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FORCED DEGRADATION STUDIES OF SIMVASTATIN USING
MICROEMULSION LIQUID CHROMATOGRAPHY

Andelija Malenović,1 Biljana Jančić-Stojanović,1 Darko Ivanović,1 and
Mirjana Medenica2

1Faculty of Pharmacy, Institute of Drug Analysis, Belgrade, Serbia
2Faculty of Pharmacy, Institute of Physical Chemistry, Belgrade, Serbia

& In this paper, the definition of simvastatin degradation profile by microemulsion liquid
chromatography (MELC) is presented. The aim of the study was to investigate simvastatin stability
after various stress tests, such as: acid and base hydrolysis, oxidation, and heat. The kinetics of
acid and oxidative degradation was also studied. The complex retention mechanism occurring
when microemulsion is used as eluent enabled the successful separation of a large number of degra-
dants in prepared stress samples. The existence of a second partitioning site due to microstructural
and interfacial characteristics of o=w microemulsion eluent facilitated HPLC separation. All the
expected capabilities of MELC method were realized, demonstrating the advantage and value of
the MELC method for a wide area of pharmaceutical analysis. For acid degradation the second
order rate constant and half-life were calculated. Oxidative decomposition proved to be the first
order reaction for which the rate constant and half-life were also determined.

Keywords forced degradation studies, kinetic study, microemulsion liquid chromato-
graphy, simvastatin

INTRODUCTION

Forced degradation or stress testing is undertaken to demonstrate
selectivity when developing stability indicating methods (SIM). These
studies also provide information about the degradation pathways and
degradation products that could form during storage. They may facilitate
pharmaceutical development where the knowledge of a chemical behavior
can be used to improve a drug product. It is important to be familiar with
stereochemical stability, degradation product identification thresholds,
polymorphism and crystal forms, stability of (parenteral) combination
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products, and mass balance, and that necessary information usually can be
obtained with stress tests.[1]

The International Conference on Harmonization (ICH)[2] guidance
provides very little information about strategies and principles for con-
ducting forced degradation studies, including problems of poorly soluble
drugs and exceptionally stable compounds. In particular, the issue of how
much stress is adequate in stress testing is not addressed specifically.
Overstressing a molecule can lead to degradation profiles that are not
representative of real storage conditions and perhaps not relevant to
method development.

Therefore, stress testing conditions should be realistic and not
excessive. In this regard, it is the amount of stress that is important and
not necessarily the extent of degradation. Indeed, some compounds may
not degrade significantly after considerable exposure to stress conditions.

In this paper, forced degradation studies of simvastatin using micro-
emulsion liquid chromatography (MELC) is described. Application of
microemulsions as eluents in liquid chromatography represent an attract-
ive alternative to conventional HPLC mode as this method enables the
elution of very hydrophobic and hydrophilic (polar and ionic) analytes
in the same chromatographic run without the need of gradient elution.
Also, MELC proved to have a great potential due to its unique selectivity
and high efficiency compared to conventional HPLC,[3–7] especially when
structurally similar substances are analyzed. For the analysis of active sub-
stances and their degradation products in pharmaceutical preparations,
MELC was also applied.[8–10] Due to the enhanced solubilisation capacity
of microemulsions, MELC was successfully applied in bioanalysis, enabling
direct injection of biological fluids after proper dilution with microemul-
sion eluent.[8,11]

All the advantages of the MELC method motivated the investigation of
microemulsion eluent capability to separate the wide range of degradation
products emerging from the stress studies. It can be expected that the
degradation products arising from the stress studies would be either struc-
turally similar or differ drastically in hydrophilic–lipophilic profile, as well
as both. Some previous investigations conducted on simvastatin[5,12]

inspired study in order to elucidate possible degradation pathways and
make definite conclusions about simvastatin degradation behavior and pro-
file. In the literature, stability indicating HPTLC and HPLC for simulta-
neous determination of ezetimibe and simvastatin were reported.[13,14]

Also, the stability study of simvastatin under hydrolytic conditions assessed
by liquid chromatography was done.[15] In presented SIM methods only
partial forced degradation studies were done, e.g., in the reference[15]

the authors gave only stability under hydrolytic conditions. As a very useful
review of HPLC methods for the determination of simvastatin and
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atorvastatin in bioanalytical assays, pharmaceutical assays and environmental
applications can be found.[16]

A previously published paper[15] did not give complete insight in
simvastatin degradation under various stress conditions. Therefore, the
aim of this paper was to exploit all the capabilities of microemulsion eluent
in order to examine the possible degradation pathways of simvastatin dur-
ing forced degradation studies. Taking into account our previous investi-
gation on simvastatin[12] with successful application of microemulsion
eluent for simvastatin and its six impurities separation employing UV det-
ection, the authors presumed the MELC method capability to separate
substances of different polarity emerging during forced degradation stu-
dies. Also, for making definite conclusions about simvastatin degradation
behavior and profile, the investigation was completed with the appropriate
kinetic study.

EXPERIMENTAL

Chemicals

All reagents used were of an analytical grade. Sodium dodecyl sulphate
(SDS), Tween 21 (polyoxyethylene sorbitan monolaurate) was obtained
from Sigma (St. Louis, MO, USA). Diisoprophyl ether and n-butanol �
HPLC grade were obtained from Riedel-deHäen (Sleeze, Germany). Water –
HPLC grade, di-sodium hydrogen phosphate J. T. Baker (Deventer,
Netherlands) and ortophosphoric acid Carlo Erba (Milan, Italy) were used
to prepare an aqueous phase. The simvastatin and simvastatin-acid were of
Ph. Eur. quality.

Chromatographic Conditions

The chromatographic system Waters Breeze consisted of Waters 1525
Binary HPLC Pump, Waters 2487 UV=VIS detector, and Breeze Software,
Windows XP, for data collection. Separations were performed on the
X-TerraTM C18 4.6 mm� 50 mm, 3.5mm particle size column (Waters,
USA) with UV detection at 238 nm. The flow rate was 0.3 mLmin�1. The
samples were introduced through a Rheodyne injector valve with a 20mL
sample loop. Mobile phase was prepared by mixing 0.9% w=w of diisopro-
pylether, 1.7% w=w of sodium dodecyl-sulphate (SDS), 7.0% w=w of cosur-
factant n-butanol and 90.4% w=w of aqueous 25 mM di-sodium phosphate
pH 7.0 and treating them in an ultrasonic bath for 30 min.[12] The resulting
transparent microemulsion was filtered through a 0.45 mm membrane filter
Alltech (Loceren, Belgium).
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Forced Degradation Studies

A stock solution of simvastatin with concentration of 1 mg mL�1

prepared in mobile phase was used in all degradation studies. Solutions
for use in forced degradation studies were prepared by diluting the stock
solution with sodium hydroxide or hydrochloric acid or hydrogen peroxide
to achieve the final concentration of 100 mg mL�1 of simvastatin.

Kinetic Investigation of Acidic and Oxidative Degradation

A stock solution of simvastatin with concentration of 1 mg mL�1 was
prepared in mobile phase. For kinetic studies solutions were prepared by
diluting the stock solution with 0.01 M hydrochloric acid or 30% hydrogen
peroxide to achieve the concentration of 100 mg mL�1 of simvastatin. The
temperature was maintained at 25�C. The analysis of prepared solutions
was carried out at regular time intervals.

RESULTS AND DISCUSSION

Forced degradation or a stress testing study is part of the development
strategy and also an integral component of validating analytical methods
that indicate stability and detect impurities.[2] The forced degradation stu-
dies are expected to elucidate possible degradation pathways, to identify
the degradation products that may be spontaneously generated during
drug storage and use, as well as to facilitate improvements in the manu-
facturing process and formulations in parallel with accelerated stability
studies.

Stress studies may be useful in determining whether accidental
exposure to conditions other than normal ranges (e.g., during transpor-
tation) are deleterious to the product. So they are normally carried out
under more severe conditions than those used for accelerated studies.[2]

The choice of stress conditions should be consistent with the product’s
decomposition under normal manufacturing, storage, and use conditions
which are specific in each case.[17] Also choice of forced degradation con-
ditions should be based on sound scientific understanding of the product’s
decomposition mechanism under typical use conditions, and usually to get
a decomposition level of 10 to 15%, which is considered adequate for vali-
dation of a chromatographic purity assay. A minimal list of stress factors
suggested for forced degradation studies must include acid or base hydroly-
sis, thermal degradation, photolysis, and oxidation.[18]

The analytical method that will be used in such analysis must be able to
detect, separate, and must quantify all the observed degradation products,
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although it is recognized that identification and characterization of the
appropriate variants may require use of additional analytical methodolo-
gies. The MELC method demonstrated excellent capability for the separ-
ation of the mixtures composed of structurally similar substances as well
as of very different polarity.[5] The complex retention mechanism occur-
ring when microemulsion is used as eluent enables the successful separ-
ation of a large number of degradants that may occur in prepared stress
samples. Existence of a second partitioning site due to microstructural
and interfacial characteristics of o=w microemulsion eluent will facilitate
HPLC separation.[6] In fact, all the analyzed substances will partition
between mobile and stationary phase, such as the charged oil droplet
and the aqueous buffer phase. Potentially formed degradants with hydro-
phobic properties will favor inclusion into the oil droplet rather than into
the buffer phase, and as the surface of the droplet is not so rigid they can
penetrate easily. Hydrophilic degradants that would probably form under
oxidative stress will reside predominantly in the aqueous phase and their
separation will be primarily governed by the stationary phase of the column
packing material. Presence of the cosurfactant n-butanol influences the
composition and thickness of interfacial film, affecting mobile phase hydro-
phobicity and changing the hydrophobic interaction between solute and
stationary phase. The hydrophobicity of the microemulsion eluent has a
large effect on the solubilization and partitioning of the investigated sub-
stance leading to changes in separation. The eluent in this study contains
a large number of small droplets and is crucial to having a favorable influ-
ence on separation selectivity.[6]

All our previously performed investigations[5,6,12] induced the investi-
gation of microemulsion eluent capability to separate the wide range of
degradation products emerging from the stress studies conducted on
simvastatin. In fact, it was confirmed that during simvastatin and its six
impurities analysis by MELC in conjunction with UV detection, substances
of different polarity and structural similarity would be eluted in 25 min.
The most polar compound, simvastatin acid, was eluted first and the most
lipophilic simvastatin dimer was eluted last. Moreover, in between these two
extremes all the substances with structure similarity with simvastatin will
elute. That means, the method could be successfully applied for the analy-
sis of all possible degradation products of simvastatin emerging under vari-
ous stress conditions. Also, MELC for simvastatin and its impurities analysis
was fully validated and applied for analysis of pharmaceuticals.[12] The
important data from method0s validation, necessary for current analysis,
are given in Table 1.

It was expected that simvastatin as lacton will be very susceptible to
hydrolysis (Fig. 1). So it was, and chromatographic analysis of a sample pre-
pared in 0.01 M NaOH confirmed immediate and complete degradation of
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D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
2
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



simvastatin to a corresponding acid at room temperature. Because of total
hydrolytic degradation under these initial conditions, further increase of
alkali strength and temperature would be totally useless and unnecessary.

FIGURE 1 Possible degradation path-ways of simvastatin.

TABLE 1 Part of Data from Method’s Validation Important for Stress Studies [12]

Validation
Parameters Simvastatin Simvastatin-Acid

Anhydro
Simvastatin

Linearity y¼ axþ b 130.083xþ 1.483 0.137xþ 0.0005 0.0722x� 0.0001
r 0.9990 0.9992 0.9985
Sb 0.525 0.005 0.003
tb 2.820 0.887 0.603

Intermediate
Precision

Concentration 0.12, 0.16 and
0.20 mg mL�1

1.2, 1.6 and 2.0mg
mL�1

0.9, 1.2 and 1.5mg
mL�1

CV (%) 1.6%� 1.9% 1.6%� 3.0% 2.2%� 2.6%
R (%) 100.0%� 102.5% 100.0%� 101.7% 100.0%� 101.7%

Reproductivity Concentration 0.12, 0.16 and
0.20 mg mL�1

1.2, 1.6 and 2.0mg
mL�1

0.9, 1.2 and 1.5mg
mL�1

CV (%) 2.6% 1.9%� 2.6% 1.7%� 2.6%
R (%) 96.3%� 96.7% 96.5%� 97.5% 93.3%� 96.7%

Limits LOQ (ng mL�1) 10 10 30
LOD (ng mL�1) 5 5 20
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Acid stress with 0.01 M HCl led to 50% degradation after 30 min at
room temperature and the main degradation product was simvastatin acid
(Fig. 2b). The other possible degradation product that might appear dur-
ing acid stress is anhydro simvastatin (Fig. 1). However, in the presence
of 0.01 M HCl it was not produced, which was confirmed using appropriate
standard substance.

Also, under this stress condition, mass balance was calculated. For
calculation of the decrease of simvastatin concentration and increase of
simvastatin acid concentration calibration curve parameters from Table 1
were used. It was confirmed that the only degradation product arising
during the acidic stress was simvastatin acid. The calculated mass balance
was 99.8% with the equal share of simvastatin and simvastatin acid.

An aqueous solution of simvastatin was heated at 70�C and after 40 min
30% of simvastatin was hydrolyzed to simvastatin acid (Fig. 2c). Confir-
mation of simvastatin acid’s arise was done using the appropriate standard.
Retention times of standard substance and substance which appear in the
chromatograms, match in the precision of 0.05 min.

Oxidative stress was performed with 3%, 15%, and 30% H2O2 also. After
30 min 20% of simvastatin was degraded and according to retention times, a
number of compounds more polar than simvastatin (Fig. 3) were eluted.

FIGURE 2 Chromatogram of simvastatin: (a) reference solution, (b) after acid stress and (c) after
thermal stress.
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Increasing the concentration of hydrogen peroxide had no influence on
the rate of oxidation.

Decrease of simvastatin was calculated employing the calibration curve
from Table 1. Content of the others compounds which appeared was calcu-
lated with a normalisation procedure. Finally, in the case of oxidative stress,
the calculated mass balance (% of remaining simvastatin þ % of formed
degradation products) was 98.5%.

In order to make definite conclusions about simvastatin degradation
behavior and profile, kinetic studies were done. The primary aim of
performing these studies for pharmaceutical compounds is to predict
the rate of degradation reaction and to understand the mechanism of

FIGURE 3 Chromatogram of simvastatin reference solution and after oxidative stress.
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the reaction.[19] Furthermore, understanding of these reactions provides
valuable information as to which degradation products or by-products are
likely to constitute significant impurities that need to be monitored. The
majority of degradation reactions of pharmaceutical compounds in sol-
ution occurs at a finite rate and is affected by solvent type, concentration
of reactants, temperature, pH of the medium, etc. The manner in which
the reaction rate proceeds is dependent on the concentration of reactants
and describes the order of the reaction.[19] The degradation of the majority
of drugs can be classified as zero, first or pseudo first order, even though
they may degrade by more complex mechanisms and the true expression
may be of higher order.

The rate of reaction can be determined by measuring either the rate of
decrease in the concentrations of the reactants or the rate of increase in the
concentrations of the products. As a description of the reaction progress
the rate law is used. There are two forms of a rate law for chemical kinetics:
the differential rate law and the integrated rate law.[20] Each integrated rate
law can be arranged as a linear equation:

½A� ¼ �kt þ ½A�0 ð1Þ

for zero order reaction, than:

ln½A� ¼ �kt þ ln½A�0 ð2Þ

for first order reaction, and

1

½A� ¼ kt þ 1

½A�0
ð3Þ

for second order reaction.
In the given equations [A] represents concentration of the substance of

interest at a particular timet, [A]0 represents the initial concentration, and
k is rate constant.

Arrangement of the integrated rate law in such manner can be used in
the determination of reaction order and rate constant. The order can be
determined by graphing each of the presented possibilities and determin-
ing which one is linear. In each of the three graphs, time is graphed on the
x-axis while to test for a: 1) zero-order reaction, concentration of reactant is
graphed on the y-axis; 2) first-order reaction, the natural log of reactant
concentration is graphed on the y-axis and 3) second-order reaction, the
reciprocal of reactant concentration is graphed on the y-axis. The appropri-
ate one is only linear graph checked by the correlation coefficient (r). Once
the correct linear graph is obtained and the reaction order is settled, the
rate constant is determined from the slope of that line.
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In this paper, kinetic studies for acidic and oxidative degradation were
conducted as described in Experimental. On the basis of the experimental
data the corresponding three kinetic plots were made and r was calculated
to determine which is most linear. For acid degradation, the best fit line was
obtained from the second-order rate equation indicating a second-order
reaction (r was 0.6406, 0.9056, and 0.9968 for zero, first and second order
rate, respectively). The value of the rate constant is the absolute value of
the slope of second order line which is 1.78 mM�1h�1. The half-life for
the second order acid degradation reaction (3.89 h) was calculated from
the equation:

t1=2 ¼ 1

k½A�0
ð4Þ

Conversely, oxidative degradation proved to be first order as the best fit
line was obtained by the first order rate equation (r was 0.8576, 0.9859, and
0.9447 for zero, first and second order rate, respectively). The value of the
rate constant is the absolute value of the slope of the first order line which
is 0.013 min�1. The half-life for the first order oxidative degradation reac-
tion (53.3 min) is independent of the starting concentration and it is given
by the equation:

t1=2 ¼ lnð2Þ
k

ð5Þ

The variation in concentration with time provides a highly detailed
description of how fast the reaction is occurring. Normally it is desirable
to have a simple, approximate measure of the reaction rate, and the half-
life provides such a measure. The faster the reaction, the shorter the
half-life so it can be seen that the oxidative decomposition of simvastatin
is faster than the acid degradation. Although the initial degradation in
the acidic media is faster (50% degradation after 30 min at room tempera-
ture), after that the reaction slows down and all in all oxidative degradation
proved to be faster. Nevertheless, conducted forced degradation studies
confirmed the extreme instability of simvastatin. For that reason it should
be preserved with the appropriate antioxidant in tight closed containers. As
lacton, simvastatin is susceptible to hydrolytical degradation to the corre-
sponding acid, so the contact with acids, base, or heat must be prevented.

CONCLUSION

The application of a MELC method in the forced degradation study of
simvastatin was described. Microemulsion unique properties as separation
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media enabled by the large number of nanometer sized spherical droplets,
as well as the enhanced solubilization capacity make them perfect for stress
studies. Microstructural and interfacial properties of microemulsion eluent
facilitate the separation of a potentially large number of structurally differ-
ent degradants originating from stress studies. The obtained results
confirmed the extreme instability of simvastatin while the kinetic study con-
ducted for acid and oxidative degradation indicate that these reactions are
second and first order reactions, respectively. Approximate measure of the
analyzed reaction was settled by the calculation of half-life for the acid
(3.89 h) and oxidative degradation (53.3 min) and it was stipulated that
the latter was a faster reaction.
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