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The electrochemical behavior of the azole antifungal agents itraconazole, posaconazole and ketoconazole
has been investigated at a glassy carbon working electrode using cyclic voltammetry. All measurements
were carried out in a supporting electrolyte solution consisting of a 1:1 (v/v) mixture of 0.1 mol L' sodium
phosphate buffers and acetonitrile at various substance concentrations and pH values. An amperometric
cell with a three electrode system consisting of a working electrode, a palladium reference electrode
and a platinum disk as the auxiliary electrode was used in all experiments. All azoles showed a similar
electrochemical behavior involving two reactions. An irreversible oxidation occurred at potentials of about
0.5V. A reduction peak was detected at potentials between —0.28V and —0.14V with an associated
oxidation peak, which was observed in consecutive repeated measurements at potentials between —0.03
and 0.28 V. The reduction and corresponding oxidation can be regarded as a quasi-reversible process. The
proposed reaction mechanisms are an irreversible oxidation of the piperazine moiety at higher potentials
as well as a reduction at lower potentials of the carbonyl group of the triazolone moiety in the case of

itraconazole and posaconazole or a reduction of the methoxy group of ketoconazole.

1. Introduction

Azole antifungals are important antifungal drugs for the therapy
and prophylaxis of systemic and topic mycoses. One of the first
substances of this group introduced into therapy was the imida-
zole derivative ketoconazole (Fig. 1). Due to severe side effects
upon oral administration, the drug is nowadays used only for
the topical treatment of mycoses (Mutschler et al. 2008). Fur-
ther development led to the triazole antifungal drugs including
itraconazole and posaconazole (Fig. 1). These compounds can
be administered orally or intravenously and are used for the pro-
phylaxis and treatment of systemic mycoses (Mutschler et al.
2008).

Several analytical methods using high performance liquid chro-
matography (HPLC) with UV or mass spectrometric detection
have been reported for the analysis of the triazole antifungals
(Reddy et al. 2011; Xiong et al. 2013; Jourdil et al. 2013;
Cendejas-Bueno 2013; Zhang et al. 2013; Xu et al. 2013;
Vujanovic et al. 2013). However, the electrochemical behav-
ior of the compounds has not been studied in detail despite their
widespread use. A differential pulse polarographic investiga-
tion of itraconazole indicated electrochemical activity of the
compound with a reduction peak within the pH range 5.5 to
9.0 (Knoth et al. 2012). The peak current was pH dependent
and decreased at higher pH values. Electrochemical oxidation
or reduction of posaconazole has not been reported. In contrast,
the electrochemical behavior of the older drug ketoconazole has
been widely studied (Knoth et al. 2013; Shamsipur and Farhadi
(2000); Peng et al. 2001; Arranz et al. 2003; Dantas et al. 2010).
The compound displayed two electrochemical reactions, an irre-
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Fig. 1: Chemical structures of itraconazole (A), posaconazole (B) and ketoconazole

(©).

versible oxidation at higher positive potentials and a reversible
oxidation at lower potentials. Due to structural similarities it can
be expected that the compounds show similar electrochemical
behavior. Therefore, the aim of the present study was the inves-
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tigation of the electrochemical reaction of the azole antifungals
itraconazole and posaconazole in comparison to ketoconazole
using cyclic voltammetry at a glassy carbon.

2. Investigations, results and discussion
2.1. Electrochemical reactions

The three azole antifungals itraconazole, ketoconazole and
posaconazole were investigated using cyclic voltammetry at a
glassy carbon electrode at pH 3.0, 5.0 and 7.0. A potential range
between —0.7 and 1.2V was selected. All three compounds
exhibited comparable electrochemical reactions characterized
by an oxidation ox/ at potentials of about 0.5V, followed by a
reduction red2 with an associated oxidation ox2 within a poten-
tial range between —0.28 and 0.28 V.

As an example of the first oxidation ox!, the voltammograms of
the compounds at pH 7.0 at different anodic and cathodic sweep
rates are shown in Fig. 2.

Each voltammogram was obtained from a separate experiment
with purging of the electrochemical cell between measurements.
In the anodic run, the peak ox/ in the potential range between
0.4 and 0.6 V was identified. Because no significant associated
peak was observed in the cathodic run this reaction appears to
be irreversible. The intensity of the reaction was pH-dependent.
The peak currents i,/,.7;/nA and potentials E,,.;;/V (versus the
palladium electrode) at the pH values studied are summarized
in Table 1.
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Fig. 2: Cyclic voltammograms of itraconazole 100 wg mL™' (A), posaconazole
100 wg mL™! (B) and ketoconazole 100 g mL™! (C) at a glassy carbon
working electrode at pH 7.0 with scan rate 10mV s
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Table 1: Peak potentials E . and peak currents i,y of
itraconazole, posaconazole and ketoconazole for peak
ox1 at variable pH values 3.0, 5.0 and 7.0 calculated
from cyclovoltammograms with scan rate 50 mV s

(1%t scan)
pH value Eppox17/V (vs. Pd) ipox1]/nA
Itraconazole
3.0 0,536 3707
5.0 0,536 4815
7.0 0,480 5209
Posaconazole
3.0 0,543 3452
5.0 0,514 4185
7.0 0,444 4565
Ketoconazole
3.0 0,536 1759
5.0 0,536 2794
7.0 0,522 4433

The highest current of the irreversible oxidation ox/ was deter-
mined at pH 7.0 and decreased towards pH 3.0. Peak currents
were linear over a concentration range of 20—100 pgmL™!.
Coefficients of determination were 0.9923 (itraconazole),
0.9984 (posaconazole) and 0.9929 (ketoconazole) with residu-
als randomly distributed around the linear line. In principle, the
oxidative reaction may be used for quantitative determinations
although this was not further evaluated in the present study.
The second electrochemical reaction is illustrated by the voltam-
mograms displayed in Fig. 3, which were obtained at pH 3.0 in
consecutive measurements without intermediate purging.

The curves of the first, third and fifth consecutive run are shown.
In the initial run, a peak red2 was identified at potentials between
—0.14V and —0.28 V besides the peak of ox/ around 0.5 V. In
the following runs, an oxidation peak ox2 could be observed at
about 0.2 V during the anodic sweep. Because the peak currents
of red2 and ox2 increased with repeated measurements, it can
be concluded, that both reactions are associated. The currents
ipfox27/MA and i,.q2//nA as well as the potentials E,/,2;/V and
Epreaz)/V (both versus the palladium electrode) of the fifth con-
secutive measurement are summarized in Table 2. The fifth
run was selected because it gave the strongest response in the
present study. In subsequent consecutive measurements no fur-
ther increase of currents was observed. The peak currents ipj,.2;
and ip..q2; increased at lower pH values and approximately dou-
bled at pH 3.0 as compared to pH 7.0 (Table 2). In addition, the
peak potentials showed a shift to less positive values at higher
pH values, which fulfills a general rule for a reversible charge
exchange (Henze 2001).

The electrochemical behavior of ketoconazole in the cyclic
voltammetric study is in accordance with earlier electrochem-
ical investigations of the compound. Shamsipur and Farhadi
2000 detected an irreversible anodic peak at 1.32'V as well as a
reversible reaction with a cathodic peak at 0.79 V and an associ-
ated anodic peak at 0.87 V. Compared to our data the respective
reactions occurred at higher potential which may be explained
by the use of a palladium reference in the present study compared
to an Ag/AgCl reference electrode described by Shamsipur and
Farhadi (2000). This will shift the reaction potentials to lower
values.

The present work indicated that itraconazole and posaconazole
show an electrochemical behavior comparable to that of keto-
conazole. Based on the structural similarity of these three azole
antifungals presumably similar functional groups are involved
into electrochemical reactions.
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Table 2: Peak potentials E,, peak currents i,, potential separation AE, and ratio of peak currents i,/ i,.s) of itraconazole,
ketoconazole and posaconazole for peaks ox2 and red?2 at variable pH values 3.0, 5.0 and 7.0 calculated from cyclovoltam-

mograms with scan rate 250 mV/s (5" consecutive scan)

pH value Epiox2] /V (vs. Pd) Epfredz) /V (vs. Pd) A Epfoxred2] ipjox2] /nA ipired2] /NA iptox21/ipfred2]
Itraconazole

3.0 0,280 —0,140 0,420 3058 —2965 1,03
5.0 0,150 —-0,210 0,360 2222 —2193 1,01
7.0 0,035 —0,210 0,245 1686 —1770 0,95
Posaconazole

3.0 0,280 —0,140 0,420 2734 —2762 0,99
5.0 0,070 —0,244 0,315 2235 —2471 0,90
7.0 —0,030 —0,280 0,25 1050 —957 1,10
Ketoconazole

3.0 0,280 —0,140 0,42 7119 —7283 0,98
5.0 0,245 —0,245 0,49 4898 —4534 1,08
7.0 0,140 —0,280 0,42 2666 —2801 0,95

2.2. Reversibility of the reactions

The reversibility of electrochemical reactions can be derived
from repeated measurements of the same solutions. As shown
in Fig. 3, the current of ox! significantly decreased from the
first to the consecutive scans. This is characteristic for an irre-
versible reaction because fewer reacting molecules are available
in the vicinity of the electrode in the case of an irreversible reac-
tion. This results in a weaker current for each consecutive run.
In contrast, the second reaction including the reduction step
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Fig. 3: Cyclic voltammograms of itraconazole 100 g mL~" (A), posaconazole
100 pg mL~! (B) and ketoconazole 100 pg mL~! (C) at a glassy carbon
working electrode at pH 3.0 with scan rate 250 mV s~'; 1% (solid line), 3
(broken line) and 5™ (dotted line) consecutive measurements.
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red2 and ox2 displayed increasing currents in repeated mea-
surements (Fig. 3). As an indication of the reversibility of these
reactions, the ratio of peak currents i, x27 and i, 427, the change
of iyreazy With increasing scan rates v and the potential differ-
ence AE, have to be taken into account (Henze 2001). The ratio
ipfox2iliprrea; Of the fifth consecutive measurement at pH 3.0 at
a scan rate 250 mV s~! is reported in Table 2.

The value varies between 0.91 and 1.10. This meets the first
criterion for a reversible reaction, i.e., a iyfox2)/ipreqz; Tatio of
1 (Henze 2001). The second condition is the proportionality
between the peak current i,..q2; and the square root of the scan
rate, i/v. This requirement is fulfilled only at scan rates between
10 (square root /v 3,16) and 100mV s~ (square root /v 10).
At higher scan rates v (square root ,/v>10) a deviation from
the linear behavior is observed. It may be concluded, that at
the highest scan rate the reaction is controlled not only by the
charge-transfer reaction, but also by the diffusion of analyte.
The third condition according to Henze 2001 is a AE, close to
0.057 V. This is not fulfilled for the studied azole compounds as
AE, >0.25V was observed in all cases (Table 2). Therefore, it
may be concluded that the observed reduction red2 and the asso-
ciated oxidation ox2 undergo a quasi-reversible charge exchange
(Henze 2001).

2.3. Reaction mechanisms

As described above, comparable electrochemical behavior for
the three azole antifungals has been observed. Therefore, sim-
ilar electrochemical reactions can be assumed. Regarding the
irreversible oxidation ox1, the most likely mechanism is the
loss of an electron in the piperazine ring as reported for
other piperazine-containing compound (Kauffmann et al. 1987;
Arranz et al. 1997; Ozkan et al. 2003; Popa et al. 2013). This
oxidation yielded lower currents with decreasing pH-values. In
view of the pK,-values of 3.7 for itraconazole (AB-Kommentar
2009), 3.6 for posaconazole (Courtney et al. 2003) and 2.94 for
ketoconazole (Skiba et al. 2000) as well as the pH dependence,
the deprotonated piperazine moiety may be regarded as the elec-
troactive form. Another hint for this mechanism is the shift to
higher reaction potentials. This indicates that the electroactive
deprotonated piperazine must be formed by proton dissociation
first as described for other bases (Ozkan et al. 2003; Popa et al.
2013).

In the case of ketoconazole, the reversible reactions red2 and
0x2 might be reactions of the imidazole ring. However, it has
been reported that imidazole cannot be reduced in aqueous solu-
tions which have been applied in the present study (Pereira

Pharmazie 70 (2015)



ORIGINAL ARTICLES

N VYot

SO0~

a
=z

F

OO0

N

Fig. 4: Proposed mechanism for the reduction step red2 and associated oxidation
step ox2 illustrated for the triazolone moiety of posaconazole.

et al. 2001). Therefore, a reversible reduction and subsequent
oxidation of the methoxy group of ketoconazole has been pro-
posed as mechanism of this reaction (Shamsipur and Farhadi
2000). In contrast to the imidazole ring, the triazole ring can
be reduced in aqueous solutions so that this reaction might be
envisioned for itraconazole and posaconazole. However, this
reaction seems unlikely considering the respective potentials
at which red?2 and ox2 were observed. Reduction of the triazole
ring has been reported at potentials lower than -1.5V (Lokesh
et al 2010). Therefore, the most likely mechanism appears to be
the reversible reduction of the carbonyl group of the triazolone
moiety of the compounds with an uptake of two electrons and
two protons as illustrated in Fig. 4. This mechanism has been
previously postulated for itraconazole in a polarographic study
(Knoth et al. 2012).

2.4. Conclusions

Comparable electrochemical behavior of the antifungal agents
itraconazole, posaconazole and ketoconazole at a glassy carbon
electrode has been observed by cyclic voltammetry. Irreversible
oxidation occurred at potentials of about 0.5 V while a reversible
reduction with an associated oxidation was noted in the poten-
tial range between -0.28 and 0.28 V. A loss of an electron at the
piperazine moiety is the assumed mechanism of the irreversible
process. The proposed mechanism for the second reaction is
a reversible reduction of the carbonyl group of the triazolone
moiety in the case of itraconazole and posaconazole. For keto-
conazole a reduction of the methoxy group can be assumed.
Both reactions displayed pH-dependence in the pH range 3 — 7.
While the irreversible oxidation displayed linearity of peak cur-
rents in the concentration range of 20-100 wg mL~", no linear
relationship could be found for the reversible reaction. Thus, the
irreversible oxidation might be utilized for quantitative determi-
nation of the drugs.
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3. Experimental
3.1. Chemicals

Ketoconazole was obtained from Caelo (Hilden, Germany), itraconazole
from Inresa (Bartenheim, Germany) and posaconazole from Schering-
Plough (Hérouville-Saint-Clair, France). Acetonitrile was purchased from
VWR (Darmstadt, Germany), methanol, sodium dihydrogen phosphate
monohydrate and sodium hydroxide from Merck (Darmstadt, Germany)
and phosphoric acid 85 wt. % from Sigma-Aldrich (Munich, Germany). All
reagents were of analytical or HPLC grade and used as received. Stock solu-
tions of the drugs were prepared in methanol at a concentration of 1 mg mL ™!
and stored in a refrigerator.

3.2. Equipment

All cyclic voltammetry measurements were carried out using an 896 IC
amperometric detector (Metrohm, Filderstadt, Germany) controlled by a
computer using MagicNet version 2.3 software. An amperometric cell with
a three electrode system consisting of a glassy carbon working electrode
(disc diameter 3 mm, Metrohm, Filderstadt, Germany), a palladium refer-
ence electrode and a platinum disk as the auxiliary electrode was used. To run
the electrode and deaerate the sample solutions, nitrogen gas with a reagent
grade of 5.0 was obtained from Messer (Sulzbach/Germany). The pH of elec-
trolyte solutions was adjusted using a SevenEasy pH-Meter (Mettler-Toledo,
GieBen, Germany). Phosphate buffer and sodium hydroxide solution were
prepared with water purified by a UO 400 - 1950 System (BWT Pharma &
Biotech, Mondsee, Germany) and distillated in a Dewadest System (DEWA,
Goslar, Germany).

3.3. Working procedures

The electrolyte support solution consisted of equal volumes of 0.1 mol L™
phosphate buffer and acetonitrile. Prior to each scan, the amperomet-
ric cell was purged for 600s with the appropriate support solution.
All measurements were performed at a temperature of 35+ 0.05°C.
Cyclic voltammograms were measured in the potential range between
—0.8and 1.2V at various scan rates v. The stock solutions of the drugs were
diluted to working concentrations of 20—100 pg mL ™. For the determina-
tion of the pH-dependence, phosphate buffers were adjusted to pH 3.0, 5.0
and 7.0 using 0.1 mol L~! sodium hydroxide solution or 0.1 mol L~" phos-
phoric acid, respectively. For the determination of the reversibility of the
reactions, each test solution was measured five times consecutively without
intermediate purging of the electrochemical cell.
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