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ABSTRACT

Objective: In this study, the thermodynamic protonation constant (§pK,) of antifungal azole derivative
miconazole and tioconazole were investigated by the reversed-phase liquid chromatography (RPLC) method.
Although classical stationary phases are the most commonly used column-packed materials in the analyses of
these compounds by the RPLC method, the determination of the pK, value of miconazole and tioconazole with
a cyano-based column has not been reported so far.

Material and Method: Chromatographic behavior of the selected compounds was determined with
Ultra Cyano column (Restek®, 150%3.0 mm 1.D, 3um) which is compatible with hydrophobic compounds. The
dependence of the retention times on the acetonitrile content of the mobile phase and the effect of the mobile
phase pH on the chromatographic retention was determined for each compound by changing the pH in the
range of 3.0-7.50.

Result and Discussion: The $pK, values were determined by a nonlinear regression program. The
thermodynamic aqueous pKa (ypK,) value of the studied compounds was calculated from the $pK, value by
using the macroscopic parameters (dielectric constant and mole fraction) that play an important role in the
solvent properties. The calculated ;ypK, values were compared with literature values.
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0z
Amac: Bu ¢calismada, antifungal azol tiirevi mikonazol ve tiokonazoliin termodinamik protonasyon sabiti
SpK,) ters faz sivi kromatografisi (RPLC) yontemi ile arastirilnmistir. Bu bilesiklerin RPLC ydntemi ile
analizlerinde klasik sabit fazlar en yaygin olarak kullanilan kolon dolgulu malzemeler olmasina ragmen, siyano
bazl bir kolonla simdiye kadar mikonazol ve tiokonazoliin pKa degerinin tayini rapor edilmemistir.

Gerec ve Yontem: Segilen bilesiklerin kromatografik davranislar: hidrofobik bilesiklerle uyumlu Ultra
siyano kolon (Restek®, 150%3.0 mm I.D, 3um) ile belirlenmistir. Alikonma siirelerinin mobil fazin asetonitril
icerigine bagimliligi ve mobil faz pH'imin kromatografik alikonma iizerindeki etkisi, pH 3.0-7.50 araliginda
degistirilerek her bir bilesik i¢in belirlenmistir.

Sonu¢ ve Tartisma: pK, degerleri, dogrusal olmayan bir regresyon programi ile belirlenmistir.
Calisilan bilesiklerin termodinamik suda pKa (WpK,) degeri, ¢oziicii ézelliklerinde onemli bir rol oynayan
makroskopik parametreler (dielektrik sabiti ve mol fraksiyonu) kullanilarak {pK, degerinden hesaplanmistir.
Hesaplanan \WpK, degerleri literatiir degerleri ile karsilastiriimistir.

Anahtar Kelimeler: Birlesik etki, Imidazol, Nonlineer regresyon, RPLC

INTRODUCTION

Worldwide, more than 150 million cases of serious fungal infections occur each year. About 1.7
million deaths occur due to these infections each year [1]. Azole antifungals are the most commonly
used drug molecules in therapeutic applications [2]. These are synthetic compounds and generally
classified as imidazoles or triazoles which include two or three nitrogen atoms, respectively, in the five-
membered ring systems. Two important members of imidazole class are Miconazole (MICO) and
Tioconazole (TIO) [3]. These antimycotic imidazole compounds have a broad spectrum of activity
against different types of microorganisms [4,5]. Due to its non-polar chemical structure and low
solubility in blood plasma, tioconazole is used only in skin infections. Miconazole is widely used in the

treatment of dermal, oral, and vaginal mycosis [6].

The acid-base dissociation constant, typically represented as pKa is a very important
physicochemical parameter to be aware of in pharmaceutical research and other fields including the
discovery and evaluation of newly synthesized compounds. The 77.5% of the drug-like molecules that
are involved in the WHO essential medicine list have ionizable functional groups with a pK,in the range
of 2-12 [7]. The neutral form of these drug molecules is generally water-insoluble, but highly membrane-
permeable and lipophilic whereas ionizable forms are vice versa. Thus, lipophilicity, permeability, and
solubility of drug molecules all can be influenced by their pKa value [8]. Furthermore, this type of
information can be valuable to evaluate the absorption, distribution, metabolism, and excretion (ADME)

properties of drug molecules [9,10].

Analytical methods used to determine pK, values involve exposing a compound to a changing pH
environment and monitoring the changes that occur due to the ionization state of the drug molecule [11].
Although potentiometric titration and spectrophotometric analyzes are routinely used for pK,

determination among these methods, these techniques have disadvantages such as poor solubility,
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absence of UV chromophore, and different absorption spectra of neutral and ionized forms [12].
Reversed-phase liquid chromatography (RPLC) is the other preferred method to determine the pKa value
of ionizable substances. This method is based on the different retention behavior of the ionized and
neutral forms of drug molecules [13,14]. Among the advantages of this method is its necessity for a very
small amount of the analyte and high purity of the sample is not required for the LC assays [15].

In the analyzes performed in this method, the compound must be dissolved with a solvent. To
eliminate the harmful effects of organic solvents, water is the first solvent preferred in the analysis.
However, in cases the solubility of the compounds in water is insufficient, it is necessary to use an
organic solvent-water binary mixture to dissolve the compound. On the other hand, in most of the
analyses conducted in a 100% water environment with the RPLC method, problems such as non-
repeating retention times (tr), and phase precipitation are observed in the RPLC column [16]. For these
reasons, it is necessary to add a small amount of organic modifiers to the mobile phase to eliminate these
problems [17,18]. Acetonitrile (ACN) is the most preferred solvent among organic solvents. The
determinations made using binary mixtures formed with water have excellent chromatographic
properties [19,20]. The activity coefficients of molecular and ionic species in ACN-water mixtures can

be calculated from the Debye-Hiickel equation (Eq. 1) [21].

logy = ———— (Eg. 1)
+

where the values of the Debye-Hiickel A and B constants and the ion size parameter, ao, in the
acetonitrile-water mixtures have been reported by J. Barbosa et.al. [22]. The ionic strength, I,
of the mobile phases used can be calculated for each pH value from charge and mass balances,
taking into account the pKa1 and pKa2 values of phosphoric acid at each mobile phase
composition, the analytical concentration of this acid in the mobile phase, the pH values and

the activity coefficients, using iterative calculation [23].

When the literature is examined, the pK, values of two imidazole drugs were determined by
different computer programs [24], potentiometric titration [25], pH-metric method [10], capillary
electrophoresis [26] and there is only one study aimed at determining the pK, values with a liquid
chromatographic method [27]. In this study, the retention behavior of MICO and TIO was investigated
in the microheterogeneity region (30-45 v/v%) at 37°C. The thermodynamic pKa (3pK,) values of these
two compounds in ACN-water binary mixtures were determined by using the tr value determined
depending on the mobile phase pH change and the calculated activity coefficients in this region. The

pKa values (}ypK,) in zero cosolvent concentration of these two poor water-insoluble compounds were
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calculated by the mole fraction-3pK,, relationship and Yasuda-Shedlovsky (YS) extrapolation method.

In addition, the degree of ionization of the related compound was calculated using the WpK, values.

MATERIAL AND METHOD

Chemicals and Standard Solutions

All the analytical chemicals have not been subjected to any purification process. MICO and TIO
were supplied from Sigma-Aldrich (St. Louis, USA). Acetonitrile (ACN), o-phosphoric acid, potassium
hydrogen phthalate (KHP), sodium hydroxide (NaOH) were purchased from Merck (Darmstadt,
Germany). The TIO and MICO were prepared in ACN-water binary mixtures at a concentration of 50

pg/mL. These solutions were prepared daily and stored at +4°C.
Instrumentation and Apparatus

The Shimadzu HPLC system is integrated with an SPD-20A model UV-vis detector, a CTO-20A model
column oven, an LC-20AD model pump, and a DGU-20A3 model degasser. Mettler Toledo InLab 413 Ag/AgCI
glass electrode combined with a Mettler Toledo MA 235 pH/ion analyzer was used for pH measurements of
RPLC. Potassium hydrogen phthalate (0.05 mol/kg) was chosen for electrode calibration in binary mixtures of
ACN-water [28,29]. In adjusting the mobile phase pH, the temperature was kept constant at 25 °C. The ultrapure

water purification process was carried out with the Direct Q3 UV system (Millipore-France).
Chromatographic Conditions

Experiments were carried out in different proportions of ACN-water binary mixtures (30:70;
35:65; 40:60; 45:55 v/v%) which include 25 mM orthophosphoric acid as a mobile phase component in
this study. Due to the appropriate pKa values (pKaz, pKaz) and buffering capacity, orthophosphoric acid
is sufficient to adjust the mobile phase pH ($pH). The $pH from 3.0 to 7.5 is set by 1 M NaOH [30].
The separation was carried out in the Ultra Cyano column (Restek®, 150 x3.0 mm I.D, 3um) at a constant
temperature of 37 °C. In the HPLC system, the flow rate of the mobile phase was fixed at 0.6 mL/min.
Analysis of the compounds with a UV-visible detector gave a maximum absorbance value of 204 nm.

All retention data were obtained with three repeated analyses.
Evaluation of data

In this study, the $pK, values of the TIO and MICO were calculated using the relationship
between trand $pH, taking into account the activity coefficients in the selected binary mixtures of ACN-

water [22]. Data were calculated with the nonlinear regression (NLREG) program [31].
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RESULT AND DISCUSSION

In the RPLC method, cyano columns allow the elution of hydrophobic compounds more quickly,
using fewer organic solvents. In addition, it provides good selectivity for the determination of polar
compounds and provides different selectivity than C18 and C8 columns. Cyano phase also shows enhanced
retention of certain basic analytes relative to C18. In the literature, high concentration organic modifier
and C18 columns are preferred for the separation of basic hydrophobic compounds in RPLC analyses
[21,32]. The TIO and MICO selected in this study are also highly hydrophobic compounds (logP: 6.11;
logS:-6.42 for TIO; logP: 5.93; logS:-6.26 for MICO) [33]. For the chromatographic analysis of these two
drug molecules, the cyano column (Restek®) was preferred. In this study, the retention behavior of the
studied compounds has been examined using different isocratic elution conditions on the selected RPLC
column. The combined effects of pH and ACN percentage on the tr values were investigated. Changes in
retention time were determined by the changing of the $pH and concentration of the selected organic
modifier (ACN) in the mobile phase. All experiments were performed at least three times. The relative
standard deviation is below 2%. A chromatogram showing the change of tr value of MICO and TIO
depending on the mobile phase pH change is given in Figure 1.
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Figure 1. Overlaid RPLC chromatograms of ionized and molecular forms A) MICO B) TIO (ACN-

water binary mixture containing 40 v/v% ACN)
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The percentage of solvent, column temperature, and pH of the mobile phase are major factors to
determine the retention time of ionizable molecules. The retention times were obtained over a pH range
of 3.0-7.5, to determine pK, of MICO and T10 using the RPLC method. In Figure 2, data pairs of ts/ $pH
for investigated compounds in different percentages of acetonitrile-water binary mixtures are shown,
together with the corresponding experimental and calculated retention times. The tr values of the studied
compounds are plotted as a function of the mobile phase pH using a nonlinear regression program
(Figure 2).

In the calculations made in this program, the thermodynamic $pK, values were calculated by
taking the activity coefficients into account. The $pK, value, the retention time of the molecular
(trp), and ionized (tggy+) form of the compounds were calculated by the NLREG program (Table 1).
The activity coefficients of the ionic and molecular species in the studied hydro-organic mixtures were

computed in each mobile phase and constant ionic strength with the Debye-Hiickel equation [22].

E

////

pH pH

Retention time [lx)

Figure 2. Plots of the retention times versus the pH of the mobile phase for A)30% B)35% C)40%
D)45 viv% ACN. The solid lines indicate the predicted retention times

Table 1. The thermodynamic pK, values and the retention times of ionic and neutral species of the

studied antifungal drugs

Compounds ACN (v/v%) pK, trpnt tep
30 5.684 (0.061)* 16.661 (0.274) 30.939 (0.371)
35 5.553 (0.075) 10.892 (0.366) 25.661 (0.452)
Miconazole
40 5.411 (0.058) 6.188 (0.270) 19.595 (0.302)
45 5.227 (0.089) 3.690 (0.207) 10.021 (0.302)
30 5.801 (0.098)* 12.121 (0.310) 22.566 (0.458)
35 5.688 (0.094) 8.055 (0.300) 18.130 (0.408)
Tioconazole
40 5.584 (0.088) 4.718 (0.286) 14.672 (0.361)
45 5.466 (0.067) 3.248 (0.112) 8.182 (0.130)

* standard deviation
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MICO and TIO show basic retention behavior in RPLC and the experimentally determined $pK,
values belong to a nitrogen atom at position 3 (N3) in the imidazole ring. As the concentration of
acetonitrile in the mobile phase increases, the $pK, value of the compounds decreases. The pK, values
demonstrate the equilibrium between the positively charged, protonated nitrogen (N3) atom of the
studied drug molecules and their neutral conjugate bases.

The $pK, of the two hydrophobic antifungals were determined in studied binary mixtures since
they are insoluble in water. Because of this, the thermodynamic aqueous pKa (wpK, ) values at zero
cosolvent concentration were computed by Yasuda-Shedlovsky (YS) extrapolation method. In this
method, the calculated dielectric constant (¢) values in the studied ACN (v/v%) were used. The ¢ values
at the different compositions of binary mixtures of ACN and water were obtained from Barbosa et al.
[34]. The WwpK, values of these two antimycotic drugs were calculated by using the linear equations
which were obtained by plotting $pK,+ log[H2O] data against 1/¢ values. The \vpK, values at zero

cosolvent concentration are given in Table 2.

Table 2. The yWpK,, value of the MICO (A) and TICO (B) by using the Yasuda-Shedlovsky extrapolation

method and Xacn-3pK, relationship

Yasuda-Shedlovsky extrapolation method Xacn-SpK , relationship
ACN .
Compounds € 1/e [H.0O] | log[H.0] pKa SpK . +log[H,O] | Equation r
(viv%)
30 62.220 | 0.0161 | 53.889 1.731 5.684 7.415
35 60.230 | 0.0166 | 53.611 1.729 5.553 7.282
. nga = ‘5-172XACN +
Miconazole 40 58.240 | 0.0172 | 53.333 1.727 5411 7.138 6336 0.999
45 56.250 | 0.0178 | 53.056 1.725 5.227 6.952 .
0 74.180 6.374
30 62.220 | 0.0161 | 53.889 1731 5.801 7.532
35 60.230 | 0.0166 | 53.611 1.729 5.688 7.417 SpK,, = -3.781X acn +
Tioconazole 40 58.240 | 0.0172 | 53.333 1.727 5.584 7.311 6.269 0.999
45 56.250 | 0.0178 | 53.056 1.725 5.466 7.191
0 74.180 6.296

Figure 3, shows a straight line in all cases according to the YS plots. The slopes of the linear lines
in the graphs are different from each other (Figure 3). Basic functional groups containing two drugs
have negative slopes. These straight lines could be clarified by taking into account the structural features

of ACN-water mixtures.
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Figure 3. Yasuda-Shedlovsky extrapolation and Xacn -$pK,, relationship

A negative slope is indicative of decreasing basicity with increasing organic solvent concentration
in the mixture. Another approach to determine the \ypK, values of the compounds in the aqueous
medium is to determine the mole fraction of the ACN -$pK, relationship. The calculated $pK, values
in this study were plotted against the Xacn value. The intercept value of the linear graph plotted using
the Xacn -3pK, relationship gives the ypK, value of the compound (Figure 3). The \vpK, values
calculated by these two approaches are given in Table 2. The negative slope is due to the basic functional
group of the compound. It is seen that the 1vpK, values calculated using these two macroscopic constants

are compatible with each other.

An active drug substance can cross the cell membrane in a non-ionized form. Therefore, the
degree of ionization must be known. The degree of ionization is necessary for the determination of
ADME properties and can be calculated using the Henderson-Hasselbach equation [35]. In this study,
the studied compounds with the basic functional group, whose wpK, value was determined, become
50% completely ionized at the \ypK, value of MICO and TIO. Molecular and anionic compounds were
determined by using the % ionization values calculated in the pH 1.5-14 ranges (Figure 4). In basic

compounds, two units above the pK, value represent the non-ionized state of the compound.
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Figure 4. Percentage ionization of studied compound as a function of pH A) MICO, B) TIO

When the literature studies are examined, the experimental study (mostly for miconazole) is
limited to determining the pKa values of MICO and TIO. The pK, values of the compounds were
estimated using different computer programs [24,36]. According to the data obtained from these
programs, pKa values for these two compounds were calculated between 5.99-6.48 (Table 3). There is
only one experimental study in which the pK, value of tioconazole was determined. In this study
performed with the RPLC method, the pK, value of miconazole was also determined [27]. In this study,
MICO and TIO were analyzed at 62.5%, 65%, and 70% ACN-water binary mixtures with X-Terra RP-
18 column at 25 °C. High ACN concentration was used in the analysis of these two compounds by the
RPLC method. In addition, a hybrid-based C18 column was preferred. In our study, MICO and TIO
were analyzed with an HPLC column containing the cyano phase, showing different selectivity
compared to C8 and C18 columns. Because this type of column was chosen, compounds could be
determined with low ACN concentration. In the conducted study by Sanli et al. [27]. The pKa value of
MICO was determined by a potentiometric method in a binary mixture of methanol-water (50:50 v/v%)
[25]. In a capillary electrophoresis study [26], the pK, value of MICO was determined by the pressure-

assisted capillary electrophoresis method in an aqueous solution with a pH range of 2.0 to 12.4 and an
ionic strength of 0.05 M. (Table 3).

Table 3. pKa values of studied compounds obtained from different methodologies.

Compounds Computer programs | Literature values
TIO 6.48 [36] 7.10 [27]

MICO 5.99 [24], 6.48 [36] | 6.16 [27], 6.91 [25], 6.63 [26], 6.07 [37]

The present study shows that the pH of the buffer and the percentage of acetonitrile in the mobile
phase were two important parameters that affected the separation and chromatographic results. Most of
the determinations of these hydrophobic antifungal compounds with low solubility by the RPLC method

are carried out in high organic modifiers and C18, C8 columns. This study, which took place at 37 °C,
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was performed both in the microheterogeneity region and in the cyano column. Since there is only one
experimental data on tioconazole and a limited number of experimental data on miconazole, the
thermodynamic data calculated with this study is the first in the literature. With this study,
experimentally determined physicochemical parameter thermodynamic pKa value will provide
information about the transport process of the drug molecules through biological membranes and the

advancement in the use of nanostructures for the drug transport mechanism.
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