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In the present paper, rapid, sensitive, selective, accurate and precise analytical methodologies
were developed for the determination of the antidepressant drug mirtazapine (MIR) using voltamme-
try and liquid chromatography. In cyclic voltammetry (CV), MIR showed one sharp oxidation peak and
one additional wave in acidic media in the anodic direction; at pH 5.50, the mirtazapine peak was single
and sharp. Under optimized conditions, the peak current showed a linear dependence with concentration
in the range between 0.212 and 26.54 pg/ml for glassy carbon (GC) and 1.06 and 26.54 pg/ml for boron-
doped diamond (BDD) electrodes using differential pulse (DP) and square wave (SW) voltammetric
techniques. The possible oxidation mechanisms are also discussed. A simple and fully validated reverse
phase-liquid chromatography (RP-LC) method to test for MIR in tablets was developed using an X-Se-
lect RP-18 column (250 x 4.60 mm ID x 5 pm) at 25 °C with methanol : water (30:70, V/V, containing
15 mM o-phosphoric acid) as the mobile phase adjusted to pH 3.0. The RP-LC method allowed quantifica-
tion over a MIR concentration range of 1.0-18.0 pg/ml. MIR was exposed to thermal, photolytic, or oxidative
stress, as well as acid and base hydrolysis conditions, and the stressed samples were assayed by the proposed
LC method. The proposed methods allow for a number of cost- and time-saving benefits.
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BOJITAMETPUCKO U RP-LC OIIPEAEJTYBAIBE HA AHTUAENIPECUBHUOT JIEK
MWPTA3AIINH: BAIMAUPAHA METO/IA 3A OITPEJEJTYBAIBE
DAPMANEBTCKA JO3UPHA ®OPMA

Bo 0Boj Tpyn e onmmaH pa3BojoT Ha Op3a, OCETNBA, CEIEKTHBHA TOYHA W MPEIM3Ha aHATUTHIKA Me-
TONOJIOTHja 3a OTpeeTyBamke Ha aHTHAenpecnBoT Mirtazapine (MIR) co moMorr Ha BonTaMeTpHja M TedHa
xpomarorpaduja. Bo imkmraaara Bonramerpuja (CV), MIR maBa efeH octap OKCHIAIMCKH UK U €ICH T0IATCH
CHTHAJI BO KHCeJla CPE/IMHA BO aHOAHATA 00M1acT, foaeka Bo odnacta Haj pH 5,50 mirtazapine 1aBa eTMHUYCH 1
octap curtai. [1pu onTuMHU3HNpany yCI0BH, TIMKOT HA CTPYjaTa MOKaXyBa JIMHEapHa 3aBUCHOCT Of] KOHIICHTpa-
mmjara Bo obmacra mery 0,212 u 26,54 ng/ml co GC-enexrponara (on aHT. glassy carbon) u mery1,06 u 26, 54
pg/ml co BDD-enexrpomara (ox aat. boron-doped diamond) co momomr Ha audepenmumjanaara mysicHa (DP) n
KBaJ[paTHO-OpaHoBa (SW) BolTaMeTprcKa TeXHHKA. VICTO Taka ce IMCKyTHpaHH BEpOjaTHATE MEXaHM3MH Ha OK-
cumanyja. PasBueHa e eqHocTaBHa, rienocHo Bamanpana RP—LC mertona 3a onpenenyBame Ha MIR Bo Tabnetn
co komoHa oxt TrroT X-Select RP-18 (250 x 4,60 mm ID X 5 pm) Ha 25 °C co moOumHa (ba3a Bo cMeca METaHOI:
Boza (30 : 70, V/V) 15 mM o-¢pocdopra kucenmra u pH 3,0. Co oBaa MeToma € OBOSMOYKEHO KBaHTHTaTHBHO
ompenenmyBame Ha MIR Bo obmacta ox 1,0 mo 18,0 pg/ml. Ipemnoskenara LC MeToma 0BO3MOXKYBa HCIIUTYBAFHC
Ha ipuMepony o MIR mocie TepMudKo, ()OTOIUTHIKO U OKCHIAIIMOHO TPETHPAHE, KaKo 1 TIPH KHcerna 1 0a3Ha
xuzaporm3a. [IpeanoxennTe MeTom 0BO3MOXKYBaaT 3aIlITeIM BO IIEHATa M BPEMETO 32 aHATH3A.

Kayunu 300poBu: MuUpTa3anuH; BOJTAMETpHja; TEYHAa Xpomarorpaduja; MCIUTYBamke Ha CTAaOWIIHOCT;
aHaJIM3a Ha JIeK
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[.INTRODUCTION

Mirtazapine (MIR; Scheme 1), (1,2,3,4,
10,14b-hexahydro-2-methylpyrazino[2,1-a]
pyrido[2,3-c] benzazepine, is a tetracyclic pip-
erazinoazepine, and has a different structure
from any other currently used antidepressant. It
enhances central noradrenergic and serotoner-
gic activity by blocking a, receptors and selec-
tively antagonizing SHT2 and SHT3 receptors.
MIR is well absorbed without regard to food
intake. It demonstrates linear kinetics over its
usual dosage range and reaches a peak plasma
level approximately two hours after an oral
dose. It is metabolized in the liver via the P450
cytochrome oxidase pathway. Plasma protein
binding is about 85%. The N-desmethyl metab-
olite is pharmacologically active. Elimination
occurs via urine (75%) and feces (15%). Clear-
ance of the drug is diminished in the presence
of liver or renal impairment. Therefore, a lower
dosage is recommended in the elderly and pa-
tients with liver or renal disfunction [1-4].

Scheme 1. Structure of MIR

Various analytical methods have been
used to determine MIR in various samples, such
as liquid chromatography [5—-10], spectrofluor-
imetry [10-12] and spectrophotometry [10, 13,
14]. A survey of the literature reveals that no
electrochemical data are available concerning
the voltammetric behavior of MIR. Addition-
ally, to our knowledge, there is no information
about its electrochemical redox properties at
present. Moreover, no monograph of MIR has
been reported in the official pharmacopeias as
of today.

Electroanalytical methods have proved
to be highly sensitive for the analysis of drugs
in pharmaceutical dosage forms and biological
samples owing to their straightforwardness,
low cost, and relatively short analysis time
compared to the other analytical techniques
[15-20]. Voltammetric techniques are most
suitable for investigating the redox properties
of active drug compounds. This can give insight
into the metabolic fate, in vivo redox process or
pharmaceutical activity [21-26].

Owing to the widespread use of the LC-
UV method in routine analysis, it is important
that specific and validated LC methods are used
for the analysis of an active drug compound in its
pharmaceutical dosage form. LC-UV methods
offer important advantages, such as low cost,
and have proven to be a valuable method in the
quality control of active drug substances.

The first purpose of the present study was
to carry out a detailed investigation about the
voltammetric behavior and analysis of MIR
at carbon-based electrodes using cyclic, linear
sweep (LS) and pulse voltammetric techniques.
Secondly, the determination of MIR using
RP-LC techniques with a stability test was
performed on as per ICH norms.

2. EXPERIMENTAL

Mirtazapine and its pharmaceutical dos-
age form Zestat® tablets were kindly sup-
plied by Abdi Ibrahim Pharm. Ind. (Istanbul,
Turkey). The model compound and internal
standard (IS), as well as pimozide, quetiapine
fumarate, pioglitazone hydrochloride, rosigli-
tazone maleate and amlodipine besylate were
kindly supplied by different companies in Tur-
key. All chemicals for the preparation of buffers
and supporting electrolytes were reagent grade
(Merck or Sigma).

For the voltammetric method, stock
solutions of MIR (265.4 pg/ml) were prepared
in methanol and kept in the dark in a refrigerator
at about 4°C. MIR working solutions for the
voltammetric investigations were prepared by
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dilution of the stock solution and contained 10%
methanol for pH studies. Sulfuric acid solutions
(0.1 and 0.5 M), phosphate buffer (0.2 M, pH
2.0-8.0), acetate buffer (0.2 M, pH 3.5-5.5) and
Britton-Robinson buffer (0.04 M, pH 2.0-12.0)
were used as the supporting electrolytes. The
calibration graphs were constructed by plotting
the peak current against the corresponding MIR
concentration in the range between 0.212 and
26.54 pg/ml for both methods using GC and
0.212 and 26.54 pg/ml for DP and 1.06 and
26.54 pg/ml for SW voltammetric techniques
using BDD electrodes.

All chemicals were analytical reagent
grade and all solvents were HPLC grade.
For the LC method, HPLC grade methanol
(Merck, Darmstadt, Germany) was used as an
organic modifier. Sodium hydroxide (Merck,
Darmstadt, Germany) and o-phosphoric acid
(Riedel-de Haen, Germany) were used for pH
adjustment. Water with conductivity lower than
0.05 puS/cm for RP-LC studies was obtained
with a Zeneer Power [ apparatus (Human Corp.).
Standard stock solutions of MIR and the IS
hydrochlorothiazide were prepared in methanol
and water, respectively, at a concentration of
approximately 100 pg/ml; working solutions
were prepared by dilution using the mobile
phase. The concentration of MIR for LC studies
was varied in the range of 1.0-18 pg/ml. The
concentration of IS was maintained at a constant
level of 5.0 pg/ml. The RP-LC method provides
a straightforward and sensitive procedure for the
determination of MIR at low concentrations in
pharmaceutical dosage forms by UV detection
at 230 nm. With the LC method, different
mobile phase compositions and ratios were
employed to obtain efficient and reproducible
results. The best resolution and peak shape was
obtained with the X-Select-C18 (250x4.60 mm,
ID 5pum) column at 25°C. The influence of pH
on the mobile phase was examined in order to
optimize the chromatographic conditions for
LC determination of MIR and the IS. 230 nm
was selected for detection because it showed
greater sensitivity and linearity than the others.
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The calibration curves for LC analysis
were constructed by plotting the ratio of the
peak area of the drug to that of the IS against
the drug concentration. Ruggedness and preci-
sion were checked on different days as within
day (n=15) and between days (n = 5) variability.
Relative standard deviations (RSD) were calcu-
lated to check the ruggedness and precision of
the method [27-29]. The accuracy and preci-
sion of the developed methods are described
in a quantitative fashion by the use of Bias %
(relative error). All stock and working solutions
were protected from light and stored in fridge
at about 4 °C.

2.1. Equipment and conditions

Voltammetric measurements were re-
corded using BAS 100W (Bioanalytical Sys-
tems, USA) Electrochemical Analyzer with
a standard three-electrode configuration. The
three electrode system consisted of either a
BDD (Windsor Scientific Ltd., diameter 3 mm)
or a GC (BAS, diameter 3 mm) working elec-
trode, with a platinum wire auxiliary electrode
and an Ag/AgCl reference electrode (KCI 3 M,
BAS) and a standard one-compartment three-
electrode cell with 10 ml capacity. Controlled
potential coulometric experiments were car-
ried out in an electrochemical cell using Auto-
lab Potentiostat/Galvanostat PGSTAT 302 with
GPES 4.9.

BDD and GC electrodes were polished
manually with an aqueous slurry of alumina
powder (diameter 0.01 pm) on a damp smooth
polishing cloth (BAS velvet polishing pad)
immediately before each measurement.
All measurements were performed at room
temperature. For voltammetric studies, the
pH measurements were performed using a pH
meter. A Model 538 (WTW, Austria) combined
glass and reference electrode with an accuracy
of 0.05 pH units was used.

Operating conditions for DPV were:
pulse amplitude, 50 mV; pulse width, 50 ms;
scan rate, 20 mV-s'; for SWV were: pulse
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amplitude, 25 mV; frequency, 15 Hz; potential
step, 4 mV.

The RP-LC analysis was carried out on a
Shimadzu HPLC system with a pump (LC-20
AD), a DAD detection system (SPD-M 20A)
and column oven (CT020 AC). This equipment
has a degasser system (DGU 20 A). The system
operated at 230 nm. An X-Select Reverse
Phase-18 (250 x 4.6 mm ID X 5 pm, Waters)
column was used as the stationary phase at
25 °C and hydrochlorothiazide (IS) was chosen
as the internal standard because of its shorter
retention time and better peak shapes than the
other potential internal standards.

2.2. Generation of stressed samples
for the establishment
of a stability-indicating assay

Degradation studies were attempted
to stress conditions of exposure to UV light,
acid, base, oxidation and heat in an oven (at
75 °C) to evaluate the ability of the proposed
chromatographic method to separate MIR from
its degradation product [28]. Thermal and photo-
degradation of MIR in the raw material were
carried out in the solid state. After degradation,
stock solutions were prepared by dissolution in
methanol to achieve a final concentration of 1
mg/ml.

From these solutions, aliquot were
diluted with the mobile phase to achieve a final
concentration of 100 pug/ml. A peak purity test
was performed for the MIR peak using DAD in
the stressed samples. The optimized method was
used to study the forced degradation behavior
of MIR and may also be applied in stability
testing of pharmaceutical dosage forms. An
appropriate blank was injected before analysis
of the stressed samples. For thermal stress
testing, a sample of the drug substance was
placed in a controlled-temperature oven at 75
°C for 24 h.

Acidic, alkaline, and oxidative degrada-
tion solutions were prepared by dissolving the
raw material (MIR) in methanol. From this so-

lution, aliquots were diluted with HCl, NaOH
and H,O, to achieve a concentration of 100 pg/
ml for each solution. Acid and alkaline hydro-
lyses of MIR in the solution state were conduct-
ed with 0.5 M and 1.0 M HCI and 0.5 M and
1.0 M NaOH at 80 °C for 30 min. For oxidative
stress, sample solutions of MIR in the solution
state with 3% and 30% H,O, were kept at 80 °C
for 30 min. For photolytic stress, samples of the
drug substance in the solid state were irradiated
with UV radiation at 254 nm for 24 h.

2.3. Tablet assay procedure and recovery

For both the voltammetric and RP-LC
methods, ten Zestat® (Abdilbrahim Pharm.
Int, Istanbul) tablets, each containing 30 mg
of MIR, were accurately weighed and crushed
to a homogeneous fine powder in a mortar. An
accurate weight of this powder, equivalent to
one tablet content, was weighed, transferred into
a 100 ml calibrated flask, diluted with methanol
stirred for about 10 min and then completed to
the volume with the same solution. The solution
was filtered and the clear filtrate was collected in
a clean flask. Appropriate solutions were prepared
by taking suitable aliquots of the clear filtrate (for
the LC study, by adding a constant amount of IS)
and diluting them with the selected supporting
electrolyte (final solution contained 10% and 30%
methanol for voltammetry and LC, respectively)
and with mobile phase for the voltammetric and
RP-LC methods, respectively, in order to obtain a
final solution. The amount of MIR was calculated
from the corresponding regression equations.

In order to demonstrate the applicability
of the proposed methods, recovery experiments
were performed by adding a known amount
of pure MIR to pre-analyzed tablets. Known
amounts of pure MIR (and at a constant level of
the IS for the LC method) were added to the tablet
dosage form and the mixtures were analyzed. The
percent recovery was calculated by comparing
the concentration obtained from spiked samples
with the actual added concentration. Thus, the
effect of common excipients in tablet dosage
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Voltammetric and RP—LC assay for the antidepressant drug mirtazapine 45

forms on voltammograms (e.g. shifting of the
peak potential or changing the peak shape) or
on chromatograms (e.g., tailing, broadening)
was investigated. Recovery experiments from
tablets also showed the reliability, accuracy and
suitability of the methods.

3. RESULTS AND DISCUSSION
3.1. Voltammetric behavior of MIR

No previous detailed electrochemical stud-
ies are available, either concerning the electrode
behavior or the sensitive electroanalytical deter-
mination of MIR. To demonstrate the usefulness
of carbon-based electrodes for the determination
of MIR, which may offer advantages for the use
of such electrodes as sensors, the voltammetric
behavior of MIR on GC and BDD electrodes was
investigated in detail in this study. In order to un-
derstand the electrochemical process occurring at
carbon-based electrodes, cyclic, linear sweep (LS)
DP and SW voltammetry were carried out. MIR
showed one sharp irreversible oxidation peak and
one additional wave in acidic media at 1.15 V
and 1.3 V, respectively; above pH 5.50, its elec-
trochemical response became one sharp peak at
about 0.90 V on GCE (Figure 1). However, MIR
was oxidized on the BDD electrode and gave a
well-defined peak and ill-defined anodic wave be-
tween pH 1.0-5.0 in all types of supporting elec-
trolyte. Above pH 5.0 the anodic oxidation of MIR
occurred with only one well-defined peak at about
1.0V, depending on the pH value and the support-
ing electrolyte composition. For both electrodes,
no reduction signals corresponding to the anodic
responses were observed on the cathodic branch
by reversing at 1.8 V. The MIR peak decreased
to the second or higher cycles for both electrodes.
This phenomenon may be partly attributed to the
consumption of adsorbed MIR on the electrode
surface. The repetitive cyclic voltammograms of
MIR are shown at the GC and BDD electrodes
in pH 7.0 and 8.0 Britton-Robinson solutions, re-
spectively, within 0—1.8 V at a scan rate 100 mV/s

(Figure 1).
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Comparison of the response at the GC
electrode with that at the BDD electrode
revealed potential shifts (to less negative
potentials) of about 70 mV in all kinds of
supporting electrolyte. These shifts clearly
show that the investigated compound was more
easily oxidized on the GC electrode than the
BDD electrode. Nevertheless, the peak was
broad and small at the GC electrode and lower
background currents were obtained using the
BDD electrode compared with the GC electrode
in Figure 1. Also, the peak potentials shifted to
more positive potentials, about 145 mV for the
BDD electrode and about 96.0 mV for the GC
electrode in the anodic direction, when the scan
rate was increased.

Next, the impact of pH on the anodic
peak at the GC and BDD electrodes was inves-
tigated. The effect of pH on peak potential and
peak intensity was studied in detail using the
CV, DPV and SWYV techniques for both elec-
trodes between pH 0.3 and 12.0. All graphs
from all techniques were similar. For this rea-
son, only the DPV results for the anodic re-
sponse are given as E -pH and I-pH graphs in
Figures 2a and 2b for the GC electrode and in
Figures 2¢ and 2d for the BDD electrode, re-
spectively. The observed pH dependence indi-
cates that the electroactive group (piperazine
ring) corresponding to the MIR main oxidation
peak was in acid-base equilibrium with a pK,
of about 8.0 for both electrodes. The position
of the break was close to the pK, value of MIR,
at about 7.7 [30]. Above pH 8.0, the peak po-
tential nearly became pH independent (Figures
2a, 2¢). This break could be due to a change
in the protonation-deprotonation process of the
piperazine molecule. The pH independent zone
above pH 8.0 means that there are no proton
transfer steps before the electron transfer rate-
determining step; thus, the oxidation potential
remains pH independent for both electrodes. At
pH<pK, the conjugate base must be formed by
rapid dissociation of the protonated form.

In the linear part of Figures 2a and 2c, a
disharmony was obtained between sulfuric acid
(0.1 and 0.5 M), phosphate (0.2 M), Britton-
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Fig. 1. DP (a and b) voltammograms of 1.062 pg/ml MIR in 0.5 M H,SO, (1);
phosphate buffer at pH 4.00 (2); Britton—Robinson buffer at pH 7.00 (3); acetate buffer at pH 4.50 (4);
Britton—Robinson buffer at pH 8.00 (5) for GC (a) and BDD (b) electrodes. Repetitive cyclic voltammograms
of 1.062 pg/ml MIR in Britton—Robinson buffer at pH 7.00 for the GC electrode (c) and pH 8.00 for the BDD electrode (d).
Scan rate, 100 mV/s.

Robinson (0.04 M) and acetate buffers (0.2 M)
in the pH range of 0.3—12.0. This may be due
to the differences in the ionic strength and the
ionic species of the buffers.

Linear segments can be expressed by the
following equations for the main peak using
the DPV technique.

=1206.9-56.99 pH; r = 0.938 between
pH 0. 3 11 .0 (for GC electrode);

=1307.9-57.00 pH; = 0.997 between
pH 0. 3 8 0 (for BDD electrode).

The slopes of these equations were found
to be —56.99 mV/pH for the GC electrode
and —57.00 mV/pH for the BDD electrode,
respectively. These slopes were close to the
expected theoretical value of 59 mV/pH,
indicating that the number of protons and
electrons involved in the oxidation of MIR is
equal, which confirms the results obtained with
the model compounds.

The experimental results showed that
only one anodic peak and maximum peak
current was obtained, and was better at pH 7.0

Maced. J. Chem. Chem. Eng. 32 (1), 41-55 (2013)
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Fig. 2. Effect of pH on MIR peak potential (a, c) and peak current (b, d);
MIR concentration 1.062 pg/ml with a constant amount of methanol (10%)
with GC (a, b) and BDD (c, d) electrodes
(e) H,S0, (0.5 M); (A) Britton—Robinson (0.04 M);

(') phosphate (0.2 M) and (o) acetate buffers (0.2 M).

and 8.0 Britton-Robinson buffer with a constant
amount of methanol (10%) than with the other
buffers and pH values for the GC electrode
and the BDD electrode, respectively. For this
reason, Britton-Robinson buffer solution at
pH 7.0 and 8.0 was chosen for the calibration
equations.

The effects of scan rate on the oxidation
of MIR were checked by LSV in 0.5 M sulfuric
acid, pH 4.0, pH 6.0 and pH 8.0 phosphate
buffer solutions for the GC electrode and 0.1
M sulfuric acid, pH 2.0, pH 4.0 and pH 8.0

Maced. J. Chem. Chem. Eng. 32 (1), 41-55 (2013)

Britton-Robinson buffer solutions for the
BDD celectrode. The oxidation peak shifted
towards more positive potentials as the scan
rate increased, which is typical behavior of
irreversible electrochemical reactions. The
anodic peak current of MIR increased linearly
with the root of the scan rate (V> (mV/s)) and
a plot of the logarithm of peak current (log
Ip) versus logarithm of scan rate (log v) gave
a straight line in the range of 5-1000 mV/s.
These equations are given in Table 1.
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Table 1

Equations of scan rate study for 26.54 ug/ml MIR in the range of 5—-1000 mV/s

n I (uA) — v\ Equations* r log I —log v Equations r

GCE

0.5 M H,SO, 10 0.15 v'2+0.56 0.987 0.39log v—0.45 0.997
pH 4.0 phosphate buffer 10 0.28 V12— 0.62 0.979 0.53 log v—0.74 0.986
pH 6.0 phosphate buffer 10 0.40 v'2-0.36 0.996 0.52 log v—0.47 0.998
pH 8.0 BR buffer 10 0.32 V' +0.057 0.999 0.51 log v—0.51 0.999
BDDE

0.1 M H,SO, 10 0.23 v2+0.38 0.998 0.44 log v—0.45 0.998
pH 2.0 BR buffer 10 0.40 v'2—0.17 0.998 0.52 log v—0.46 0.999
pH 4.0 BR buffer 10 0.33 v2+0.17 0.998 0.49 log v—0.43 0.999
pH 8.0 BR buffer 10 0.21 v2+0.37 0.998 0.44 log v—0.48 0.999

“Obtained from five measurements

The slopes were close to the theoretical
value of 0.5, which is expected for an ideal
reaction of solution species and different pH
values. All correlation coefficients of / versus v!*
and the slopes of log I versus log v also confirm
the diffusion-controlled nature of the electrode
process.

The potential (Ep) of the irreversible peak
was shifted to more positive potentials with
increasing sweep rate. According to the obtained
slope values of plots of E versus log v, the
number of electrons was found to be 1.89 for
the GC electrode 1.88 for the BDD electrode.
These values were close to 2, indicating that two
electrons and two protons are involved in the rate-
determining steps.

The MIR molecule is extensively metabo-
lized in vivo [24, 32]. Even though the exact
oxidation mechanism has not been determined,
some conclusions about the potentially electroac-
tive centers under working conditions could be
reached. To identify the responsible group for the
oxidation of MIR, it was compared with some se-
lected compounds which contain similar electro-
active groups. CV curves from the redox proper-
ties of active drug compounds and biomolecules
might have profound effects on the understanding
of the redox mechanism related to the activity of
MIR. It is assumed that oxidation occurred first

on the nitrogen atom of the piperazine ring of
the molecule. To support the working hypothesis
that the piperazine ring in MIR undergoes oxida-
tion, the behavior of the main anodic oxidation
peak of MIR was compared with that of some
model compounds. As model compounds for
oxidation of the piperazine ring, we used que-
tiapine, piribedil, nefazodone and sildenafil cit-
rate. These drugs, which all include a piperazine
ring, were investigated by CV at the GC and/or
BDD electrodes as a function of pH in order to
identify the main oxidation behavior of MIR.
Nefazodone and piribedil were oxidized over
most of the pH range in a single peak. The peak
potentials shifted with increasing pH to less pos-
itive potentials, similar to the potential of MIR.
In sildenafil citrate and quetiapine, the mono-
protonated form of the piperazine ring is rapidly
generated from the di-cation, and is oxidized at
about pH 7.0 [31, 32]. The intersection of the
E -pH curve of MIR and the other model com-
pounds is located around 7.0, close to the pK,
of the piperazine moiety [24]. This can be ex-
plained by the similarities of these compounds in
terms of changes in the protonation of acid-base
functions in the molecule. All model compounds
included a piperazine ring, and we may assume
that the first oxidation step of MIR is located on
the piperazine moiety, which represents a typical

Maced. J. Chem. Chem. Eng. 32 (1), 41-55 (2013)
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redox system with two-electron oxidation pro-
cesses in acidic and basic media. For all model
substances, the intersection at about 7.0 or 7.5
was found to correspond to the pK_ value of the
piperazine moiety [24].

Thus, we might postulate that when the
aliphatic nitrogen in the piperazine moiety
(distal to the benzene ring of the molecule) is
protonated, oxidation occurs on the proximal
nitrogen with the removal of the proton. Above
pH 8.0, oxidation occurs exclusively at the most
basic piperazine nitrogen (distal) [24]. MIR loses
an electron to form a cation radical, which upon
losing a proton and an electron in subsequent
steps forms a quaternary Schiff base.

The second step of MIR is comparable to
pyridine oxidation, as reported in the literature
[24, 34, 35]. To support the working hypothesis
that the pyridine group (similar to pioglitazone
and rosiglitazone) of MIR undergoes oxidation
behavior, the small anodic wave related to the
second response was compared to that of the
model compounds. The electrochemical behav-
ior of the second response of MIR at both elec-
trodes showed that this ill-defined oxidation pro-
cess is located on the pyridine ring of the mol-
ecule. We may suggest that the second anodic
response could be attributed to the oxidation of
the nitrogen atom on the pyridine ring [24, 34].

Our results on the model compounds con-
firm that the electroactive centers corresponding
to the first and second responses are the nitro-
gen atoms on the piperazine and pyridine ring,
respectively.

3.2. Controlled potential coulometry

Controlled potential coulometry was ap-
plied to obtain the number of transferred elec-
trons; n values were calculated from the charge
consumed by a low concentration of MIR. The
total charge consumed for electrolysis was meas-
ured and substituted into Faraday’s equation: O =
nF'N, where Q is the total charge consumed by
electrolysis, F' is the Faraday's constant (96,500
C), and N is the number of molar equivalents.
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Using Faraday's equation, the number of trans-
ferred electrons was calculated. A4x10° M MIR
solution was purged with nitrogen. The solution
was stirred continuously during electrolysis. The
total charge consumed was 682 pC and the num-
ber of electrons transferred was 2, determined by
controlled potential coulometry.

3.3. Specificity and stress-degradation studies

Specificity is described as the ability of the
method to determine the analytes from all poten-
tial interfering substances [29]. The specificity of
the developed RP—LC method for MIR was as-
sayed in the presence of excipients in its pharma-
ceutical dosage forms and degradation products.
Degradation peaks were separated from the main
peaks.

Table 2 shows the results of the forced deg-
radation studies using the proposed LC method,
indicating the degradation percentage and purity
of the MIR peak in chromatograms. The degra-
dation products of each of the parent compounds
were found to be similar under different drastic
stress conditions. Typical chromatograms ob-
tained following the assay of the untreated stand-
ard samples are given in Figure 3a and samples
stressed under drastic conditions are shown in
Figures 3b—.

Table 2

The results of hydrolytic, oxidizing, thermal
and photolytic drastic stress conditions

Response to Degradation
stress conditions of MRT“ (%)
HCI1 (0.5 M) 54.85

HCI (1 M) 74.78
NaOH (0.5 M) 0.71

NaOH (1 M) 0.98

H,0, (3%) 28.36

H,0, (30%) 79.27

UV (24 h) 8.92
Heating (75 °C 24 h) 3.08
Heating (100 °C 24 h) melting

“Each value is the mean of three experiments.
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Fig. 3. Typical LC chromatograms of the pure bulk sample of 100 pg/ml MIR (a) and drastic stressed conditions
of samples: (b) 1 N HCI at 80 °C after 30 min; (¢) 1 N NaOH at 80 °C after 30 min; (d) H,0, 30% at 80 °C after
30 min; (e) in UV light (254 nm) after 24 h; (f) at 100 °C after 24 h

Stress-degradation  studies of drug
substances can help to identify the possible
degradation products. Hence, the degradation
pathways, the intrinsic stability of the molecule
and the stability-indicating power of the
analytical procedures can be established. The
specificity of the developed RP-LC method
for MIR was assayed in the presence of its
pharmaceutical formulations and degradation
products. Voltammetric methods do not allow
for the separation of degradation products from
the main compound. Therefore, only the RP—LC
method is reported for the specificity studies.

Degradation experiments were designed
using acidic and alkaline hydrolysis, hydrogen
peroxide, dry heat and UV light. Typical
chromatograms obtained following the assay
of the untreated standard samples and stressed
samples using drastic conditions are shown in
Figure 3. MIR was clearly degraded during
heating, UV light exposure, acidic hydrolysis
and alkaline hydrolysis. Oxidation (Table 2) led
to the formation of some unknown degradation
peaks (Figures 3 b—f). The MIR response was
successfully resolved from the degradation

products with the proposed RP-LC method, as
shown in Figure 3. The percentages of degraded
compound are reported in Table 2.

3.4. Assay methods for MIR

3.4.1. Voltammetric assay method results

In order to develop a voltammetric
method for determining MIR, the DPV and
SWV techniques were selected. For these
voltammetric studies, the effects of the amount
of methanol on the peak current and potential
were studied. For analytical purposes, the best
response was obtained by working with a 10%
constant amount of methanol at pH 7.0 and
8.0 in Britton-Robinson buffer for the GC and
BDD electrodes, respectively. Under the chosen
experimental conditions, the variation in the
peak current with increasing concentrations of
MIR was analyzed by means of DPV and SWV
for both electrodes (Figure 4).

The good linearity of the calibration graph
and the negligible scatter of the experimental

Maced. J. Chem. Chem. Eng. 32 (1), 41-55 (2013)
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Fig. 4. DPV (a and c) and SWYV (b and d) obtained for the determination of MIR using GC (a and b) and
BDD (c and d) electrodes. (1) Supporting electrolyte pH 7.0 Britton-Robinson buffer for GC and pH 8.0 Britton-
Robinson buffer for BDD; (2) 1.062 pg/ml; (3) 10.62 pg/ml and (4) 26.54 pg/ml MIR in
0.5 M H,SO, solution with a constant amount of methanol (10%).

points are evident by the values of the correlation
coefficient and standard deviation.

A calibration graph from the standard
solution of MIR was carried out using DP and SW
voltammetry. The peak current at the potential of
+1.0 V increased proportionally with the MIR
concentration to yield a highly linear calibration
plot.

I (uA)=27456 C (M) —0.0113
(r=0.999; n="7DPV);

I (uA)= 37052 C (M) —0.0301
(r=10.999; n =7 SWV) for the GC electrode;

I (uA)=16508 C (M) —0.0257
(r=0.999; n="7DPV);

I (uA)=22437C (M) —-0.0918
(r=0.998; n =7 SWV) for the BDD electrode.

Maced. J. Chem. Chem. Eng. 32 (1), 41-55 (2013)

The low values of standard error of the slope,
intercept and greater correlation coefficient than
0.999 confirmed the precision of the voltammetric
methods. The characteristics of the calibration
equations and related validation parameters are
summarized in Table 3.

LOD and LOQ values were calculated from
the equations as LOD = 3.3 s/m and LOQ = 10
s/m, respectively, [27] using the standard deviation
of response and the slope of the calibration curve.

The repeatability and reproducibility of
peak potential and peak current were tested on
26.54 pg/ml MIR. The RSD% values are shown
in Table 3. The precision and sensitivity of the
proposed methods can easily be established from
the low SE value of the slope and intercept.
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Table 3

Regression data of the calibration lines for quantitative determination
of MIR by DPV and SWYV for the GC and BDD electrodes and the LC method

GC BDD
LC-UV method
DPV SWV DPV SWv
Measured potential (V) 0.692 0.732 0.828 0.864
Retention time (min) 4.65
Linearity range (pug/ml) 0.212-26.54  0.212-26.54 0.212-26.54 1.061-26.54 1.00-18.00
Slope (x10%) 27.46 37.05 16.51 22.44 0.226
Intercept -0.011 —0.0301 —-0.0257 —-0.0918 —-0.079
Correlation coefficient 0.999 0.999 0.999 0.998 0.999
SE of slope (x10%) 0.261 0.267 0.148 0.524 2.210
SE of intercept (x1072) 1.122 1.148 0.636 2.604 2.192
LOD (pg/ml) 0.0031 0.0018 0.0060 0.0013 0.015
LOQ (ng/ml) 0.0092 0.0055 0.0183 0.0038 0.051
Repeatability of peak current /
peak arca (RSD%)* 0.133 0.285 0.296 0.109 0.139
Repeatability of peak potential /
retention time (RSD%)’ 0.337 0.581 0.255 0.245 0.060
Reproducibility of peak current /
peak area (RSD%)" 0.502 0.743 0.617 0.288 0.278
Reproducibility of peak potential / 0.751 0.778 122 107 0.067

retention time (RSD%)“

“Obtained from five experiments

3.4.2. RP-LC assay results

In RP-LC methods, precision and accuracy
can often be enhanced by the use of an appropriate
IS, which also compensates for changes in sample
size or concentration dueto instrumental variations.
Also, the proposed method has the advantage of
using an IS which compensates for any error that
may occur due to baseline drift or fluctuations in
the readings of the DAD detector. Ideally, an IS
should display similar physicochemical properties
to the analyte. Several compounds were tested;
hydrochlorothiazide was chosen as the IS because
it showed a shorter retention time with better peak
shape and better resolution from the investigated
compound peak compared with the other potential
IS compounds. After determining the optimum
conditions, satisfactory resolution was obtained
in a short analysis time (5 min). The retention
times of MIR and the IS were 4.65 and 3.27 min,
respectively (Figure 5).

The system suitability parameters have al-
ready been calculated for this method. Tailing fac-
tors and theoretical plate numbers were obtained
as 1.17 and 9985 for MIR and 1.20 and 8544 for
the IS, respectively, for this system. All results
conformed to USP requirements for system suit-
ability tests.

The linearity of the detector responses for
MIR was determined by the plotting peak area
ratio of the drug to the IS versus concentration.
The analytical data for the calibration graph are
listed in Table 3. The calibration curve was lin-
ear in the range of 1.0-18.0 pg/ml at a detection
wavelength 230 nm, with a correlation coeffi-
cient () of 0.999.

The stability of the reference substances
and sample solutions were checked by analyz-
ing a prepared standard solution of MIR stored
at +4 °C in the dark against a freshly prepared
sample using both the voltammetric and LC
methods. The results demonstrated that the

Maced. J. Chem. Chem. Eng. 32 (1), 41-55 (2013)
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Detector Response

Time (min)

Fig. 5. Typical LC chromatograms of (A) (----) methanol:water (30:70, V/V) adjusted to pH 3.0 as the mobile

phase and (B) (

) pharmaceutical dosage form of 5.0 pg/ml IS (1) and 30.0 pg/ml MIR (2).

Experimental conditions were as in the chromatographic procedure.

working standard solutions were stable for at
least 72h.

The adequacy of the developed methods
was evaluated by quantifying MIR in the tab-
let dosage form (labeled value 30 mg). Either
the voltammetric or LC method could be used
for the assay of MIR without prior separation

Table4d

of the excipients. The concentration of MIR de-
termined in the tablets using both methods is
reported in Table 4. The mean results for the
determination of both proposed methods were
found to be very close to the declared value of
30 mg (Table 4).

The results for the determination of MIR from the dosage form and recovery experiments
achieved by the GC and BDD electrode and the LC method

GC

BDD

Parameters LC-UV
DPV SWV DPV SWV
Label claim (mg) 30.00 30.00 30.00 30.00 30.00
Amount found* (mg) 30.09 30.06 30.04 30.04 29.95
RSD% 0.465 0.265 0.061 0.066 0.230
Bias% -0.300  —-0.200 0.133 0.133 0.167
L e 0.090 0.054 0.032 0.028 licoreticars 2-31
alue 0.198 0.782 0.025 0.029 heoreticals 379
Added (mg) 15.00 15.00 15.00 15.00 4.000
Found“ (mg) 14.89 14.95 14.99 14.98 4.007
Average recovered (%) 99.95 100.04 100.06 100.09 100.07
RSD% of recovery 0.157 0.323 0.026 0.135 0.030
Bias% 0.733 0.333 0.0667 0.133 —0.175

“Obtained from five experiments

Maced. J. Chem. Chem. Eng. 32 (1), 41-55 (2013)
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3.4.3. Statistical comparison of the
voltammetric and chromatographic methods

In order to know whether the excipients,
such as corn starch, hydroxypropyl cellulose,
magnesium stearate, colloidal silica dioxide,
lactose monohydrate, hydroxypropylmethyl
cellulose, polyethylene glycol 8000, titanium
dioxide, yellow and red iron oxides (30 mg)
[25], in the tablets and solutions showed any
interference with the analysis, we also carried
out recovery studies after the addition of
known amounts of the pure drug to various pre-
analyzed formulations of MIR for both methods.
Excipients present in the tablet did not interfere
with the analysis (Table 4). These results
show that the proposed methods had adequate
precision and accuracy. As far as we know, no
official or literature method has been described
related to MIR analysis in the tablet dosage form.
For this reason, we developed an RP-LC method
as a comparison technique. These two methods
were compared with each other using Student’s
t-tests and F-tests. At the 95% confidence level,
the values of the #-tests and F-tests were less than
that of the theoretical ¢ and F values, showing
that there were no significant differences in the
performance of the proposed methods (Table 4).

4. CONCLUSION

The anodic voltammetric behavior and the
determination of MIR in the dosage form were
investigated for the first time in this study. The
electrooxidation processes of MIR on carbon-
based electrodes are irreversible and diffusion
controlled procedures at all pH values and in all
studied supporting electrolytes.

Either  voltammetric = or  RP-LC
methods provide a sensitive, simple, rapid
and cost-effective determination of MIR in
pharmaceuticals without the necessity of sample
pretreatment, or any time consuming evaporation
or extraction steps prior to analysis.

The results of stress testing undertaken
according to the ICH guidelines reveal that

the method is selective, specific and stability-
indicating. The proposed RP-LC method has
the ability to separate MIR from its degradation
products and related substances.

All of the proposed methods are suitable for
quality control laboratories, where economy and
time are essential. High percentage recoveries
showed that the proposed methods are free from
interference by commonly used excipients and
additives in pharmaceutical dosage forms.
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