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APPLICATION OF SALTS OF CHAOTROPIC ANIONS IN THE DEVELOPMENT OF HPLC
METHODS FOR THE DETERMINATION OF MELDONIUM IN DOSAGE FORMS

Mariana Horyn, Marjan Piponski, Tetiana Zaremba, Tetyana Kucher,
Svetlana Krstevska Balkanov, Tanja Bakovska Stoimenova, Dmytro Korobko,
Nataliia Potikha, Liubomyr Kryskiw, Liliya Logoyda

The aim of the work was to create an approach for the development of HPLC methods for the determination of
meldonium in dosage forms with the usage of salts of chaotropic anions in mobile phases.

Material and methods. Analytical equipment: Shimadzu UPLC system LC-40 PDA; Shimadzu Nexera-i LC-2040C
3D-Plus, controlled by sofiware Lab Solution version 5.97, electronic laboratory balance RAD WAG AS 200/C,
pH-meter I-160M1. Meldonium dihydrate (purity 99.3 %) was purchased from Sigma-Aldrich (Switzerland), and Va-
sopro capsules 500 mg were purchased from a local pharmacy. Chromatographic conditions: Agilent Zorbax C-18 SB
150%4.6 mm=3.5 um column was used (Agilent Technologies, USA). Mobile phases:

1) 0.25 % KPF6 w/v—0.1 % v/v 85 % H,PO, 95 % — 5 % ACN;

2) 0.3 % bis-(trifluoromethane)sulfonimide lithium salt 97 % w/v— 0.1 % v/v 85 % H PO, 80 %— 20 % acetonitrile. Flow
rate — 1 mL/min, T=32 °C, detection UV=at 4 channels — 190 nm, 195 nm, 200 nm, 205 nm.

Results and discussion. We have proposed two approaches using two different salts of chaotropic anions — potassi-
um hexafluorophosphate and bis-(trifluoromethane)sulfonimide lithium salt — for the HPLC method development. The
chaotropic effects of these anions toward meldonium strongly influenced the analyte migratory behaviour. Both mobile
phases involved, in addition to the use of a chaotrope, also the use of acetonitrile and pH adjustment with 0.1 % v/v
85 % H PO, solution. The detection wavelength (190 nm, 195 nm, 200 nm, 205 nm) was selected experimentally. The
results were obtained for 8 concepts. Parameters of the chromatographic system confirm the conclusions and results of
this investigation for the influence of chaotropic salts on N-containing molecules in an acidic pH medium, by increasing
their retentivity and improving peak shape and uniformity homogeneity, even on the column without end-capping and
base-deactivating. Validation of the analytical method was carried out following the requirements of SPhU.
Conclusions. HPLC methods for the determination of meldonium in dosage forms have been developed, using positive
impacts of chaotropic salts on the molecules containing N-atoms in their molecule on their retentions and peak symme-
tries on the chromatogram. The validation of the analytical methods showed their suitability for pharmaceutical analysis
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1. Introduction stances for athletes to use because they enhance perfor-

Meldonium (Mildronate) is a metabolic, cardiopro-
tective drug, a structural analogue of gammabutyrobethaine
(precursor of carnitine), which is used for treating cardio-
vascular complications and for improving the functioning of
the brain. The mechanism of action of meldonium consists
in the accumulation of gammabutyrobetaine, which leads to
a decrease in carnitine biosynthesis. Optimized oxygen
consumption and glucose metabolism in cells, oxidation of
fatty acids is inhibited, and cell membrane damage is pre-
vented. It has also been proven that meldonium induces NO
(nitric oxide), which helps to reduce peripheral resistance
and improve the rheological properties of blood. Due to
these properties, meldonium is used for the treatment of
myocardial infarction, heart failure, ischemic cerebral dis-
eases, and arrhythmia. In 2016, World Anti-Doping Agency
(WADA) added meldonium to the list of suppressed sub-
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mance and endurance [1-3]. Meldonium dihydrate is de-
scribed in the European Pharmacopoeia [4, 5]; for assay of
meldonium, European Pharmacopoeia proposes acidimet-
ric non-aqueous titration. By surveying the literature review,
it was found that numerous methods have been reported for
the determination of meldonium in biological fluids [6-21]
and food products [22], but only a few methods have been
reported for the determination of medonium in dosage
forms medicines [23-26]. Meldonium dehydrates (Fig. 1),
3-(2,2,2-trimethylhydrazin-2-ium-1-yl)propanoate  dihy-
drate, is a water soluble molecule (20.2 mg/mL) with
logP=-2.6, pKa (strongest acidic)=4.14 [27].

Only one spectrophotometric method of determina-
tion of meldonium in dosage form has been described in the
scientific literature [23]. Donchenko A. et al. [23] have been
developed the spectrophotometric method based on a reac-
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tion with p-chloranil for the determination of meldonium in
dosage forms. Toxic DMF as a medium was used to form the
coloured reaction product with an absorption maximum at
556 nm. Three chromatographic methods (HPLC, HILIC)
have been developed for the determination of meldonium
and related substances in dosage forms [24-26]. All of them
have the same disadvantages due to the time when these
methods have been developed (2008, 2005, 2006 years).
Nowadays, approaches to the development of chromato-
graphic methods have been changed. New chromatographic
columns have been put into practice by manufacturers, and
other approaches to the selection of mobile phases and chro-
matographic conditions are used. Investigations and experi-
ments of salts for chaotropic anions are quite new and prom-
ising in developing HPLC methods [28-30]. The main idea
for testing the chaotropic effect in the development HPLC
method came from the experiments and data described in the
book of Kazakievic «HPLC for Practicing Scientists» [31].

Therefore, the aim of our work was to create an
approach for the development of HPLC methods for the
determination of meldonium in dosage forms with the
usage of salts of chaotropic anions in mobile phases.
Since the presence of two N-atomes in the molecular
structure of meldonium, one secondary and one tertiary,
chaotropic testing on the peak of meldonium as analyte
will be very useful and applicative in concept for HPLC
method development using alkyl reversed phase bonded
columns, with C18 as the primary choice.

“® N o®
H
Fig. 1. Chemical structure of meldonium

2. Planning of the research

Methodology of research of development and val-
idation of HPLC method for the determination of meldo-
nium in dosage form includes:

1. Study of the monograph of the European Pharma-
copoeia 10 and 11 edition, analysis of scientific articles.

2. Selection of chromatographic conditions (choice of
detector, chromatographic column, mobile phase, optimal
wavelength and injection, flow rate) and sample preparation.

3. Creation of two approaches using two different
salts — potassium hexafluorophosphate and bis-(trifluo-
romethane)sulfonimide lithium salt.

4. Validation of the spectrophotometric method for
determination of meldonium in dosage forms and study
of the greenness profile assessment of the proposed
method (analytical GREEnness).

3. Materials and methods

Objects of study, solvents and equipment.

Meldonium dihydrate (purity 99.3 %) was pur-
chased from Sigma-Aldrich (Switzerland), Vasopro cap-
sules 500 mg was purchased from a local pharmacy.

The following reagents and solvents were used in
work: acetonitrile (ACN) (Honeywell), phosphoric acid
(H,PO,) (Merck Darmstad, Germany), potassium hexa-
fluorophosphate (KPF,) (Merck Darmstad, Germany),

bis-(trifluoromethane)sulfonimide lithium salt (Sig-
ma-Aldrich (Switzerland).

Analytical equipment: Shimadzu UPLC system
LC-40 PDA; Shimadzu Nexera-i LC-2040C 3D-Plus, con-
trolled by software Lab Solution version 5.97, electronic la-
boratory balance RAD WAG AS 200/C, pH-meter I-160M1.

Chromatographic conditions: Agilent Zorbax C-18
SB 150x4.6 mmx3.5 um column was used (Agilent Tech-
nologies, USA). Mobile phases:

1) 0.25 % KPF, w/v—0.1 % v/v 85 % H,PO, 95 % —
5% ACN;

2) 0.3 % bis-(trifluoromethane)sulfonimide lithi-
um salt 97 % w/v — 0.1 % v/v 85 % H,PO, 80 % — 20 %
acetonitrile.

Flow rate — 1 mL/min, 7=32 °C, detection UV=at 4
channels — 190 nm, 195 nm, 200 nm, 205 nm.

Preparation of standard solution: 60 mg meldonium
(standard sample) was put in a 10 mL measuring flask and
dissolved in 5 mL freshly prepared in ultrapure water,
treated on ultrasound for 5 minutes and shaken for 10
minutes using a mechanical shaker. After that, the measur-
ing flask was filled up to mark with diluent and filtered
through 0.2 pm RC syringe filter before injection. Final
concentrations of 0.60 mg/mL of meldonium was obtained.
After filtration, 2 pL were injected on the column.

Twelve tablets of capsules were studied to obtain sta-
tistically significant results. The granulate from the capsule,
which corresponds to about 6mg/ml meldonium was put in
10 mL measuring flask and dissolved in 5 mL freshly pre-
pared in ultrapure water, treated on ultrasound for 2 minutes
and shaken for 15 minutes using a mechanical shaker. After
that, the measuring flask was filled to mark with diluent and
filtered through 0.2 pm RC syringe filter before injection.
Final concentrations of 0.6 mg/mL of meldonium was ob-
tained. After filtration, 2 uL were injected on the column.

4. Results

4. 1. Selection of chromatographic conditions

At the beginning of the conceptualization HPLC
method development for the determination of meldonium in
dosage forms, main challenges were evoked. As we men-
tioned before, meldonium is not a simple substance to ana-
lyze due to low molecular mass and high polarity. Under-
standing the facts described above, we began the
development of the first approach, which involved the use of
chaotropic anion salts. We started our method development
by using high retentive, short, well-end-capped column
Agilent Zorbax C-18 SB ((RP18, ODS, Octadecyl), Pore
Size: 80 A, Particle Size: 3.5 u, Inner Diameter: 4.6 mm,
Length: 150 mm, Carbon Load: 1%, USP Number: LI,
Category: Reversed Phase (RP)) and a first mobile phase
consisting of 0.25 % KPF, w/v — 0.1 % v/v 85 % H,PO,
95 % — 5 % ACN. The use of salts of chaotropic anions in
the mobile phase has shown certain advantages in the devel-
opment of HPLC methods, such as increasing the column
retentions of N-containing molecules, especially in acidic
pH environments, and improving the peak symmetries [28].
Hexafluorophosphate chaotropic anion is the strongest in
the Hofmeister series of chaotropic anions [29]. The ob-
tained chromatogram is illustrated in Fig. 2.
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As can be seen from the chromatograms on Fig. 2,
the elution profile of this column and mobile phase showed
good retention. To choose optimal wavelengths, we have
tried four different wavelengths (190, 195, 200, 205 nm)
(Fig. 3). Analyzing Fig. 3, we can conclude that all wave-
lengths are suitable. Full 3-D chromatogram of the standard
of meldonium is illustrated on Fig. 4. To check the selectiv-
ity of the method, we have performed chromatograms on
Fig. 5 and concluded that there is no interference of other
components (mobile phase, excipients). To summarize all
research experiments with usage of the first mobile phase,
we performed overlaid 4-channels simultaneously moni-

omEXiract: Tme 2626 Wavelength 190

tored sample and standard with the first mobile phase, even
though only one channel of UV wavelength appears to be
sufficient. Analyzing the facts described above regarding
the first approach, it is possible to conclude about the suit-
ability of the proposed chromatographic column Agilent
Zorbax C-18 SB (150%4.6 mmx3.5 um) and mobile phase
using one salt of the chaotropic anion (KPF,) for the devel-
opment of an express HPLC method for the determination
of meldonium in dosage forms.

Overlaid chromatograms with 4-channels simulta-
neously monitored sample and standard with the first
mobile phase demonstrated on Fig. 6.
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Fig. 2. Chromatogram of standard meldonium 5 mg/mL at full PDA record with contour diagram at top, chromatogram
extracted at 4 channels with 4 different wavelengths, on the right side are illustrated peak UV spectrum and graphic
purity calculation with first mobile phase and 2 pL injection
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Fig. 3. Comparison of peak size of meldonium standard with the first mobile phase at 4 UV wavelengths:
blue colour — 190 nm; pink — 195 nm; green — 200 nm; red — 205 nm
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Fig. 4. Full 3-D chromatogram of the standard of meldonium
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Fig. 5. Chromatograms illustrating the selectivity of the method (injected standard, medium — mobile phase, top —
sample from capsule Meldonium)
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Fig. 6. Overlaid chromatograms with 4-channels simultaneously monitored sample and standard with the first mobile phase

Considering the positive results obtained in the ity of using other salts of chaotropic anions in the mobile
first approach, we continued the search with the possibil- phase. Based on viscosity data, Pandey et al. [30] discov-
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ered that bis(trifluoromethanesulfonyl)imide is a stron-
ger chaotropic ion than hexafluorophosphate. Therefore,
we moved to the second approach, which involved the
use of the same column as in the first concept Agilent
Zorbax C-18 SB (150%x4.6 mmx3.5 um) and a mobile
phase consisting 0.3 % bis-(trifluoromethane)sulfonim-
ide lithium salt 97 % w/v — 0.1 % v/v 85 % H,PO, 80 % —
20 % acetonitrile. Comparison of retention increasing
time of meldonium according to chaotropic power of the
two strongest chaotropic salts, with the first mobile phase
with KPF, and 5 % acetonitrile eluting at about 2.65 min,
and the strongest described substance bis-(trifluorometh-
ane)sulfonimide lithium salt is illustrated on Fig. 7.

As can be seen from the chromatograms on Fig. 7,
the use of a salt of the chaotropic anion (bis-(trifluoro-

methane)sulfonimide lithium salt) extended the reten-
tion of meldonium to 4.4 min and made it possible to
obtain an excellent chromatogram with satisfactory pa-
rameters of the chromatographic system. We performed
overlaid 4-channels simultaneously monitored sample
and standard with the second mobile phase (Fig. 9). Pa-
rameters of the chromatographic system which is pre-
sented on Fig. 8 confirm the conclusions and results of
this investigation for the influence of chaotropic salts
on N-containing molecule, by increasing their retentiv-
ity, and improving peak shape and homogeneity, even
on the column without end-capping and base-deactivat-
ing. Therefore, the described second approach can also
be used to develop the HPLC method for determining
meldonium in dosage forms.
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Fig. 7. Chromatograms with the comparison of retention increasing time of meldonium according to chaotropic power
of the two strongest chaotropic salts, with first mobile phase with KPF, and 5 % acetonitrile eluting at about 2.65 min,
and the strongest described substance bis-(trifluoromethane)sulfonimide lithium salt
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Fig. 8. Full PDA chromatogram of the standard of meldonium with second mobile phase, with strongest described
chaotrop, with monitored UV-spectrum, peak homogeneity. The figure illustrates the 4-channels chromatogram overlay,
UV-absorption spectrum of meldonium and peak purity-homogeneity suggested by software calculations
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Fig. 9. Overlaid chromatograms with 4-channels simultaneously monitored sample and standard with second mobile
phase with 0.3 % bis-(trifluoromethane)sulfonimide lithium salt buffer for comparison of peak heights and method
sensitivity: blue colour — 190 nm; pink — 195 nm; green — 200 nm; red — 205 nm

4. 2. Determination of validation characteris-
tics and greenness profile assessment

Validation of the analytical method was carried out
in accordance with the requirements of SPhU [32]. The
calculation of the assessment of the impact of the analyti-
cal technique on the environment was carried out using
the AGREE (Analytical GREEnness) method (software
developed by the Gdansk University of Technology, Po-
land)) [33]. Comparison between the proposed HPLC
concepts presented in Table 1, intra-and Inter-day accura-
cy and precision results — in Table 2. The linearity results

showed an excellent relationship between the obtained
peak areas and the used concentrations of meldonium, and
also indicated the high sensitivity of the proposed HPLC
concepts. Analyzing results, presented in Tables 1,2 we
conclude that all proposed concepts are environmentally
friendly. In the very poor available data about getting an
idea and usable information about the development of the
method for determination of meldonium, we can suggest
our work with offered detailed and successful solutions for
the mentioned aim with less sophisticated equipment for
quality control lab for routine manufacturing control.

Table 1
Comparison between the proposed HPLC concepts
Concept 11 11T v \' VI vl VIII
1 2 3 4 5 6 7 8 9
Stationary Agilent Zorbax C-18 SB (150x4.6 mmx3.5 um)
phase
0.3 % 0.3 % 0.3 % 0.3 %
bis-(trifluo- | bis-(trifluo- | bis-(trifluo- | bis-(trifluo-
0.25 % 0.25 % 0.25 % 0.25 % romethane) | romethane) | romethane) | romethane)
KPF, w/v—| KPF, w/v— | KPF,w/v— | KPF, w/v—| sulfonimide | sulfonimide | sulfonimide | sulfonimide
Mobile 0.1 % v/v 0.1 % v/v 0.1 % v/v 0.1 % v/v | lithium salt | lithium salt | lithium salt | lithium salt
phase 85 %H,PO, | 85%H,PO, | 85%H,PO, | 85%H,PO, | 97 % w/v— | 97 % wiv 97 % wiv—| 97 % w/v—
95%-5%195%—-5% | 95%-5% [95%—-5%| 0.1 %v/v —0.1 %v/v 0.1 %v/v 0.1 %v/v
ACN ACN ACN ACN 85 % H,PO, | 85% H,PO, | 85% H,PO, | 85% H,PO,
80 % —20% | 80 % —20 % | 80 % —20 % | 80 % —20 %
acetonitrile | acetonitrile | acetonitrile | acetonitrile
Flow rate 1 mL/min
Column 32°C
temperature
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Continuation of Table 1

1 2 3 4 5 6 7 8 9
Wavenlli’gths’ 190 195 200 205 190 195 200 205
Retention
. . 2.63 2.63 2.63 2.63 4.05 4.05 4.05 4.05
time, min
LOD/LOQ, |  0.021 0.024 0.028 0.031 0.028 0.033 0.039 0.0554
mg/mL 0.055 0.062 0.074 0.080 0.81 0.101 0.121 0.182
Linearity
regression, 1 1 1 0.9999 1 1 1 0.9999
RZ
Analytical
GREEnness 0.76
(AGREE)
Table 2
Intra- and inter-day accuracy and precision results and greenness profile assessment
Concept I I I v \Y% VI VII VII
Mean, % (RSD, %)
Intra-day aceuracy | 2251 (038) | 9827 (0.89) | 98.78 (0.56) | 99.32 (0.17) | 98.77 (0.90) | 99.28 (0.49) | 98.78 (0.99) | 99.85 (0.11)
and precision [ 99.36 (0.09) [ 99.46 (0.78) | 99.11 (0.13) | 99.56 (0.38) | 98.84 (0.69) | 99.86 (0.10) | 99.05 (0.85) | 99.74 (0.72)
results 99.12 (0.56) | 99.56 (0.26) | 98.99 (0.78) | 99.19 (0.49) | 99.81 (0.18) | 99.53 (0.10) | 98.97 (0.93) | 99.64 (0.26)
Inter-day aceuracy | 9895 (067) | 99-11 (0.99) | 99.56 (0.36) | 98.90 (0.95) | 98.70 (0.48) | 99.85 (0.58) | 99.28 (0.30) | 98.95 (0.94)
and precision | 99.36 (0.56) | 98.54 (0.67) | 99.91 (0.25) | 99.75 (0.40) | 99.56 (0.17) | 98.67 (0.14) | 99.11 (0.74) | 99.01 (0.70)
results 99.62 (0.37) | 99.35 (0.68) | 98.92 (0.47) | 98.70 (0.92) | 99.26 (0.20) | 99.93 (0.11) | 98.98 (0.94) | 99.16 (0.47)

5. Discussion of research results

Given the limited information in scientific pub-
lications over the past 10 years regarding the develop-
ment of an HPLC method for the determination of
meldonium in dosage forms, we set ourselves the goal
of proposing an approach and developing an HPLC
method. In the process of developing the newest scien-
tific approaches to the development of HPLC methods
and from our own experience, we drew attention to the
possibility of using salts of chaotropic anion in the
mobile phase. Considering the characteristics of the
column, we chose for our research the Agilent Zorbax
C-18 SB 150x4.6 mmx3.5 pm chromatographic col-
umn. Considering the significant advantages of intro-
ducing salts of chaotropic anions into the mobile phase,
we proposed two approaches using two different salts —
potassium hexafluorophosphate and bis-(trifluoro-
methane)sulfonimide lithium salt. In addition to the
use of a chaotrope, both mobile phases involved, ace-
tonitrile and pH adjustment with 0.1 % v/v 85 % H,PO,
solution. The detection wavelength (190 nm, 195 nm,
200 nm, 205 nm) was selected experimentally. Sum-
ming up, the results were obtained for 8 concepts (Ta-
bles 1, 2). The validation of the analytical methods
showed their suitability for the purposes of pharma-
ceutical analysis. The environmental friendliness of
all proposed concepts is also proven. Considering the
fact that only one spectrophotometric method for the
determination of meldonium [23] is described in the
scientific literature, which has a number of disadvan-
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tages, and three chromatographic methods, which
have lost relevance over time [24-26], proposed two
scientific approaches have practical importance for
chemists.

Study limitations. The proposed HPLC meth-
ods can not be used to determine meldonium in blood
plasma.

Prospects for further research. The presented
paper describes approaches for the development of
HPLC method for the determination of meldonium in
dosage forms. The next research stage is planned to
develop approaches for the simultaneous determination
of meldonium in combination with other API in dosage
forms.

6. Conclusions

We have proposed two approaches using two dif-
ferent salts of chaotropic anions — potassium hexafluo-
rophosphate and bis-(trifluoromethane)sulfonimide
lithium salt — for the HPLC method development. The
chaotropic effects of these anions toward meldonium
strongly influenced the analyte migratory behaviour.
Both mobile phases involved, in addition to the use of a
chaotrope, also the use of acetonitrile and pH adjust-
ment with 0.1 % v/v 85 % H,PO, solution. The detection
wavelength (190 nm, 195 nm, 200 nm, 205 nm) was se-
lected experimentally. The results were obtained for 8§
concepts. HPLC methods for the determination of
meldonium in dosage forms have been developed, using
positive impacts of chaotropic salts on the molecules
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