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ABSTRACT

This paper is aimed at developing a gradient elution reversed-phase high-performance liquid chroma-
tography (RP-HPLC) method for the separation of a complex mixture composed of ivabradine and its
eleven impurities, in a reasonable timeframe. In order to obtain a robust and reliable HPLC method for
separation of this mixture, Analytical Quality by Design (AQbD) was applied. This approach demon-
strated to be useful in development of a long lasting life cycle methods. Four chromatographic variables
were defined as key method parameters (KMPs) and optimized towards the analytical target profile
(ATP). Designated KMPs were initial and final amount of acetonitrile in the mobile phase, pH value of the
aqueous phase and gradient time, while resolutions of critical peak pairs were denoted as critical method
attributes (CMAs). Relationships between KMPs and CMAs were obtained with the aid of Design of
Experiments (DoEs) methodology among which Box-Behnken design (BBD) was employed to gain valid
mathematical models. Obtained mathematical equations were used to construct the Design Space (DS)
and select reliable optimal separation conditions. They included 11% (v/v) and 34% (v/v) of initial and
final amount of acetonitrile, respectively, as well as 45 min of gradient elution time and 20 mM
ammonium acetate as aqueous mobile phase with pH set to 7.35. The possibility to separate the
diastereoisomers of impurity X was also evaluated. It was demonstrated that this separation could not be
achieved in gradient elution mode within the defined variable domains and in a reasonable time span. The
developed method was validated according to ICH Q2 (R1) guideline and met all the required criteria.
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INTRODUCTION

Ivabradine acts as sinus node ‘If currents’ blocker, the ‘pacemaker’ that controls the heart’s
contractions thus regulating the heart rate. Blocking these currents causes lowering of the
heart rate, therefore ivabradine is used in treatment of chronic stable angina pectoris and
myocardial ischemia with an optimal tolerability profile [1, 2]. Molecule has one asymmetric
carbon atom of (S) configuration with no bioconversion demonstrated in vivo. Being a
relatively novel heart rate lowering agent, there are only a few High-Performance Liquid
Chromatography (HPLC) and Ultra High-Performance Liquid Chromatography (UHPLC)
methods employing both fluorescence detection and mass spectrometry (MS) for determi-
nation of ivabradine and its metabolites in biological matrices (urine and plasma) [3-7].
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Fig. 1. Chemical structures of ivabradine and its eleven impurities

Literature survey revealed stability indicating methods for
determination of ivabradine in tablets’ formulation. These
methods included HPLC with isocratic elution, HPTLC
and spectrophotometric methods [8-10]. Hydrolytic degra-
dation of ivabradine in HCI and H,SO, with simultaneous
determination of ivabradine and its five potential degrada-
tion products was investigated by gradient elution liquid
chromatography coupled with high resolution MS (LC-HR-
MS/MS) [11]. In addition to characterization of the obtained
degradation products under different stress conditions
(acid and alkaline hydrolysis, oxidation, photolysis), there
was a study addressing ivabradine in silico toxicology pre-
diction [12]. One of the potential synthesis pathways of
ivabradine involves utilization of ketone based solvents,
which may be the source of methyl vinyl ketone, a potential
genotoxic impurity. For that reason, reversed-phase high-
performance liquid chromatography (RP-HPLC) has been
developed for trace level quantification of methyl vinyl ke-
tone [13]. However, according to the available literature,
there are still no papers dealing with comprehensive purity
assessment of ivabradine as active pharmaceutical ingredient
(API), especially in solid dosage form. In our previous
publication, RP-HPLC method with isocratic elution for
efficient separation of ivabradine and its eleven impurities
(Fig. 1) was presented for the first time [14]. Impurities I-IX
originated from both synthesis pathway and degradation
occurring in the dosage form. Conversly, impurities X and
XI are only potential degradation products of ivabradine.
Compound IV is both an impurity and metabolite with 40%
activity of the parent drug, while V and VI are impurities
and inactive metabolites. The proposed mixture shows
high level of complexity since it contains compounds of
similar polarity, three positional isomers (impurities III, V,
and VI), keto-enol tautomers of impurity VII, denoted
as VII_1 and VII_2, and diastereoisomers of impurity X,
labeled as X 1 and X 2. In the previous paper, it was

demonstrated that diastereoisomers could be separated
with acetonitrile as organic modifier in the mobile phase,
while the addition of methanol precluded the separation.
Considering the presented findings together with long
chromatographic run time as the main drawback of the
previously developed method, two aims arouse. The first one
was to develop a gradient elution chromatographic method
for the simultaneous determination of ivabradine and its
eleven impurities with improvement reflected in acceptable
run time. Another aim was to investigate whether separation
of diastereoisomers is possible in gradient elution mode
when acetonitrile is used as organic modifier, knowing
the different retention mechanisms in gradient elution
compared to isocratic.

In order to fulfill the above mentioned goals, Analytical
Quality by Design (AQbD) approach was applied, which
enabled reliable and comprehensive conclusions regarding
the given chromatographic system. AQbD is considered as
systematic approach, taking advantage over design of ex-
periments (DoEs) and statistical screening for method
parameter operational space towards method robustness
considerations. AQbD takes into consideration both scien-
tific facts and quality control requirements, so its application
to method development is also well received by pharma-
ceutical industry [15, 16].

Quality by Design (QbD) has been utilized for more than
a decade and labeled as AQbD when applied in the area of
analytical method development [15, 16]. Analytical target
profile (ATP) must be defined prior to the optimization
process. ATP includes all goals that one method must fulfill
and are usually associated with robustness, selectivity and
validation criteria of the analytical method. All steps of the
method (sample preparation, sample analysis, data analysis)
that significantly influence the change of ATP are defined as
critical method parameters (CMPs). Within each CMP, a set
of method parameters that influence the ATP can be defined
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and they are designated as key method parameters (KMPs).
In order to properly link the KMPs with ATP, critical
method attributes (CMAs) must be selected. For investiga-
tion of the relationship between KMPs and CMAs, DoE
methodology is generally used. DoE is useful in different
stages of method development. Namely, in the screening
phase DoE can reduce the number of KMPs while in the
optimization phase it can help in defining valid mathemat-
ical models and uncertainties related to each key method
parameter (KMP). Furthermore, DoE 1is crucial to
adequately define KMP through the plan of experiments and
iterative risk assessment. In this way, it enables profound
understanding of each KMP’s impact on the CMAs and
consequently ATP itself [15-19]. When taking into account
uncertainty of KMPs, Design Space (DS) can be easily
constructed. The DS is defined as “the multidimensional
combination and interaction of input variables (e.g., material
attributes) and process parameters that have been demon-
strated to provide assurance of quality” [19]. In other words,
DS represents the domain of KMPs where CMAs meet
predefined acceptable values. In this way, not only for one
set of experimental conditions but the whole experimental
region enables suitable chromatographic analysis. The
chromatographic conditions in the middle of DS warrant the
robust, non-prone to unexpected deviations and a long life
cycle of the proposed analytical method. The life cycle of the
method is very important regarding the fact that one should
last from drug development phase to stability studies and
long term stability studies phase [16, 17, 20-23].

MATERIALS AND METHODS

Chemicals and reagents

All reagents used in the experimental work were of analytical
grade. HPLC grade acetonitrile was purchased from Merck
(Darmstadt, Germany). Water of HPLC purity was obtained
by filtering through Simplicity 185 system (Millipore, Bill-
erica, MA, USA), ammonium acetate and ammonia solution
25% (v/v) (Merck, Darmstadt, Germany) were used to pre-
pare the aqueous part of the mobile phase. Reference stan-
dard substances of ivabradine hydrochloride and its eleven
impurities were kindly donated by Les Laboratories Servier
(Paris, France).

Chromatographic conditions

Dionex Ultimate 3000 (Thermo Fisher Scientific, USA)
consisting of binary Ultimate 3000 HPG 3200 pump, Ulti-
mate 3000 WPS autosampler, Ultimate 3000 TCC column
thermostat, and Ultimate 3000 DAD (Chromeleon CDS,
version 7.2, used for data collection and analysis) was uti-
lized as the chromatographic system.

Separations were performed on Atlantis C18 column, 4.6
mm X 150 mm, 3 pm particle size (Waters, Milford, Mas-
sachusetts, USA) with temperature set to 25 °C. The flow
rate was 1 mL min ', while UV detection was performed at
220 nm. The samples’ volumes injected into the HPLC

system were 10 PL. The analysis was carried out in the
gradient elution mode with mobile phase A, consisting of 20
mM ammonium acetate buffer, pH 7.35 adjusted with the
addition of ammonium hydroxide solution, and mobile
phase B, consisting of acetonitrile. During method optimi-
zation, the pH of the aqueous mobile phase was varied be-
tween 6.00 and 7.50 with an addition of a proper amount of
25% ammonium hydroxide solution. In order to ensure its
stability, mobile phase was prepared in a quantity sufficient
for daily use. The mobile phase was filtered through a nylon
membrane filter with a 0.45 um pore size (Agilent Tech-
nologies, Santa Clara, USA) and degassed in an ultrasonic
bath prior to use. Optimal chromatographic conditions
included a linear gradient from 11 to 34 % (v/v) mobile
phase B, in 45 min, followed by a re-equilibration time of 10
min.

Preparation of solutions

Standard solutions. Standard stock solutions were prepared
by dissolving the respective amount of reference standard
substances in acetonitrile:water mixture 50:50 (v/v) to obtain
the following concentrations: 3.84 mg mL ™" for ivabradine
hydrochloride, 52.00 jig mL~" for impurity I, 37.00 jig mL ™"
for impurity II, 56.00 pg mL~" for impurity III, 40.00 pg
mL ™" for impurity IV, 40.00 yig mL~" for impurity V, 56.00
tig mL~" for impurity VI, 40.00 pg mL~" for impurity VII,
40.00 pg mL~" for impurity VIII, 35.00 g mL~" for im-
purity IX, 36.00 pig mL~" for impurity X, 48.00 pg mL~" for
impurity XI.

Solutions for calibration. To obtain the calibration curve,
eight solutions of ivabradine hydrochloride and its related
impurities were prepared in the concentration range from
1.20 to 3.60 mg mL ™" for ivabradine hydrochloride, 1.66-
6.00 ug mL™" for impurity I, 1.55-3.73 ug mL™" for im-
purity 11, 0.95-2.28 jig mL~" for impurity III, 0.80-1.92 ug
mL~" for impurity IV, 0.68-1.63 jig mL™" for impurity V,
1.12-2.69 pug mL~" for impurity VI, 2.40-17.28 pg mL~" for
impurity VII, 0.80-5.76 pig mL~" for impurity VIII, 0.38-
0.92 pg mL™" for impurity IX, 1.08-2.59 pg mL ™" for im-
purity X, and 2.02-4.84 pig mL™" for impurity XI. These
dilutions of standard stock solutions were prepared with the
solvent consisting of acetonitrile and 20 mM ammonium
acetate buffer solution pH 7.33 (15:75, v/v).

Solutions for estimating the method’s accuracy. To deter-
mine the accuracy, a placebo mixture was spiked with
known amount of reference standard substance of ivabra-
dine hydrochloride and its eleven impurities. Reference
standard of the active compound was added to obtain so-
lutions corresponding to 80, 100, and 120% of the nominal
concentration. Also, the placebo mixture is spiked with
impurities’ reference standards to obtain LOQ, 100 and
120% concentration levels. Each solution was analyzed in
triplicate. Previously constructed calibration curves were
used to calculate the recovery values of active pharmaceu-
tical ingredient and impurities, as a measure of accuracy.
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Mixture 1 contained 1.92 mg mL™" of ivabradine hy-
drochloride, 1.66 pig mL™" of impurity I, 1.55 pg mL ™" of
impurity 11, 0.95 jig mL ™" of impurity III, 0.80 ug mL~" of
impurity IV, 0.68 jig mL~" of impurity V, 1.12 pug mL~" of
impurity VI, 2.40 ug mL ™" of impurity VII, 0.80 pg mL™" of
impurity VIII, 0.38 g mL ™" of impurity IX, 1.08 pg mL™" of
impurity X, 2.02 pg mL ™" of impurity XI.

Mixture 2 contained 2.40 mg mL™" of ivabradine hy-
drochloride, 5.00 pig mL™" of impurity I, 3.11 pg mL™" of
impurity 11, 1.90 ig mL~" of impurity III, 1.60 ug mL~" of
impurity IV, 1.36 ug mL~" of impurity V, 2.24 ig mL~" of
impurity VI, 14.40 ug mL™" of impurity VI, 4.80 pg mL ™"
of impurity VIII, 0.77 pg mL ! of impurity IX, 2.16 g mL ™!
of impurity X, 4.03 g mL™" of impurity XL

Mixture 3 contained 2.88 mg mL™" of ivabradine hy-
drochloride, 6.00 pg mL™" of impurity I, 3.73 g mL~" of
impurity II, 2.28 pug mL ™" of impurity III, 1.92 g mL~" of
impurity IV, 1.63 g mL " of impurity V, 2.69 g mL " of
impurity VI, 17.28 pg mL~" of impurity VII, 5.76 pug mL™"
of impurity VIIL, 0.92 pg mL ™" of impurity IX, 2.59 jig mL ™"
of impurity X, 4.84 {ilg mL™" of impurity XL

Solutions for estimating the method’s precision. To assess
the precision of the method, samples at the same concen-
tration levels as in case of accuracy evaluation (80, 100, and
120% for active pharmaceutical ingredient and LOQ, 100
and 120% for impurities) were used. At each concentration
level every sample was analyzed in triplicate, so the agree-
ment between consecutive measurements was interpreted as
relative standard deviation, namely the measure of precision.

Sample solutions. Real sample analysis was performed on
Coraxan film-coated tablets. The 20 tablets were accurately
weighted and used for calculation of average mass. The tablets
were finally powdered and amount of powder containing
38.40 mg of ivabradine was measured and transferred into a
10 mL volumetric flask by adding a mixture of acetonitrile:-
water 50:50 (v/v). The obtained solution was ultrasonicated
for 30 min and the mixture was filled to volume of 10 mL
with the same solvent. The solution was filtered through 0.45
um syringe filter prior to injection. The concentration of
ivabradine in the stock sample solution was 3.84 mg mL ",
The stock sample solution was further used to prepare the
final sample solution by taking 6.25 mL of the stock solution
and transferring it to the 10 mL volumetric flask, filled to the
volume with the acetonitrile mixed with 20 mM ammonium
acetate buffer solution pH 7.33 (1575, v/v) afterward.

Previously constructed calibration curves were used to
calculate the content of API and impurities.

Due to the known photosensitivity of ivabradine, all
prepared solutions were protected from daylight and stored
in amber glass flasks. The standard solutions were prepared
prior to analysis and were stored in the autosampler, whose
temperature was kept at 2-8 °C.

Software

Gradient elution time, pH value of the aqueous phase, initial
and final acetonitrile content of the mobile phase were

Table 1. Key method parameters (KMPs) and defined
knowledge space

Defined levels of the

variables
Investigated variables 1 0 +1
Initial amount of acetonitrile (%, v/v) 10.0 12.5 15.0
Final amount of acetonitrile (%, v/v) 30 35 40
Gradient time (min) 35 45 55
pH value of the aqueous part of the 6.00 6.75 7.50

mobile phase

varied using an experimental design methodology and their
corresponding ranges are shown in Table 1. Box-Behnken
design (BBD) served to properly cover the experimental
space. BBD plan of experiments together with obtained re-
sponses (resolutions between critical peak pears) is pre-
sented in Table 2.

Design Expert 11.0.0 (Stat-Ease”™, Minneapolis, Minne-
sota, USA) was used for both experimental plan construc-
tion and statistical analysis of the obtained results.

Grid point search, Monte Carlo simulations and DS
graphical presentation were done in Matlab R2018b
(Mathworks, Natick, MA, USA).

RESULTS AND DISCUSSION

AQbD is a well-structured approach whose outcome is well
understood, fit for purpose and robust method that consis-
tently delivers the intended performance throughout its
lifecycle. ATP is the foundation of AQbD stating the
intended purpose of the method and a priori defined quality
criteria for results generated by analytical method. In this
particular research, the aim was efficient baseline separation
and accurate determination of ivabradine and its eleven
impurities from tablets. The performance criteria or CMAs
were resolutions between critical peak pairs with quality
requirement Rs > 1.5 and probability m > 95% of having
CMAs superior to a selected quality level.

Robust optimization of gradient RP-HPLC method for
separation of ivabradine and its structurally related
substances supported by AQbD

Preliminary experiments supported with previously gained
knowledge were used to define variables and their domains
for gradient elution RP-HPLC method optimization.
Throughout the previously developed isocratic method
optimization, variables with statistically significant influence
on chromatographic behavior of the examined complex
mixture were singled out [14]. Those encompassed type and
content of organic modifier in the mobile phase, buffer type
and its concentration in the aqueous phase, pH of the
aqueous phase and variables related to the slope of the
gradient. The slope of the gradient methods is designated
with the initial and final amount of the acetonitrile as well as
the gradient time.
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Table 2. Plan of experiments of Box-Behnken design and experimentally obtained resolutions for critical peak pairs
Investigated variables with their domains
A B C D Rspry Rsy.vr Rspy_vir_1 RSpyabr-vir_2 Rspypr1x Rsrx-vr
10.0 30 45 6.75 0.85 1.49 3.72 0.78 1.17 1.87
15.0 30 45 6.75 0.14 0.83 2.85 1.58 1.05 1.48
10.0 40 45 6.75 0.00 1.44 2.92 1.31 1.21 1.19
15.0 40 45 6.75 0.35 0.09 3.82 1.27 1.07 1.71
12.5 35 35 6.00 0.34 0.81 7.22 1.95 1.43 1.03
12.5 35 55 6.00 0.02 0.40 8.91 1.98 0.95 1.54
12.5 35 35 7.50 1.05 1.41 0.47 1.06 1.57 1.73
12.5 35 55 7.50 1.39 2.65 0.89 1.18 1.84 1.34
10.0 35 45 6.00 0.25 0.54 9.16 1.61 1.38 1.31
15.0 35 45 6.00 0.15 0.65 6.63 2.84 1.41 1.58
10.0 35 45 7.50 1.05 3.72 2.42 1.86 1.99 1.96
15.0 35 45 7.50 1.00 1.45 1.44 1.33 1.68 1.6
12.5 30 35 6.75 0.98 1.53 3.08 1.05 1.07 1.39
12.5 40 35 6.75 0.10 0.10 2.48 1.25 0.99 1.42
12.5 30 55 6.75 0.45 0.80 1.97 1.44 0.97 1.59
12.5 40 55 6.75 0.30 1.36 4.12 1.29 1.02 1.33
10.0 35 35 6.75 0.15 0.89 3.88 0.73 1.16 1.28
15.0 35 35 6.75 0.68 0.09 3.00 1.35 0.90 1.57
10.0 35 55 6.75 1.15 1.65 2.79 1.201 0.73 1.6
15.0 35 55 6.75 0.00 0.16 5.51 1.46 1.03 1.48
12.5 30 45 6.00 0.25 1.22 7.21 2.25 1.16 1.89
12.5 40 45 6.00 0.25 0.51 6.35 1.93 1.71 1.08
12.5 30 45 7.50 1.25 1.95 0.14 1.22 1.96 143
12.5 40 45 7.50 1.35 3.17 0.40 1.22 1.46 1.84
12.5 35 45 6.75 1.45 0.30 5.04 1.92 1.16 1.71
12.5 35 45 6.75 0.95 0.53 5.89 1.90 1.36 1.74
12.5 35 45 6.75 1.10 0.71 5.26 2.07 1.15 1.81
12.5 35 45 6.75 0.85 0.44 6.03 1.66 1.26 1.85
12.5 35 45 6.75 1.11 0.62 5.58 2.05 1.40 1.89

A - initial amount of acetonitrile as organic mobile phase modifier (%, v/v); B - final amount of acetonitrile as organic mobile phase
modifier (%, v/v); C - gradient time in minutes; D - pH value of the aqueous part of the mobile phase, Rs — resolution between critical peak

pair.

In the light of defined study goals, acetonitrile was
selected as the most suitable organic modifier. Acetonitrile
was considered golden standard among organic modifiers
due to its exceptional physicochemical characteristics.
Furthermore, it is shown that acetonitrile forms thick
adsorbed layer on the stationary phase surface influencing in
this way the analyte’s retention and possibly enabling sep-
aration of impurity X diastereoisomers in isocratic elution
mode [24]. In this way the possibility to separate di-
astereoisomers using acetonitrile as organic modifier in
gradient elution mode could be estimated. The preliminary
experiments were conducted in order to define domains of
the initial and final amount of the organic modifier during
gradient elution. In fact, the initial amount of acetonitrile
was chosen according to the elution time of compounds with
the highest polarity in the mixture, impurity I and II. When
acetonitrile amount was above 15% (v/v), impurities I and II
could not be retained on the column, while with acetonitrile
content below 10% (v/v) their retention times were overly
long. The domains of the final amount of the acetonitrile
were chosen based on the retention factors of ivabradine and
impurities IX and VIII as the most lipophilic ones. The

gradient time was varied from 35 to 55 min taking into
consideration the complexity of the studied mixture and
consequent re-equilibration step which would contribute to
further prolongation of the analysis time, respectively. The
elution and separation of all compounds should be enabled
within the defined domains. Linear gradient was chosen due
to its simplicity and suitability for potential method transfer.
During preliminary experiments segmentation of the
gradient elution was tested as well, but no improvement in
separation was achieved. The segmentation of the gradient
only led to prolonged retention times.

The ammonium acetate buffer was chosen since it
enabled satisfactory peak shapes of ivabradine and its im-
purities. Our previous study pointed out that concentration
of the buffer has no statistically significant impact on
chromatographic behavior of investigated analytes. There-
fore, the buffer concentration was kept at 20 mM, as it was
sufficient to enable satisfactory peak symmetries.

The domains should be assigned to one more variable,
pH value of the aqueous phase. In the previous study, the pH
domain encompassed mildly acidic values. However, pre-
liminary experiments revealed that when pH value of the
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aqueous phase was below 6.00, all compounds eluted earlier
disabling the appropriate separation of the compounds.
Mentioned chromatographic behavior was expected since
most of the analyzed substances compounds with basic
characteristics. In the acidic environment the substances are
in their ionized forms and consequently less retained. The
upper value of the pH was defined by the characteristics of
the used chromatographic column and it was set to 7.50.

All presented variables and their domains were deter-
mined (Table 1) and represented the defined knowledge
space and KMPs. Resolutions between critical peak pears
were selected as CMAs. The examined resolutions were
between the following compounds: impurities III and V
(Rarv), impurities V and VI (Rgy.vy), impurities IV and
VIL_1 (Rgv.vi_1), ivabradine and impurity VII_2 (Rgabra-
dine-v1I 2)> ivabradine and impurity IX (Rgyabradine-1x)> and
impurities IX and VIII (Rgx.vim)-

AQbD implies application of DoE among which BBD
was selected as optimization design with reasonable number
of experiments to be executed in investigation of four KMPs
in order to obtain relevant mathematical models. The
experimental plan along with the obtained responses is
presented in Table 2. Experiments were performed
randomly with five replicates in the central point, to provide
a precise estimation of an experimental error and obtain
valid conclusions.

Responses were obtained following the experimental
plan and served for consequent construction of mathemat-
ical models. Design Expert proposed square root trans-
formation for response Rspry while other responses
required no transformation. Regarding the proposed models,
the best fit for all responses was achieved with a quadratic
model. Coefficients of mathematical models obtained for
coded values of investigated variables along with their cor-
responding p-values are presented in Table 3. A positive sign
of the coefficient indicates that an increase in the variable
value leads to an increase in the response value and vice
versa. However, the statistical significance of the variables is
estimated using corresponding p-values for all coefficients.
Variables with coefficients’ corresponding p-values below
0.05 were considered statistically significant. In other words,
these variables significantly impact the response change. The
most influential variable was pH value of the aqueous phase,
with the highest value of corresponding coefficient that was
also statistically significant in all models (Table 3). In order
to use the obtained models in the optimization process the
adequacy of the models had to be demonstrated through
Lack of Fit values and coefficients of determination (R?). If
p-value corresponding to Lack of fit is above 0.05, the
mathematical model is valid and suitable to describe the
influence of the examined variables towards response. The
Lack of fit values for all mathematical models are shown in
Table 3 and indicate the proper and insignificant error of the
models. Values of R* and adjusted R> were above 0.874 for
all responses (Table 3) pointing out the good predictive
ability of all models. Aforementioned results indicated that
all investigated variables are significant towards examined
responses.

The second step was to perform the modeling of the
defined critical responses. Knowledge space was gridded by
discretization of initial [10:0.5:15] and final [30:0.5:40]
content of acetonitrile and pH value of the aqueous phase
[6.0:0.075:7.5]. Factor C - gradient time was not included in
the discretization and its value was fixed at 45 min. Such
decision was supported by the fact that the model coefficient
corresponding to this variable was significant only for
response Rsy vy suggesting this factor affects studied system
the least. When discretization level is taken into account, 11,
21, and 21 points were obtained for each KMP respectively
and the total number of points was 4,851. Knowledge space
has to be explored according to defined ATP, regarding all
CMAs and probability of 95% to meet quality limit Rs > 1.5.
In this way, part of the knowledge space where all method
development goals are fulfilled could be discovered and
represents DS [21, 25]. Risk assessment is done using Monte
Carlo simulation with 5,000 iterations to propagate the error
in each point of the knowledge space. The error that was
used refers to calculated standard error of model coefficients
which were obtained in the Design Expert along with model
coefficients. The uniform error distribution equal to the
calculated standard error was added to the model coefficient
estimates in order to obtain predictive distribution of CMASs’
for each operating condition corresponding to a grid of
4,851 points. In this way the extraction of the region of DS
from the knowledge space having the satisfactory values of
all critical resolutions with desired quality level with prob-
ability @ = 95% was done. The quality of DS is not only
assured but also the risk of CMAs not being within the
acceptance level was assessed.

Unfortunately, for this defined criteria no DS was ach-
ieved. Analyzing all responses separately, as well as the level
of their goals’ fulfillment the following problem occurred.
Adequate separation of impurities IIT and V could not be
achieved within defined experimental domains since the
maximum resolution value obtained was only 1.454. Chro-
matographic conditions that lead to the highest values of
Rsyy1.v jeopardized some of the remaining responses. For this
reason, Ryyrv, though critical, was omitted from the opti-
mization process and no criterion was defined for it. For the
remaining five responses the described statistical analysis
was repeated. It was decided to construct three different DSs
for gradient elution times of 35, 45, and 55 min. The se-
lection of robust optimal conditions should be followed by
reasonable timeframe of the chromatographic analysis as
well. It appeared that DS was obtained only when gradient
retention time was set to 45 min (Fig. 2¢). Endeavor to
achieve insight into the chromatographic separation within
gradient elution time, DSs were further constructed for
gradient elution time of 41, 43, 45, 47, 49, and 51 min
(Fig. 2). When gradient elution time was set to 41 min the
DS (Fig. 2a) represented the cavity shaped contour sug-
gesting no robust chromatographic conditions. The situation
significantly improved when gradient elution time was
extended to 43 min (Fig. 2b) resulting in a cone shaped
DS, offering optimal chromatographic conditions in the
center of the cone. Further extension led to a larger
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Table 3. Coefficients of the mathematical models for the critical peak pairs resolutions, their corresponding P-values and coefficients of determination

Response

Mogel coefficients Sqrt (Rsyrvy P-value Rsy_vi P-value Rspvvir 1 P-value RStyabr-viI_ 2 P-value RS1vbr1x P-value Rsix-vin P-value
Intersept 1.0400 <107* 0.5206 <107* 5.5600 <107* 1.9200 <107* 1.2600 <107* 1.8000 <107*
A —0.0614 <107* —0.5380 <107* —0.1373 0.500 0.1943 0.001 —0.0416 0.141 0.0164 0.434

B —0.1183 0.002 —0.0951 0.150 0.0922 0.649 —0.0046 0.924 0.0065 0.811 —0.0893 0.001

C —0.0423 0.132 0.1803 0.012 0.3376 0.111 0.0958 0.063 —0.0483 0.092 0.0423 0.057

D 0.3252 <10™* 0.8523 <107* —3.3100 <10™* —0.3918 <107* 0.2054 <107* 0.1240 <107*
AB 0.2783 0.117 —0.1717 0.134 0.4420 0.219 —0.2105 0.023 —0.0062 0.894 0.2283 <107*
AC —0.3695 0.336 —0.1715 0.135 0.8995 0.020 —0.0902 0.291 0.1410 0.009 —0.1140 0.006

AD 0.0229 0.003 —0.5942 <107* 0.3880 0.278 —0.4383 0.0001 —0.0820 0.098 —0.1470 0.001

BC 0.1370 0.028 0.4992 4x10° 0.6887 0.065 —0.0890 0.297 0.0330 0.487 —0.0722 0.060

BD 0.0105 0.278 0.4812 0.001 0.2817 0.426 0.0787 0.354 —0.2632 <107* 0.3045 <107*
CD 0.1539 0.409 0.4145 0.002 —0.3165 0.373 0.0247 0.768 0.1850 0.001 —0.2245 <1074
A? —0.2875 <107* 0.1602 0.080 —0.5688 0.054 —0.2585 0.0013 —0.0736 0.062 —0.0727 0.020

B? —0.2163 <107* 0.3471 0.001 —1.7000 <10™* —0.3499 <10* —0.0629 0.105 —0.1363 2/107°
C? —0.2113 <10™* 0.0176 0.84 —1.0500 0.002 —0.4340 <107* —0.2117 <10™* —0.2437 <10™*
D? —0.0419 <107* 0.8449 <107* —0.1824 0.510 0.1274 0.069 0.3969 <107 —0.1186 0.001

Lack of Fit - 0.275 - 0.230 - 0.124 - 0.536 - 0.826 - 0.636

R? - 0.928 - 0.971 - 0.961 - 0.939 - 0.959 - 0.961

Adj R? - 0.856 - 0.942 - 0.922 - 0.877 - 0.917 - 0.922

Pred R? - 0.636 - 0.852 - 0.793 - 0.719 - 0.839 - 0.828

A - initial amount of acetonitrile as organic mobile phase modifier (%, v/v); B - final amount of acetonitrile as organic mobile phase modifier (%, v/v); C - gradient time in minutes, D - pH
value of the aqueous part of the mobile phase; R? - coefficient of determination; Adj. R* - adjusted coefficient of determination; Pred. R? - predicted coefficient of determination; Rs — resolution
between critical peak pair.
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Fig. 2. 3D representation of Design Space for predefined ATP achieved with probability m = 95% for gradient elution time of (a) 41 min, (b)
43 min, (c) 45 min, (d) 47 min, (e) 49 min, and (f) 51 min

irregular shaped DS that enclosed wider set of satisfactory
chromatographic conditions. Since further extension of
gradient elution time led to smaller DS implying only
time-consuming method without any chromatographic
improvement, it was decided to choose gradient elution time
of 45 min to be optimal and optimal chromatographic
conditions were selected within DS illustrated by Fig. 2c.
Though DS was constructed applying risk assessment and
theoretically any point should give robust separation, it is
advisable to obtain a larger DS and to select a working point
in the middle of it and not a superficial one. Taking into
account the above stated goals together with the need to
produce as low organic waste as possible, optimal chro-
matographic conditions were selected and included: 11% (v/
v) and 34% (v/v) of initial and final amount of ACN,
respectively, and pH of the aqueous part of the mobile phase
7.35. Another important issue that must be addressed before
validation is resolution between ivabradine and impurity
VII_2 under optimal chromatographic conditions. Sepa-
rating API and consequently eluting impurity is always more
critical than separating peaks of similar size and shape,
therefore resolution threshold is suggested to be above 1.5,
and in general around 2 [26-28]. However, in gradient
elution mode peak broadening of API and enormous peak
tailing is not expected leading to the fact that resolution of
1.5 could work as well. The representative chromatogram
obtained under optimal chromatographic conditions is
presented in Fig. 3 and baseline separation of all critical peak
pairs except impurities III and V was achieved. The pro-
posed gradient elution method has the stability indicating
character and could be utilized in assessment of pharma-
ceutical dosage forms.

It is important to note that keto-enol tautomers of im-
purity VII are separated when gradient elution was applied,
as well. Conversely, diastereoisomers of impurity X could
not be separated in gradient elution though acetonitrile was
used as the organic modifier. The literature survey suggested
that gradient elution methods could be utilized in separation
of diastereoisomers as well as some other organic modifiers
such as methanol and ethanol [29-31]. At this point no
general conclusions could be drawn, but is a good starting
point for further research when larger number of di-
astereoisomers, organic solvents and elution modes will be
included.

Validation of gradient RP-HPLC method for separation
of ivabradine hydrochloride and its eleven impurities

The developed method was subjected to final method vali-
dation according to International Conference on Harmoni-
zation (ICH) Q2 (R1) guideline [32, 33]. There were no
interferences originating from Coraxan®™ film tablets excip-
ients and peak purity of the compounds was 99%, which
supported the selectivity of the method. Limits of detection
(LOD) and quantification (LOQ) were determined for all
impurities using signal to noise approach (Table 4). Ac-
cording to the method sensitivity, the linearity range of the
impurities and consequently ivabradine were determined.
The impurities’ LOQ values were labeled as the first con-
centration levels. Their concentration ranges went to the
nominal concentration 100%, referring to maximum allowed
concentration (MAC), designated in Table 4, and then up to
120%. In that respect, the concentration range of API was
selected to enable determination of all impurities present
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Fig. 3. Representative chromatogram of ivabradine and its eleven impurities separated under optimal chromatographic conditions, which
included initial amount of acetonitrile set at 11% (v/v), final amount of acetonitrile set at 34% (v/v), pH value of the 20 mM ammonium
acetate set at 7.35 and 45 min of the gradient elution time

Table 4. Validation parameters

Linearity Accuracy Precision
LOD Calibration equation Correlation Concentration Recovery
(ng mL™") (y = ax + b) coefficient, r level (%) value (%)  RSD (%)
Ivabradine - y = 546.06x — 32.78 0.9963 80 100.979 1.564
100 98.457 1.124
120 100.655 0.986
Impurity I MAC 0.3% 0.499 y = 0.4527x — 0.7253 0.9816 LOQ 105.332 8.609
100 92.189 8.690
120 104.991 4.508
Impurity II MAC 0.2% 0.466 y = 0.309x — 0.246 0.9954 LOQ 104.094 5.430
100 93.103 2.796
120 104.260 8.402
Impurity III and V MAC 0.2% 0.490 y = 0.3702x — 0.251 0.9936 LOQ 109.790 3.977
100 94.560 4.181
120 107.435 2.579
Impurity IV MAC 0.2% 0.240 y = 0.4205x — 0.2235 0.9938 LOQ 90.233 2.990
100 91.986 3.258
120 106.487 3.258
Impurity VI MAC 0.2% 0.336 y = 0.4926x — 0.2891 0.9977 LOQ 97.488 6.266
100 105.194 2.896
120 97.314 1.359
Impurity VII-1 MAC 0.6% 0.720 y = 0.1088x — 0.173 0.9915 LOQ 90.444 3.172
100 109.528 5.569
120 95.224 1.235
Impurity VII-2 MAC 0.6% 0.720 y = 0.2021x — 0.4957 0.9833 LOQ 93.849 2.730
100 109.144 1.297
120 97.532 4.148
Impurity VIII MAC 0.6% 0.240 y = 0.327x — 0.1561 0.9956 LOQ 94.388 2.740
100 109.883 0.764
120 92.935 1.284
Impurity IX MAC 0.2% 0.116 y = 0.8409x — 0.2245 0.9857 LOQ 104.09 0.932
100 92.862 1.566
120 104.252 1.292
Impurity X MAC 0.2% 0.324 y = 0.3994x — 0.1757 0.9807 LOQ 101.804 2.794
100 96.848 8.819
120 101.906 6.892
Impurity XI MAC 0.2% 0.605 y = 0.153x — 0.1463 0.9859 LOQ 110.01 1.671
100 101.97 2.757
120 106.943 2.844

r — correlation coefficient (acceptance value >0.99 for active compounds, >0.98 for impurities); Recovery: 98.0-102.0% for active
compounds, 90-110% for impurities with the specification limit of 0.2-0.6%; RSD: < 2% for active compounds, < 10% for impurities with
the specification limit of 0.2-0.6%.
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from LOQ to MAC. The correlation coefficients obtained
after applying linear least squares regression indicated the
linearity of all calibration curves, since in cases of ivabradine
and impurities they were greater than 0.99 and 0.98,
respectively [34, 35]. In order to avoid the possibility of
matrix effects, for quantification of impurities, the meth-
odology of standard addition was used [35, 36]. This
methodology provided reliable measurements. Obtained
values of relative standard deviation for ivabradine and
eleven impurities met the acceptance criteria, thus con-
firming the method’s precision. RSD should not exceed 2%
in case of ivabradine, while in case of eleven impurities with
the specification limit between 0.2 and 0.6%, RSD should not
exceed 10% [27]. For the method accuracy investigations,
recovery values were within +2% for ivabradine and within
+10% for eleven impurities [34]. Validation results are
presented in Table 4 in more detail.

After analysis of the sample solution, it was revealed that
ivabradine content in the dosage form was 99.12% that
correspond to 7.43 mg per tablet. The impurity X was the
only impurity found in the sample solution and its content
corresponded to the 0.1%. This was below defined MAC of
0.2% for impurity X.

CONCLUSION

An improved gradient elution RP-HPLC method was
developed applying AQbD approach. Direct modeling of
resolution of critical peak pairs and construction of DS
enabled the development of a robust HPLC method. This
was essential since a complex mixture of ivabradine and
eleven structural related compounds had to be separated in a
reasonable time frame. The optimal gradient time was 45
min with additional re-equilibration of 10 min. All com-
pounds were successfully separated except two positional
isomers, impurities IIT and V. However, positional isomers
do not emerge as a result of degradation process in tablets.
In that sense, the proposed method could be used for
assessment of ivabradine and its degradation products in
pharmaceutical dosage forms. In addition, it was confirmed
that keto-enol tautomers of impurity VII can be separated
using gradient elution mode unlike diastereoisomers of
impurity X. The applicability of proposed method was
confirmed since all validation parameters met the criteria

defined by ICH guidelines.
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