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This study involved the optimization of experimental conditions for the forced degradation of
atorvastatin employing the experimental design (DoE) approach, as a scientific multifactorial strategy.
Using 2" full factorial design, stress conditions of oxidative, hydrolytic and thermal degradation were op-
timized to obtain a targeted level of atorvastatin degradation. Atorvastatin and all related and degradation
products were separated on Poroshell 120 EC C18 50 x 3.0 mm 2.7 pum, using 10 mM ammonium for-
mate and acetonitrile as mobile phases in the gradient mode. The impurity structures were confirmed by
the direct hyphenation of a liquid chromatograph to an ion trap mass spectrometer with a heated elec-
trospray ionization interface.

This study highlights the multifold benefits of implementing the DoE concept, which provides a
better understanding of the significant factors responsible for degradation and ensures a successful way to
achieve degradation, thereby replacing the trial and error approach used in conventional forced degrada-
tion studies.

Keywords: atorvastatin; related and degradation products; LC/MS; experimental design;
forced degradation

ONITUMU3ALINIJA HA EKCHEPUMEHTAJIHUTE YCJIOBH 3A ®OPCUPAHA JIET'PAJTALINJA
HA ATOPBACTATHUH KOPUCTEJKH EKCIHEPUMEHTAJIEH IU3AJH

Ogaa crynuja ondaka oNTUMH3AIMja Ha eKCIIEPUMEHTATHU YCIOBH 32 (OpCUpaHa Jierpajalmja Ha
aToOpBacTaTHH, KOPUCTEjKH excrepuMeHTaneH nu3ajH (DoE), kako HaydHa MynTH(aKTOpHA CTpaTerwja.
Kopuctejku 2" moaH ¢GakTOPCKH AuM3ajH, 0ea ONTHMHU3MPAHU CTPEC-YCIOBUTE Ha OKCHIATHBHA,
XUJPOJMTHYKA M TEPMUYKa Jerpajanyja 3a Ja ce IOCTHIHE CaKaHOTO HHMBO Ha Jerpajaiuja Ha
aropBactaThH. ONTUMAJIHO pa3/ieNlyBambe Ha aTOPBACTATUH OJI HErOBUTE HEYHUCTOTHUH Oellle MOCTUIHATO
CO I'paJIMeHTHO enyupame, kopucrejku 10 mM amMoHnyM (opMaT U alleTOHUTPIII Kako MoOMIHa (a3a Ha
Poroshell 120 EC C18 50 x 3,0 mm 2,7 um.

3a uwaeHTH(HKANMja W TMOTBPAa HA CTPYKTypaTa Ha HEYUCTOTHHTE Oelie KOPUCTEHA TEYHa
xpomarorpaduja mox Bucok mnputucok (HPLC) moBp3ana co maceHa crmektpomerpuja (MS) co
enexTpocnpej-jornsanuja (ESI).

OBaa cTynuja M MCTaKHyBa ITOBEKEKpPAaTHHUTE NMPHUIOOMBKU OJ CIPOBEAYBAHETO HA KOHIENTOT
DoE, koj o6e30enyBa monobpo pasdupame Ha 3HauyajHUTE (HAKTOPU OJIrOBOPHH 3a Aerpajanujara u
o0e30emyBa 3aJ0BONMTENIEH CTENMeH Ha jerpaganuja. OBOj TMpUCTam MOXE Ja TO0 3aMEeHH
KOHBEHIIMOHAJIHUOT TIPHUCTal Ha Tpoda M Tpenika KOj ce KOPUCTH BO CTyAMHTe Ha (opcupaHa
JeTpajanmja.
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1. INTRODUCTION

Forced degradation studies provide data to
support the identification of possible degradants,
degradation pathways and the intrinsic stability of
the drug molecule, as well as validation of the sta-
bility indicating analytical procedures [1]. Alt-
hough most of the literature defines the concept of
forced degradation, detailed information about a
forced degradation strategy is not provided [2].
The experimental conditions to conduct forced
degradation are described in a general way without
a description of the exact stress conditions to be
applied [3-8].

Generally, a trial and error approach are
adopted to select the strength, temperature and
time of exposure to achieve a loss of active sub-
stance from 5-20 % [3, 9-11]. Due to the consid-
erable cost, time consumption, scientific expertise
and high incidence of random results, the need for
a more systematic approach is recognized.

A contemporary approach in the field of
forced degradation is to evaluate the correlation of
degradation parameters by applying the experi-
mental design approach (DoE). In turn, this ap-
proach allows the combination of conditions where
optimal degradation is obtained to be studied.

The basic concept of factorial design is per-
forming an experiment in which all possible combi-
nations of factors and levels are investigated [12].
This design determines the effect of each factor on
the response as well as how the effect of each factor
varies with the change in level of other factors. The
advantages of factorial designs over one-factor-at-a-
time experiments are that they are more efficient
and allow interactions to be detected [12].

The literature review reveals the implemen-
tation of DoE for the optimization of forced degra-
dation conditions, but no report exists on the appli-
cation of the DoE concept for the forced degrada-
tion of atorvastatin as a model drug [13-16].

Atorvastatin is a synthetic competitive inhib-
itor of 3-hydroxy-3-methylglutaryl-coenzyme A,
that has been confirmed to be efficacious in reduc-
ing both cholesterol and triglyceride [17]. It is used
in the treatment of hypercholesterolemia and
dyslipidemia [17]. Chemically, atorvastatin is
(3R,5R)-7-[2-(4-fluorophenyl)-3-phenyl-4-(phenyl-
carbamoyl)-5-propan-2-yl-pyrrol-1-yl]-3,5-dihydro-
xyheptanoic acid [17]. The literature data have

shown that atorvastatin, like most of the statins, is
a very unstable molecule and the analytical pro-
cessing of this active ingredient is still a current
problem. Also, reviewed literature data include
only a few studies, where the instability of atorvas-
tatin in hydrolytic, oxidative or photolytic condi-
tion was mentioned as a part of the selectivity of
the stability-indicating methods [18-30]. To date,
to the best of our knowledge, none of the reported
analytical procedures describe a simple and satis-
factory sample preparation methodology where the
influence of the stressor straight, time of expose
and temperature are evaluated in detail.

Therefore, the goals of the present study are
to explore the degradation behavior of atorvastatin
under different stress conditions and to simplify
forced degradation studies by adopting a DoE ap-
proach. In order to resolve all of the possible deg-
radation products, a method compatible with mass
spectrometry was developed which will be used as
confirmation to the results obtained with the com-
pendia method.

2. EXPERIMENTAL

2.1. Chemicals and standards

Atorvastatin calcium trihydrate CRS (purity
95.2 %), Atorvastatin Impurity A, Atorvastatin Im-
purity B, Atorvastatin Impurity C, and Atorvastatin
Impurity D were provided by European Directorate
for the Quality of Medicines and Health Care Coun-
cil of Europe (EDQM-Strasbourg, France).
Atorvastatin Impurity H (Atorvastatin lactone) pro-
duced by LGC Im Biotechnologiepark-TGZ Il D-
14943 Luckenwalde, Germany, was used.

Atorvastatin active substance samples with
certificates of suitability to the monographs of the
European Pharmacopeia (CEP), received as free
samples from MSN Pharmachem Pvt. Ltd., India,
were used.

Analytical grade acetonitrile, ammonium
formate, formic acid, ammonium acetate, tetrahy-
drofuran, glacial acetic acid, sodium hydroxide,
hydrochloric acid and hydrogen peroxide were
purchased from Merck (Darmstadt, Germany).

Water was purified by a Werner water puri-
fication system, obtained in-house at Alkaloid AD
Skopje, Skopje, Macedonia.
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Regenerated cellulose membrane syringe fil-
ters with pore size 0.45um, were purchased from
Phenomenex (Torrance, CA. USA).

2.2. Experimental conditions

2.2.1. High performance liquid chromatography

Experiments were performed on Agilent
Technologies 1260 Series Quaternary Liquid Chro-
matographic System (Agilent Technologies, USA)
equipped with a Quaternary Pump (G13112B), a
column compartment (G1316A), thermostat
(G1330B), auto sampler (G1367E) and photo-
diode array detector (G4212B). Instrument control,
data acquisition and processing were performed by
using OpenLab Chemstation chromatography
software (version A.02.02/1.3.4).

The quantification of atorvastatin and its re-
lated degradation products was performed accord-
ing to the method presented in the European Phar-
macopeia monograph using Zorbax SB C8 (Ag-
ilent Technologies, USA) 250 x 4.6 mm, 5 pum par-
ticle size [28].

2.2.2. Liquid chromatography—-tandem mass
spectrometry (LC-MS)

The LC-MS/MS analyses were conducted
on Dionex UltiMate™ 3000 UHPLC-UV-DAD
(Thermo Fisher Scientific, Waltham, MA, USA),
interfaced with a linear ion-trap mass spectrometer
(LTQ XL) equipped with a heated electrospray
ionization source operating in the positive ioniza-
tion mode. Instrument control and results pro-
cessing was done using Dionex Chromeleon 7.2
(for HPLC-DAD analyses) and Thermo Xcalibur
v2.2 SP1 (for HPLC-DAD/MS analyses). Structur-
al confirmation and fragment elucidation was per-
formed using Mass Frontier v7.0.

The separation was performed on Poroshell
120 EC C18 (Agilent Technologies, USA), 50 x
3.0 mm, 2.7 um using buffer (10 mM ammonium
format, pH 4.0) and acetonitrile as a mobile phase
in a gradient mode as follows: T(min)/Acetonitrile
(%) 0/30; 3.5/30; 7/35; 20/65; 25/66; 40/30. The
column temperature was 40 °C. Flow rate was 0.5
ml/min. Injection volume was 5 pl. UV detection
was performed at 238 nm.

Mass parameters were optimized as follows:
ion source heater temperature was set at 280 °C
and capillary temperature at 200 °C; capillary volt-
age was 20 V with collision energy 35 eV.

Nitrogen was used as a nebulizing gas at a
pressure of 50 psi and the flow was adjusted to 10
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I/min. MS data were acquired in the negative ioni-
zation mode. The full scan covered the mass range
at m/z 100-1200. Collision—induced fragmentation
experiments were performed in the ion trap using
helium as a collision gas, with a voltage ramping
cycle from 0.3 up to 2 V. The maximum accumula-
tion time of ion trap and the number of MS repeti-
tions to obtain the MS average spectra were set at
500 ms and 3 ms, respectively.

As can been seen from above, two inde-
pendent HPLC methods with UV (compendia
method described in European Pharmacopeia) and
MS detection were used to monitor degradation
and to support the peak identification procedure.

2.3. Standard and sample preparation
2.3.1. Standard preparation

A mixture of atorvastatin at a concentration
of 0.05 mg/ml spiked with impurities (namely
Atorvastatin Impurity A, B, C and D in concentra-
tion of 0.05 mg/ml each) was used as a system
suitability solution. The standard solution of
atorvastatin in a final concentration of 0.001 mg/ml
was used for the quantitative determination of un-
known compounds, corresponding to a 0.1 % of
concentration of the main compound in the sample
solution. A mixture of acetonitrile and water at a
ratio of 50:50 (v/v) was used as a diluent.

2.3.2. Sample preparation

Atorvastatin was subjected to stress under
acidic, alkaline, oxidative, thermal and photolytic
conditions.

In the preliminary experiments, atorvastatin
was subjected to 0.1 N HCI for one hour and 0.5 N
NaOH for 48 h at ambient temperature (25 + 2 °C).
The oxidation stress was performed with a 3 %
H>O, solution for 48 h at ambient temperature (25
+ 2 °C). For thermal degradation, atorvastatin was
exposed at 60 °C for 10 days.

A photodegradation study was performed by
exposing the drug powder, spread as a thin film in
Petri plates and exposed to direct sunlight for one
and two days. Additionally, a control study in the
dark was run simultaneously.

2.3.2.1. Sample preparation according to full
factorial design for acid, alkali, oxidative
and thermal degradation

The forced degradation experiments set-up
on the basis of 2" full factorial design were per-
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formed and the obtained results were analyzed by
Design Expert Software (Stat-Ease Inc. Minneap-
olis, MN. USA). Acid, alkali and oxidative degrada-

Table 1

tion were performed using 22 factorial design (three
variables: stressor strength, temperature and time
considered at two levels) as presented in Table 1.

Experimental conditions and results from 22 full factorial design for acid, alkali and oxidative degradation

Experimental
conditions

Responses

Acid

a
Factor levels degradation

Alkali
degradation

Oxidative
degradation

EI\)I(E X1 X2 X3 Y1 Y2 Y3 Ya Y1 Y2 Y3 \Z y1 y2 Y3 Y4
1 - - - 2.84 2.79 2.27 0.04 0.15 0.70 0.04 0.09 342 534 0.60 0.77
2. + - - 1125 11.05 10.98 0.05 0.53 0.73 0.02 0.12 13.51 13.09 155 7.62
3. - + - 2.85 2.80 2.35 0.05 0.22 0.72 0.06 0.10 17.48 17.14 0.98 5.83
4. + + - 8.23 8.08 7.55 0.08 0.33 0.93 0.12 0.12 46.28 4535 0.25 13.85
5. - - + 1279 12.56 11.83 0.06 0.28 085 0.26 0.12 851 835 045 547
6. + - +  19.05 19.01 18.40 0.09 0.36 0.89 0.25 0.12 16.97 16.64 2.10 9.23
7. - + + 1584 15.56 13.97 0.05 0.24 0.64 0.10 0.14 22.65 2224 1.02 7.77
8. + + + 1948 19.14 18.48 0.05 0.23 0.69 0.13 0.10 43.32 42.27 0.82 23.78

a Aberrations

x1: Stressor strength 0.1 M and 1 M HCI / NaOH 3 % and 30 % H202

X2: Temperature 25 °C and 60 °C
x3: Time 15 and 60 minutes

y1: amount of Total Impurities (%) determinate by LC/MS method

y2: amount of Total Impurities (%) determinate by European Pharmacopeia method

ys: amount of Atorvastatin Impurity H (%) determinate by European Pharmacopeia method
ya: amount of Unknown Impurity (%) determinate by European Pharmacopeia method

The high level of each factor was considered as "+" and low level as "—".

A set of eight experiments was performed,
as stated in Table 1. For acid degradation, 2 ml of
atorvastatin stock solution (10.0 mg/ml) was treat-
ed with 2.0 ml x; hydrochloric acid (M HCI) heat-
ed at 25 °C and 60 °C for 15 and 60 minutes. At
the end of exposure, the samples were neutralized
with 2.0 ml sodium hydroxide (0.1 M or 1 M
NaOH, respectively) and diluted to a final concen-
tration of 1 mg/ml with diluent.

The study in alkaline conditions was per-
formed in a similar manner according to the exper-
imental plan presented in Table 1 using 0.1 and 1
M sodium hydroxide solution, neutralized with 2.0
ml hydrochloric acid solution (0.1M or 1M HCI,
respectively) and diluted to a final concentration of
1 mg/ml.

For oxidative degradation, three variables
were considered at two levels (the high level for
H,0O,, temperature and time of exposure were 30 %,
60 °C and 60 minutes, and the low level were 3 %,

25 °C and 15 minutes, respectively). The peroxide
reactions at a higher temperature (60 °C) were car-
ried out by taking adequate precautions.

The 22 factorial designs were conducted to
set up thermal degradation, where the high-level
values were 105 °C and 5 h and the low levels
were 80 °C and 3 h, respectively, as shown in Ta-
ble 2.

All stress studies were performed in amber
glassware, in order to protect the solutions from
light degradation, and filtered through a 0.2 pum
regenerated cellulose membrane filter.

Several control samples were prepared for
comparison with the stressed samples. Blank solu-
tions consisting of stress agents were treated and
analyzed in the same manner to mark the peaks
corresponding to stress agents and to distinguish
them from the potential degradation products. Ad-
ditionally, the drug solution stored under normal
conditions was analyzed.
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Table 2

Experimental conditions and results from 2 full factorial design for thermal degradation

Number of Factor levels® Responses

experiments X1 X Vi y2 V3 ya
1 - - 0.76 1.73 0.58 0.10
2 - + 0.74 1.79 0.61 0.09
3 + - 1.13 2.41 0.83 0.08
4 + + 1.24 2.56 0.92 0.09

b Aberrations
x1: Temperature 80 °C and 105 °C
x2: Time3and 5h

y1: amount of Total Impurities (%) determinate by LC/MS method

y2: amount of Total Impurities (%) determinate by European Pharmacopeia method

y3: amount of Atorvastatin Impurity H (%) determinate by European Pharmacopeia method
ya: amount of Unknown Impurity (%) determinate by European Pharmacopeia method

3. RESULTS AND DISCUSSION

3.1. Lability of the drug under different forced
degradation conditions

According to the results obtained from our
preliminary experiments, described in Section 2.3.2,
atorvastatin is susceptible to degradation under oxida-
tive and acid hydrolyses, and is slightly degraded
under UV light and alkali hydrolysis. Also, atorvas-
tatin was found to be stable to thermal degradation.
The obtained results are presented in Figure 1.

In the preliminary experiments, it was found
that Atorvastatin Impurity A remained unaffected

by all of the stress conditions applied, and only
slightly increased after light exposure. Atorvastatin
Impurity B and C were not detected at all. Atorvas-
tatin Impurity D is proven to be an oxidative deg-
radation product and arises at a higher level after
exposure to H>O,, but the maximal obtained deg-
radation was 0.11 %. Atorvastatin Impurity H was
found to be sensitive to all stress conditions ap-
plied, especially after acid hydrolysis. Therefore,
besides the percentage of total impurities, the
amount of Atorvastatin Impurity H formed was
chosen to be evaluated with the proposed experi-
mental design approach.

I'hermal degradatnon

Oxidative

degradation

Basce degradation

Photo degradation

Acid degradation

Fig. 1. Graphical presentation of the obtained results from preliminary degradation study
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3.2. Optimization of various forced degradation
conditions by the experimental design approach

Experimental design is a powerful analytical
tool to systematically investigate the influence of
each factor and to find the optimum parameter set-
tings in order to obtain the desired values of re-
sponses. The application of an experimental design
may contribute to a good relation of cost and bene-
fits and also allows the most optimal conditions to
be estimated in order to assure the quality of the
conducted experiments.

General steps involved in the experimental
design strategy were the selection of variables, re-
sponse, adequate design and defining an experi-
mental plan. Screening of the important and most
affecting variables was performed by using one-
way ANOVA and Pareto chart; the selection of the
optimum region was made by evaluating the 3D
response surface plots.

The preliminary experiments and detailed
literature survey presented in Table 3 provided
valuable information about the experimental region
and the definition of factor intervals. Stressor
strength, time of exposure and temperature were
identified as factors which should be analyzed.

The selection of the type and concentration
of hydrogen peroxide, acid or base was made by
taking into consideration the results from our pre-

Table 3

vious preliminary experiments and the detailed
literature review shown in Table 3 [1, 3, 5].

Hydrochloric acid and sodium hydroxide at
concentrations of 0.1 M and 1 M were evaluated as
suitable reagents for hydrolysis. The concentra-
tions of hydrogen peroxide of 3 % and 30 % were
used for oxidative forced degradation.

The effect of temperature on acid, alkali and
oxidative degradation of atorvastatin was studied at
two levels: 25 °C and 60°C, respectively. Hydro-
Iytic degradation is usually performed at room
temperature, and if no degradation is observed at
room temperature, then the temperature can be in-
creased. When implementing the experimental de-
sign, the simultaneous evaluation of the effect of
temperature was performed in just a few experi-
ments.

The time of exposure was chosen based on
the minimum length in order to gain information
about degradation over a short time; therefore, the
low and high levels were set to 15 minutes and 60
minutes, respectively.

Thermal degradation studies were performed
at 80 °C following the general recommendation
stated in the ICH guidelines [9]. Therefore, 80 °C
was considered the low level and 105 °C was con-
sidered the high level. The time of exposure was
chosen to be 3 and 5 hours.

Summary of literature information about conditions for conducting forced degradation studies
of atorvastatin

Acid Alkali Oxidative Thermal
degradation degradation degradation degradation
Strength Strength Strength Reference
1 0 i 0 i [o] H [o]
HCL Time T°C NaOH Time T°C H.0» Time T°C Time T°C
0.1M 1lh 40°C 01M 1h 40 °C 3% 1lh 40°C 2h 80°C [18]
0.1M 6h 22°C { 0.1M 6h 22°C 3% 6h 22°C 3h 80°C [19]
0.1M 24h / 0.1M 24h / 3% 24h / 24h 50°C [20]
/ / / / / / 309%™ 5h 55°C / / [22]
1M 24 h / 1M 24 h / 3% 24 h / 24 h 60 °C [21]
1M 4h / 1M 4h / 3% 4h / 4h BWB” [23]
oM B swe | oam P Bwr | 3% 4 Bwe" | 45min BWB" | [24]
min min min
M 1lh / 1M 1h / 30% 1h / 2h 80°C [25]
M 0 Bwe | 1M 0 swe | 3% 30 Bwe" | 45min BWB" | [27]
min min min
0.1M 80°C | 1M 80°C | 30% RT diis 50°C | [29]
0AM  24h  25°C | 1M 42h 25°C | 1%  24h  25°C digs 105°C | [30]

Aberrations BWB " Boiling water bath
30 % H202+12MNaOH
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The regulatory guidance does not specify the
initial concentration of a compound for forced deg-
radation studies [9]. The initial concentration rec-
ommended in several studies ranged from 0.1-1
mg/ml [1, 3]. Also, the concentration stated in the
official monograph in the European Pharmacopeia
is 1 mg/ml [28]. In order to get even minor decom-
position products in the range of detection and to
overcome the need for additional validation of the
method, an initial concentration of 1 mg/ml was
chosen for this study.

In this study, the amount of Total Impurities
(%), Atorvastatin Impurity H and Unknown Impu-
rity were chosen as dependent variables.

All samples were simultaneously evaluated
with two independent methods. A mass spectrome-
try compatible HPLC method, as described in Sec-
tion 2.2.2, was used to detect impurities and as a
confirmation of the results obtained with the com-
pendia method. A parallel comparison in the
amounts determined by a compendia HPLC meth-
od and proposed LC/MS method was made. The
obtained results are presented in Table 1 and Table
2, respectively. As can be seen, the amounts de-
termined by the two methods were in agreement
with a margin of analytical error. Therefore, the
interpretation of the results discussed below is val-
id for both methods.

3.2.1. The model equations and statistical
evaluation

The results obtained for each type of forced
degradation (analyzed with compendia method)
like the percentage of Total Impurities were con-
sidered as the dependent variable (y1) and were

Table 4

subjected to multiple regression analysis. The fol-
lowing type of equation was obtained:

y =bo + biA+ byB + bsC + bipAB + bisAC +
b23sBC +b123ABC

where by is the intercept bi, b2 and bs, b1z, b2s, b1
and biz3 as regression coefficients for the variables
and interaction between the variables. The ob-
tained results for the regression coefficients are
presented in Table 4.

The adequacy of the proposed design was
statistically assessed by several statistical criteria,
such as coefficient of determination (R?), Adjusted
R?, Predicted R?and Adequate Precision. As can be
seen in Table 4, the calculated values of the R-
Squared value are in the range from 0.91-0.99,
which indicates that about 91-99% of the data var-
iability was successfully explained by the model in
all cases. In this study, the obtained values of Ad-
justed R? were well within the agreeable bounds of
R2, which revealed that the experimental data are a
good fit with the calculated equations. In addition,
the predicted R? in all conditions is in reasonable
agreement with the adjusted R? (within 0.2), which
also implies the good predictability of models, ex-
cept in alkali degradation. For alkali degradation,
the predicted R? of —0.347 is not as close to the
adjusted R? of 0.7142 as one might normally ex-
pect. According to the literature data, atorvastatin
is slightly degraded under alkali hydrolysis and the
obtained results correlated to previously known
degradation behavior [30]. Evaluation of the re-
sults shows an adequate value for "Adeq. Preci-
sion", a parameter which measures the signal to
noise ratio (5.908); this model can be used to navi-
gate the design space.

The regression coefficients obtained for % Total Impurities, % Atorvastatin Impurity H,
% Unknown Impurity

% Total Impurities Regression coefficients

RZ  R?Predicted R? Adjusted

Acid degradation bo=11.37; b1=2.95; b2=0.021; bs=5.19; b12=-0.73; b23=0.76  0.9946 0.9166 0.9816

Alkali degradation bo=10.77; b1=0.041; b2=-0.024; bz =-0.00124; b1> = 0.024; 0.9183 -0.3471 0.7142
b23=-0.079

Oxidative degradation  bo =21.33; b1 =8.06; b2=10.48; b3 =1.09; b12=4.05 0.9881 0.9155 0.9723

Thermal degradation bo =2.13; b2=0.37 0.9708 0.9562 0.8832
% Atorvastatin Impurity H

Oxidative degradation  bo=0.97; b1=0.21; bo=-0.21; bs= 0.12; b1 =-0.44; b13=0.15 0.9965 0.9877 0.9432
% Unknown Impurity

Oxidative degradation  bo=2.85; b1=0.75; b2=0.60; bs=0.41; b123=0.25 0.9362 0.8884 0.7449

(Square root of % degradation impurity)

Aberration A: Stressor strength HCI / NaOH or H202; B: Temperature; C: Time of exposure

Maced. J. Chem. Chem. Eng. 37 (2), 111-125 (2018)
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The significance test for the model fit was
evaluated by ANOVA in order to determine the
significant and most contributing factors which
were ranked on the basis of the degree of F-ratio.
Higher F-values correspond to smaller "Prob>F"
values. Table 5 shows the reading of the ANOVA
analysis where the F-value and P-value of the
model were 76.33 and 0.0130, respectively, for
acid degradation, demonstrating that the estimated
model fits the experimental data satisfactorily. Ad-
ditionally, results for ANOVA for all degradation
conditions are presented in the same manner in
Table 5. They indicate that the chosen model for
all of the investigated conditions fit the experi-
mental data satisfactorily.

Next, the qualitative contribution of each
factor and respective responses were analyzed for
all various conditions of degradation. Each re-
sponse coefficient was studied for its statistical
significance by Pareto charts, as shown in Figure 2.

Table 5

Pareto charts establish the t value of the effect by
two limit lines, namely the Bonferroni limit line
and the t limit line. Coefficients with a t value of
effect above the Bonferroni line are designated as
certainly significant. Coefficients with a t value of
effect between the Bonferroni line and the t limit
line are termed as coefficients likely to be signifi-
cant, while a t value of effect below the t limit line
is statistically insignificant.

Pareto chart analyses indicated that the
strength of hydrochloric acid and time of exposure
were the most significant factors under acidic con-
ditions (Fig. 2A).

For alkali hydrolysis, all of the investigated
factors have t values of effect below the t limit line
and are statistically insignificant within the range
evaluated, at the 95 % confidence interval (Fig.
2B), proving the stability of the drug in the investi-
gated conditions.

ANOVA for 2" full factorial design for different type of degradation evaluating the % of Total Impurities

Sum of df Mean F-value P-value

squares square Prob > F
Acid degradation
Model 294.16 5 58.83 76.33 0.0130 significant
A-Strength HCI 69.44 1 69.44 90.10 0.0109
B-Temperature 3.613E-003 1 3.613E-003 4.68E-003 0.9516
C-Time 215.80 1 215.80 279.98 0.0036
AB-Strength HCI*Temperature 4.28 1 4.28 5.55 0.1426
BC-Temperature*Time 4.64 1 4.64 6.01 0.1337
Residual 1.54 2 0.77
Cor Total 295.70 7
Alkali degradation
Model 0.072 5 0.014 4.50 0.1918 Not significant
A-Strength NaOH 0.014 1 0.01 4.24 0.1758
B-Temperature 4.513E-003 1 0.0045125 1.40 0.3577
C-Time 1.250E-005 1 1.25E-05 0.00 0.9559
AB-Strength NaOH*Temperature ~ 4.513E-003 1 0.0045125 1.40 0.3577
AC-Strength NaOH*Time 0.05 1 0.05 15.44 0.0591
Residual 6.425E-003 2 3.213E-003
Cor Total 0.079 7
Thermal degradation
Model 0.54 1 0.54 66.49 0.0147 significant
A-Temperature 0.54 1 0.54 66.49 0.0147
Residual 0.02 2 8.125E-003
Cor Total 0.56 3
Oxidative degradation
Model 1539.24 4 384.81 62.40 0.0032 significant
A-Strength H202 520.19 1 520.19 84.36 0.0027
B-Temperature 878.01 1 878.01 142.38 0.0013
C-Time 9.57 1 9.57 1.55 0.3013
AB-Strength H202*Temperature 131.46 1 131.46 21.32 0.0191
Residual 18.50 3 6.17

Aberrations:

df: degree of freedom. Cor. Total: corrected total sum of squares. Values of Prob > F less than 0.05 indicates models are statisti-

cally significant
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As could be expected in thermal degrada-
tion, temperature has the biggest impact (Fig. 2C).
This kind of effect was expected because it is
known that kinetic constants have exponential de-
pendency with reaction temperature (Arrhenius
law) and this has also been reported by other au-
thors [22]. Therefore, in this case, further investi-
gations were not performed. The obtained results
imply confirmation of the well-known behavior of
atorvastatin at elevated temperatures.
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For oxidative degradation, the strength of
hydrogen peroxide and the time of exposure were
the most significant factors for all of the evaluated
responses (Figure 2D).

Taking into consideration information pro-
vided by Pareto charts, the next only statistically
significant conditions where the degradation of
atorvastatin (< 10 %) was observed (acid and oxi-
dative degradation) were evaluated.

Pareto Chart

1177 Bonferoni Limit 11.7687
8.83 4
T
e
w
S 5.88-|
[}
3
g BC
E WValue Uit 43026
2.94 A
B AB
0O0nrnR-
0.00
I I I I I I I
1 2 3 4 5 6 7
Rank
B) Alkali degradation
Pareto Chart
=]
1119+ =
A
8.39 Il
g
L
w
S 559
g THH AB Bonferon Limit 506751
©
=
280 T | tValue Limit 277645
oo U B B

Rank

D) Oxidative degradation

Fig. 2. Pareto chart representing the relationship between each factor and their interactions for various conditions
of degradation, where the red line is a Bonferroni limitation line.
A: Stressor strength HCI / NaOH or H202 respectably. B: Temperature; C: Time of exposure
Fig. 2A: Acid degradation; Fig. 2B: alkali degradation;
Fig. 2C: Thermal degradation Fig. 2D: oxidative degradation
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3.2.2. Evaluation of important factors
for acid degradation

In this work, it was found that the degrada-
tion rate of atorvastatin (and the formation of
Atorvastatin Impurity H) is strongly dependent on
the amount of hydrochloride acid added. As can be
seen from the values of the coefficients (b; and bs)
for acid hydrolysis, the strength of hydrochloric
acid and time of exposure have a positive effect,
meaning that the increase in the concentration of
hydrochloric acid or prolonged exposure to it, is
followed by an increase in degradation.

Values of the coefficients for acid degrada-
tion for amounts of total impurity showed that the
interaction between time of exposure and tempera-
ture has a significant effect on the degradation pro-
cess, although, individually, these variables were
not significant, within the range evaluated, at the
95% confidence interval. This highlights the ad-
vantage of the proposed methodology, because this
synergistic interaction might be overseen by a tra-
ditional approach for conducting degradation stud-
ies.

The analysis of the percent of formed
Atorvastatin Impurity H during acid degradation
follows the same pattern as the Total Impurities
discussed above.

In acid degradation, as presented in Table 1,
the formation of the major unknown impurity with
relative retention time (RRT) 0.74 was not signifi-
cantly affected and therefore it was not evaluated
in this case.

3.2.3. Evaluation of important factors
for oxidative degradation

Atorvastatin in this study was found to be
most affected by oxidative degradation. The ob-
tained results clearly show that in oxidative hy-
drolysis, the strength of hydrogen peroxide has a
positive effect, which means that an increase in the
concentration of hydrogen peroxide increases deg-
radation. Also, it has been shown that an increase
in the concentration of hydrogen peroxide at opti-
mum temperature increases the rate of degradation
continuously. Combination of temperature and
strength of hydrogen peroxide has a positive effect,
hence a higher strength (30 % H»O;) and tempera-
ture of 60 °C will give more than 30 % degradation
in one hour. This is probably due to the fact that
H»O, decomposes into oxygen and water at high
temperatures, affecting the pyrrole ring, which
consequently results in more extensive degrada-

tion. In addition, when the temperature increases,
the percentage of degradation also increases (Fig.
2D).

The most susceptible impurities to oxidative
degradation were Atorvastatin Impurity H and Im-
purity with an RRT 0.74. Therefore, besides the
percentage of total impurities, the influence of the
main factors responsible for their formation was
investigated using the proposed full factorial de-
sign.

The analysis of variance (ANOVA) of re-
gression parameters for both models shows that
they are significant. as presented in Table 6 (F-
value of 113.53 and 19.57 and a low probability
value Prob > F = 0.0088 and 0.0075, respectably).
The correlation coefficient has high values in both
models, indicating that only a small percentage of
the total variation could not be explained by the
empirical model (Table 4).

Furthermore, the representative Pareto charts
were plotted as presented in Figures 3a and 3b, for
Atorvastatin Impurity H and Impurity, with an
RRT 0.74, respectively. From the presented Pareto
charts, it was concluded that the most effective
parameters in the oxidative degradation for for-
mation of Atorvastatin Impurity H were the con-
centration of hydrogen peroxide and temperature.

The interaction between the concentration of
hydrogen peroxide and temperature was the most
influencing interaction. However, the interaction
between concentration of hydrogen peroxide and
time of exposure was the least influencing parame-
ter. The interaction between concentration of hy-
drogen peroxide and temperature, as well as their
additive effect was shown to have a negative effect
on the formation of Impurity H. This means that
the degradation falls when the factors passed from
the low levels to the high levels.

For correct evaluation of the influence of
main factors responsible for formation of the Im-
purity with RRT 0.74, the obtained values need to
be transformed. Therefore, the actual values used
in the model were transformed to their squared root
values. This transformed value predicted a positive
influence of each variable selected for the present
study, but the formation of this impurity is mainly
affected by the straight of hydrogen peroxide.

These results accentuate another advantages
of the proposed design, because performing the
experiments in such a manner generates an explan-
atory model that may be used to predict the behav-
ior of the unknown impurity in a single experi-
ment.
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where red line is Bonferroni limitation line. A: Stressor strength H202; B: Temperature; C: Time of exposure.
Fig. 3a: Atorvastatin Impunity H; Fig. 3b: Impunity RRT 0.74.

Table 6

ANOVA for 2" full factorial design for different type of degradation evaluating
the % Atorvastatin Impurity H and % of Unknown Impurity RRT 0.74

Sum of df Mean E-value P-value
squares square Prob > F
Atorvastatin Impurity H
Model 2.56 5 0.51 113.53 0.0088 significant
A —Strength Hz0: 0.34 1 o34 7542 0.0130
B — Temperature 0.34 1 0.34 75.42 0.0130
C-Time 0.12 1 0.12 27.15 0.0349
AB — Strength H202*Temperature  1.58 1 1.58 349.10 0.0029
AC — Strength H202*Time 0.18 1 0.18 40.56 0.0238
Residual 9.025E-003 2 4.531E-003
Cor Total 2.57 7
Impurity RRT 0.74
Model 8.67 3 2.89 19.57 0.0075 significant
A — StrengthH20: 4.46 1 4.46 30.24 0.0053
B — Temperature 2.87 1 2.87 19.43 0.0116
C-Time 1.34 1 1.34 9.06 0.0396
Residual 0.59 4 0.15
Cor Total 9.26 7

Aberrations:

df: degree of freedom. Cor Total: corrected total sum of squares. Values of Prob > F: less than 0.05 indicates models

are statistically significant

Next, in the evaluation phase, response sur-
face plots were generated for the most significant
factors for each of the various degradation condi-
tions, providing information about the degradation
in regions. Each response surface plot represents a
number of combinations of two test variables with
all other variables at low levels.

The response surface plot for acid degrada-
tion was generated by keeping the time of exposure
at the maximum value (Fig. 4 a). As discussed be-
fore, an increase in the concentration of HCI and

Maced. J. Chem. Chem. Eng. 37 (2), 111-125 (2018)

longer exposure is followed by an increase of the
amount of total impurities.
In alkali degradation response, the surface
gradually increased with an increase in concentra-
tion from 0.1 M to 1 M NaOH. However, as dis-
cussed above, this model could not be used for
prediction.

The response surface plot for oxidative deg-
radation was generated by keeping the temperature
at a minimum value (Fig. 4d). Additionally, when
evaluating the obtained results, it can be seen that
atorvastatin is very sensitive in oxidative condi-
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tions; in some of the experiments, the degradation
of nearly 50 % was observed. Performing the ex-
periments using DoE allows an overview of the
degradation behavior in a wider region, so the risk
of obtaining irrelevant results from secondary deg-
radation is minimized, thus pointing out the addi-
tional advantage of the proposed design. A re-
sponse surface plot offers a good, information-rich
presentation of the experimental results. Raw ex-
perimental data would be meaningless without
models able to provide meaning from observable
fact.

The response surface plot obtained from
thermal degradation study demonstrated that an
increase in temperature from 80 °C to 105 °C fa-
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vored the degradation significantly. This plot
demonstrated that the combination of temperature
and time of exposure has a positive effect meaning
that longer exposure at a temperature of 105 °C
will result in higher degradation, but the maximum
obtained degradation was about 3 %. For thermal
degradation, it has been observed that 3 % degra-
dation would be achieved by heating the solution at
105 °C for 5 h. When these conditions were adopt-
ed in practice, the resulting degradation was 2.68
%.

Photolytic studies were performed in a clas-
sical manner and a degradation of about 1.76 %
has been obtained after exposure to UV light for 2
days.
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Fig. 4. 3D response surface plots showing the desired degradation under various conditions.
Color change from blue to red represents increasing desirability (min == max)
Fig. 4a: Acid degradation; Fig. 4b: Alkali degradation; Fig. 4c: Thermal degradation; Fig. 4d: Oxidative degradation.
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3.2.4. Selection of optimal conditions

In this study optimal conditions for acid deg-
radation were chosen using a desirability function,
where the % of Impurity H was targeted to mini-
mal value and targeted degradation was set in the
range from 5-20 % following the general literature
recommendations [5, 12, 13]. No specific limita-
tions were imposed to the % of Impurity RRT of
0.75, as its value falls within the specification lim-
its (<0.1%) in all 8 experiments. Optimal condi-
tions for oxidative degradation were chosen using
a desirability function, where % of Impurity H was
targeted to a minimal value and targeted degrada-
tion was set in the range from 5-20 % following
the general literature recommendations [3, 5]. In
this case, limitations for % of Impurity RRT 0.75
were set to 0.1 %.

From the desirability plot presented in Fig-
ure 5, it can be concluded that the set of coordi-
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nates producing high desirability value (D HCL =
0.954 and D H;0, = 0.923) were 0.1 M HCI, 25 °C
and 25 minutes (Fig. 5A) and 3 % H20,, 25 °C and
15 minutes (Fig. 5B), respectively.

These conditions were selected as experi-
mental conditions in the verification study. The
predicted response values corresponding to the
above optimum conditions are given in Table 7.
Comparison between the obtained and predicted
results was made and no noticeable difference was
clearly observed (Table 7). The results of the ex-
periments confirmed that the chosen model was
adequate for reflecting the expected optimization.
Good predictability of the desirability plot provides
valuable information about proposed methodology,
saving considerable amounts of chemicals and ex-
perimental time.

Representative overlaid chromatograms for
all degradation conditions obtained with the con-
firmatory experiments are presented in Figure 6.

Desirability
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B0 *F \ \ 1
3.00 9.75 16.50 23.25 30.00

A: Stressor strength H202
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Fig. 5. Optimization of the selected responses by means of the desirability function. The red area corresponds
to the optimum conditions while time maintained constant A) acid degradation; B) oxidative degradation

Table 7

Comparison of experimental and predictive values of different responses under optimal conditions

Parameters Predicted (%) Obtained (%) Predicted error

Total imp. RRt 0.75 Total imp. RRt 0.75 Total imp. RRt 0.75
Acid degradation 5.00 0.05 5.03 0.056 0.60 -10.71
Oxidative degradation 5.75 0.77 5.34 0.73 -7.13 5.48

Predicted error = (Obtained values — Predicted)/Predicted*100) BDL- Below disregard limit (0.05%)
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Fig. 6. Overlaid chromatographs from all degradation conditions where 1 — Atorvastatin Impurity F; 3 — RRT 0.74;
4 — Atorvastatin Impurity A; 5 — Atorvastatin; 7 — Atorvastatin Impurity C; 9 — Atorvastatin Impurity G;
10 — Atorvastatin Impurity H; 13 — Atorvastatin Impurity D1; 14 — Atorvastatin Impurity D2; 2,6,8,11,12 — unknown impurities

To carry out deeper analysis of the behavior
of atorvastatin, mass spectra and fragmentation
patterns of all impurities were recorded, analyzed
with Mass Frontier 7.0 fragmentation software and
confirmed by data published in the literature.

Along with the known impurities, this ap-
proach enabled the identification of additional im-
purities revealed by the optimized stress condi-
tions, which might be overseen by a traditional
approach for conducting the degradation studies.
However, all of the additional impurities were un-
der the disregard limit (0.05 %) and did not affect
the result. This could be the subject of other studies
discussed elsewhere. The obtained results also in-
dicate that the two used methods (proposed LC/MS
and compendia) yield very similar results for eval-
uation of the degradation process, and confirm the
suitability of the proposed methodology.

The use of an experimental design to identi-
fy the theoretical values of variables for optimum
degradation was successful, because, when the
proposed parameters were put in practice, the ob-
tained results matched the predicted degradation.

In fact, the most significant advantage of the
present methodology is the simplicity of the sam-
ple preparation, since measurements are made di-
rectly on the liquid samples and optimum degrada-
tion was achieved in minimal experimental trials.

The implementation of experimental design
in the optimization of experimental conditions in a
forced degradation study gives better data quality
with less laboratory work, and leads to a decrease
in a cost of analysis.

4. CONCLUSION

The proposed methodology represents an ef-
ficient and easily accomplishable approach for
searching for optimum degradation conditions.

This study showed that a full factorial exper-
imental design is an excellent tool and could be
successfully used to develop empirical equation for
the prediction and understanding the degradation
process. The obtained results showed sufficiently
good correlation between the experimental data
and predictive value throughout the studied param-
eters. This suggests that proposed full factorial de-
sign approach can replace the trial and error ap-
proach used to achieve optimum degradation in
forced degradation studies.
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