPLC) BEH C8 column
2.1mm i.d.X75mm, 1.7um particle size, Waters Corpora-
tion, Milford, MA, U.S.A.) was used as the analytical column.

Fig. 1. Chemical Structure of Acetylsalicylic Acid

Table 1. Components and Composition of Acetylsalicylic Acid Powder Blends
Components and composition 1 2 3 4 5
Acetylsalicylic acid (g) (for a drug substance) 20.0 20.0 20.0 20.0 20.0
p-Mannitol (g) (for a bulking agent) 80.0 79.0 78.0 77.0 76.0
Magnesium stearate (g) (for a lubricant) 0.0 1.0 2.0 3.0 4.0
Magnesium stearate to total weight ratio (% (w/w)) 0.0 1.0 2.0 3.0 4.0
Magnesium stearate to acetylsalicylic acid ratio (% (w/w)) 0.0 5.0 10.0 15.0 20.0
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Fig. 3. Effect of Temperature on Degradation Level at Approximately
50%RH (4% (w/w) MgSt)

The temperature of the column oven was set at 40°C. UV
detection was performed at 227nm. The mobile phase A was
Smmol/L phosphoric acid in water, and the mobile phase B
was acetonitrile. The flow rate was set at 0.5mL/min. Gradi-
ent elution was conducted as follows: the step gradient by
changing the percentage of mobile phase B at different times,
T (min)/% mobile phase B =0/5, 5/85, 10/85, 10.1/5, 14/5. The
injection volume was 2 uL.. Empower 3 (Waters Corporation)
was used for data acquisition.

Statistical Evaluation and Kinetic Modeling of Degrada-
tion Rate Statistical evaluation and kinetic modeling was
performed using JMP version 14.0.0 (SAS Institute Inc., Cary,
NC, U.S.A)) based on a previous report.”) The degradation
rates were determined from the slopes of the degradation
amount versus time plots for each condition. Experimental
Ln k data were fit with a linear combination of temperature
(—UT), %RH, and % (w/w) MgSt variables to give the cal-
culated formula using multiple regression with standard least
squares fitting and effect leverage.

Results and Discussion
Solid-State Stability of Acetylsalicylic Acid Powder
Blends The results of the solid-state stability of the ace-

Representative HPLC Chromatograms of Acetylsalicylic Acid Powder Blends with 4% (w/w) MgSt: (a) Initial; (b) 35°C/12%RH for 7d; (c)
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Fig. 4. Effect of Related Humidity on Degradation Level at 35°C (3%
(w/w) MgSt)

tylsalicylic acid powder blends under various conditions are
shown in Tables SI, S2, and S3, Supplementary Materials.
Representative HPLC chromatograms of the solid-state stabil-
ity study of the acetylsalicylic acid powder blends are shown
in Fig. 2. Salicylic acid (relative retention time 1.09), a hydro-
lysate of ester, was observed as a primary degradation prod-
uct, and many other degradation products were also observed.
Though these secondary degradation products are presumed
to be multimers in the previous reports,'® they are all derived
from salicylic acid, and it is reported that the total amount
of related substances is observed as a zero-order degrada-
tion curve of up to approximately 20 area%. Therefore, this
study focused on the total amount of related substances as an
extrapolation of the Arrhenius equation, and verified the deg-
radation rate in each condition. In addition, the powder X-ray
diffraction pattern of the representative samples of the stressed
powder blends showed the diffraction peaks at the same posi-
tion as that of the initial control sample (data not shown). Ace-
tylsalicylic acid was suitable for the model compound because
of anhydrous crystalline free form and highly soluble at each
pH buffer solution.

The total amount of related substances of various tem-
peratures at fixed %RH (approximately 50%RH) and % (w/w)
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MgSt (4% (w/w)) is shown in Fig. 3. A zero-order degradation
curve of up to approximately 20 area% was observed for the
increase in the total amount of related substances, indicating
a linear relationship between the total amount of related sub-
stances and time over the temperature range investigated. At
fixed temperature (35°C) and % (w/w) MgSt 3% (w/w)), the
relationship between the total amount of related substances
and %RH is shown in Fig. 4. A zero-order degradation curve
was observed for the increase in the total amount of related
substances, indicating a linear relationship between the total
amount of related substances and time over the %RH range
investigated. In addition, as previously reported, temperatures
(/T) and %RH showed first-order linear responses to the
logarithm of k. Therefore, it is suggested that temperature
and %RH in this degradation mechanism can be modeled with
the moisture-modified Arrhenius equation. The plots of In £ at
each temperature/%RH against % (w/w) MgSt are shown in
Fig. 5. % (w/w) MgSt exhibited a first order linear responses
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Table 2. Multiple Linear Regression Analysis
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p-Values

—1/T and %RH

—U/T, %RH, % (w/w) MgSt,
(—1/T) X %RH, (—1/T) X % (w/w) MgSt,
and %RH X % (w/w) MgSt

—1/T, %RH and
% (w/w) MgSt

Intercept (In 4) <0.0001 <0.0001 <0.0001
-1T <0.0001 <0.0001 <0.0001
%RH <0.0001 <0.0001 <0.0001
% (w/w) MgSt — <0.0001 <0.0001
(=1/T) X %RH — — 0.8404
(=1/T) X % (w/w) MgSt — — 0.4234
%RH X % (w/w) MgSt — — 0.3937
Coefficients
Intercept (In 4) 86.8624 85.9695 85.9868
-1T 27360 27360 27366
%RH 0.0227 0.0227 0.0227
% (w/w) MgSt — 0.4465 0.4465
((=1/T)=(—=0.003179)) X ((%RH)—42.3333) — — 7.5771
((=1/T)=(—=0.003179)) X (% (w/w) MgSt)—2) — — —499.77
((%RH) —42.3333) X ((% (w/w) MgSt) —2) — — —0.001410
Model performance
R? 0.8512 0.9567 0.9579
RMSE 0.7692 0.4185 0.4245
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Fig. 7. Results of Stability Study of Acetylsalicylic Acid Powder Blends
in Solid-State at 25°C/60%RH

Dotted lines are a predicted values by the model. Markers are an experimental
data.

to In k, suggesting that % (w/w) MgSt can be modeled as a
first-order function in the Arrhenius equation.

Modeling the Modified Arrhenius Equation of Acetyl-
salicylic Acid Mixture Powders The results of the
evaluating models in which % (w/w) MgSt was added to the
moisture-modified Arrhenius equation using JMP 14.0.0 for
the obtained k& under 60 conditions (Tables S1, S2, and S3) are
shown in Fig. 6 and Table 2. We assessed whether all factors
fit first-order linear models from the experimental results of
the relationships between In &k and % (w/w) MgSt. The results
showed that the p-value indicating the effect of the factor on &
was <<0.0001 in all factors, which was found to be significant.
The fitting index of the models, the coefficient of determina-
tion (R?), was 0.9567, and In k residues were found to be uni-
formly distributed (Fig. 6). The accuracy measure, root mean
square error (RMSE), was 0.4185, which was a good fit in this
model. Thus, a polynomial model was determined in which
the 1/T, %RH, and % (w/w) MgSt represented by Eq. 2 were

pH

Fig. 8. Effect of pH on the Degradation Rate of Acetylsalicylic Acid in
Various Buffer Solutions at 40°C

independent each other.
Ink=1InA-E,/(R-T)+ B(%RH)+C(% (w/w) MgSt) (2)

where, C is the MgSt sensitivity constant. In this experiment,
the activation energy E,=54.4 (kcal-mol™"), the humidity
sensitivity constant B =0.0227, and MgSt sensitivity constant
C=0.4465 were calculated from Table 2. It was confirmed
that temperature had the largest effect on the degradation
rate, and the % (w/w) MgSt had the next largest effect. When
modeled only using 1/ and %RH, R? was 0.8512, and it was
confirmed that it was inferior in terms of accuracy of the pre-
diction model. In addition, the model including the interaction
of 1/T, %RH, and % (w/w) MgSt was evaluated, and R*> was
slightly improved to 0.9579 (Table 2). However, it was a very
complicated model equation, and the p-value of each interac-
tion was not significant (>0.4); therefore, it was judged to be
inappropriate as a model.

The results of plotting the model predicted values versus
the measured values up to 6 months in the long-term stability
test (25°C/60%RH) condition for model validity assessment
are shown in Fig. 7. Good fit was observed between the pre-
dicted and actual values of the models for the various % (w/w)
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MgSt. Therefore, it was inferred that the model was shown
by Eq. 2 and that the degradation rate could be predicted well
for the variations in various temperatures, %RH, and % (w/w)
MgSt. Acetylsalicylic acid powder blend samples with differ-
ent MgSt contents are a complicated reaction such as a multi-
step decomposition reaction, and it may be predicted with
higher accuracy in the case of a simpler reaction.

Consideration of Drug Degradation with Excipients To
clarify the effect on the degradation mechanism, the solution
stability test of acetylsalicylic acid in various pH conditions
was conducted. The results are shown in Fig. 8. The degrada-
tion rates were determined as pseudo-first-order kinetics from
the slopes of the degradation amount versus time plots for
each condition. Acetylsalicylic acid decomposed significantly
under a basic condition, whereas MgSt is known to be a basic
excipient. In this degradation model, it was presumed that the
degradation rates were depended on MgSt content at the fixed
temperature and humidity because the micro-environmental
pH of MgSt was catalytically affected.??

From these results, the influence of the reactive excipient
on chemical stability was modeled using the modified Ar-
rhenius equation as a factor independent of temperature and
humidity. As many pharmaceuticals are affected by reactive
excipients, it is suggested that the application and refinement
of this model equation for formulation and storage condition
changes during actual drug development would allow efficient
and rapid stability predictions.

Conclusion

In this study, the effect of temperature, relative humidity,
and the content of MgSt on the degradation rate was mod-
eled for acetylsalicylic acid powder blends with various MgSt
content. No significant interactions were found for each factor,
and multiple linear regression analyses found a polynomial
model independent of each factor. It was judged to be a good
prediction model because R>=0.96. In fact, a better fit was
observed when the predicted values from the models were
compared with the actual values from the long-term stability
test (25°C/60%RH). MgSt is known to be a basic excipient,
and in this case, it was inferred that the degradation rates
were depended on MgSt content at the fixed temperature and
humidity owing to the influence of micro-environmental pH
on MgSt.

The model equation proposed here is simple and is con-
sidered to be highly practical because it mimics actual drug
products, such as those containing a bulking agent. Applying
this model equation can significantly reduce the duration of
formulation design and stability studies and save time and
costs in drug development. To speed up drug development
and overcome severe international competition, it is important
for the pharmaceutical industry to establish accelerated test-
ing and work toward promoting an understanding of stability
performance.

Chem. Pharm. Bull.

Vol. 68, No. 11 (2020)
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