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Abstract

Terconazole belongs to synthetic triazole antifungal agents, inhibiting biosynthesis of
ergosterol or other sterols and thus disrupting cell wall synthesis in fungi. In this study,
electrochemical behaviour of terconazole was studied for the first time using cyclic
voltammetry and differential pulse voltammetry on boron doped diamond electrode (BDD)
with different surface treatments leading to O-terminated, H-terminated and polished surfaces,
as well as on glassy carbon (GCE) and basal-plane pyrolytic graphite electrodes (PGE).
Terconazole is not reducible within the potential window on these electrode materials. It is
oxidizable in aqueous solutions in pH range from 2.0 to 12.0 in two steps due to the presence
of piperazine ring in its molecule, possessing two redox centres at the tertiary nitrogen atoms,
by an ECE mechanism. Optimal conditions were found for determination of terconazole in 0.1
mol L phosphate buffer pH 7.2. Using differential pulse voltammetry, the lowest detection
limit of 0.40 pumol L™ and excellent repeatability (RSD 1.1 %) were achieved on O-
terminated BDD when in-situ anodic activation was used prior to each scan. This is beneficial
in comparison with GCE and PGE; their necessity of ex-situ polishing worsens the signal
repeatability (RSD ~ 4%) and detection limits reaching 0.50 pmol L™ and 1.23 umol L,

respectively.
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1. Introduction

Azoles are a group of chemicals used as pesticides or pharmaceuticals, acting as antifungal
agents. The diazole (imidazole) or triazole rings are key building blocks of these compounds,
modulating their biological activity, possibly together with other moieties included in their
molecules such as piperazine heterocycle [1]. Azoles show selective inhibition of cytochrome
P450 enzymes leading to disruption of the pathways of synthesis of ergosterol, an essential
fungal sterol present in cell membranes [2]. Terconazole ((+-)-1-{4-[cis-2-(2,4-
Dichlorophenyl)-2-(1H-1,2,4-triazol-1-ylmethyl)-1,3-dioxolan-4-ylmethoxy]phenyl }-4-
isopropylpiperazine), possessing triazole and piperazine rings in its structure (Scheme 1), is
used as antimycotic agent. It inhibits the activity of the cytochrome P450 14-alpha-
demethylase in Candida species [3], which leads to the accumulation of lanosterol and other
methylated sterols and the decrease in ergosterol concentration. Thus, it is used in
suppositories and creams to treat vulvovaginal candidiasis. Both administration forms have
demonstrated high levels of safety, efficacy, and tolerability in clinical trials [4]. It is a chiral
drug, in praxis used as a racemic mixture. Nevertheless, pharmacological activity of
individual enantiomers can be different, which leads to efforts on differentiation between
them (only two enantiomers of terconazole exist because of the cis configuration of the 2,4-
dichlorophenyl group and hydrogen at the two chiral centers) [5].

Several reports exist on determination of terconazole alone or in combination with
other drugs and preservatives used in pharmaceutical preparations. A spectrophotometric
method has been developed for determination of terconazole in dosage forms [6].
Simultaneous determination with the preservative benzoic acid was achieved using derivative
spectrophotometry and high performance liquid chromatography with UV detection [7]. The
latter methods and micellar liquid chromatography were used for determination of terconazole
in dosage forms and human plasma [8]. Electrokinetic chromatography enables separation of
the two enantiomers of terconazole [5]. Stability testing of terconazole, identification of
impurities and characterization of products raised by forced degradation have been performed
based on ultra-performance liquid chromatography coupled to time of flight tandem mass

spectrometry (UPLC-Q-TOF/MS/MS) and NMR [9].
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Concerning the electrochemistry of triazole and imidazole agents, literature data are
rather scarce. Since the triazole moiety is not electrochemically active, a universal approach
could be the utilization of complexation reactions with metal ions [10], i.e., enhancement of
voltammetric signals assigned to oxidation of a metallic electrode in the presence of the
triazolic compound due to its complexation reaction [11, 12]. The direct redox activity of
triazoles relies on other moieties, e.g., electrochemical oxidation of the amino group in
amitrole [13, 14] or reduction of azomethine moiety (e.g., in propiconazole). The oxidizable
piperazine moiety [15] enables voltammetric determination of azolic pharmaceuticals (e.g.,
ketoconazole, posaconazole, itraconazole) [16-22]. It follows from Table 1, which
summarizes the characteristics and limits of detection of the voltammetric methods that their
oxidation occurs at potentials ranging from ca +0.5 V to +0.75 V on carbon-based electrodes,
including boron doped diamond (BDD). This material offers advantageous properties for
electroanalysis of organic compounds, including mechanical stability, low background
current, wide potential window especially in the region of positive potentials and usually low
adsorbability of reaction by-products and products resulting in fouling resistivity [23-25]. Its
electrochemical properties are influenced by the surface pretreatment. While in-situ anodic
electrochemical activation in the region of positive potentials leads to water oxidation and
generation of HO® radicals, and consequently to oxygen termination of the BDD surface (O-
BDD) characterized by the presence of hydroxyl, carbonyl, ether, and carboxyl groups [26,
27], application of negative potential in the region of hydrogen evolution leads to hydrogen
termination (H-BDD) [28]. The other activation approach is polishing of BDD surface by
alumina (p-BDD), leading to loss of oxygen-containing groups, especially those bonded to sp?
hybridized carbons at the surface [26]. Besides the triazole pharmaceuticals ketoconazole
[22], BDD succeeded in oxidation of other compounds possessing piperazine moiety, e.g., the
anticancer drug imatinib [29] and fluoroquinolone antibiotic pefloxacin [30].

In this contribution, the electrochemical behaviour of terconazole has been
investigated for the first time. A representative variety of sp® and sp® carbon-based electrodes
was used for that purpose. Besides O-BDD, H-BDD, and p-BDD electrodes, glassy carbon
electrode (GCE) and pyrolytic graphite electrode (PGE) were used to represent widely used
sp? carbon electrode materials. Pyrolytic graphite is a heterogenous three-dimensional
graphite material, composed of parallelly stacked sheets of graphene comprising flat basal
planes and edge plane perpendicular to them. It has relatively wide potential window,
surprisingly also in the region of negative potentials [31]. Glassy carbon comprises of

randomly intertwined ribbons of graphitic planes, thus it is disordered, with higher interplanar
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spacing in comparison to pyrolytic graphite [32]. Comparison of performance of these
materials in electrooxidation of terconazole was made and its mechanism proposed. A
differential pulse voltammetric (DPV) quantitation method based on oxidation signal of

terconazole was optimized.



Table 1. Characteristics of polarographic and voltammetric methods for detection of azolic pharmaceuticals possessing piperazine moiety.

Compound Ep Working Reference Technique Supporting LOD Ref.
[V] electrode electrode electrolyte [umol L]
Itraconazole —1.48 DME Ag/AgCI DPP BRB, pH 7 0.1 [33]
Ketoconazole —1.56 DME Ag/AgCI DPP BRB, pH 7 0.50 [33]
Ketoconazole —1.46 p-AgSAE Ag/AgCI SWV BRB, pH 12 0.12 [34]
Ketoconazole +0.54 GCE Ag/AgCI CV, AdS-DPV NH3-NH,4CI, pH 9 0.00004 [18]
Ketoconazole ~+0.5 GCE Pd CVv PB,pH3,5,7 - [16]
Itraconazole ~+05 GCE Pd CVv PB,pH3,5,7 - [16]
Posaconazole ~+0.5 GCE Pd CVv PB,pH3,5,7 - [16]
Ketoconazole =~+0.6 GCE SCE CV, SWv NH3-NH,4CI, pH 9 0.075 [19]
Ketoconazole ~+0.6 MWCNTs-GCE SCE CV, LSV, DPV PB, pH 7 0.44 [20]
Ketoconazole =-+0.55 CPE Ag/AgCI AdS-DPV PB, pH 12 0.024 [17]
ltraconazole ~ +0.66  CPE Ag/AgCI CV, AdS-DPV, AdS-SWV  BRB, pH 2 0.012 [21]
Itraconazole ~ +0.75  UTGE Ag/AgClI CV, AdS-DPV, AdS-SWV  BRB, pH 2 0.015 [21]
Itraconazole +0.63 PCE Ag/AgCI CV, AdS-DPV, AdS-SWV  BRB, pH 2 0.013 [21]
Ketoconazole  +0.59 BDDE SCE SWV NH3-NH,CI, pH 9 0.083 [22]
Terconazole ~+0.50 O-BDDE; Ag/AgCI CvV, DPV PB, pH 7.2 0.4, This study
GCE, PGE 0.5;1.24

CPE — carbon paste electrode; MWCNTSs — multi-walled carbon nanotubes; PCE — pencil graphite electrode; p-AgSAE — polished silver solid

amalgam electrode; UTGE — ultra-trace graphite electrode

AdS — adsorptive anodic stripping; DPV — differential pulse voltammetry; SWV — square wave voltammetry; BRB — Britton — Robinson buffer;
PB — phosphate buffer



2. Experimental

2.1. Reagents and Solutions

Terconazole was purchased from Sigma-Aldrich (VETRANAL ™, analytical standard). The
standard solution (c = 1-10° mol L) was prepared in deionized water. It was stored at room
temperature in the dark. Piperazine (Sigma-Aldrich, analytical standard) stock solution (¢ =
1-10° mol L™) was prepared in deionized water. Other chemicals utilized throughout the
experiments were from Czech local producers and of analytical grade (if not specified
otherwise). Britton — Robinson buffer was prepared by mixing 0.04 mol L™ H,PO,, H;BO,
and CH,COOH solution with an adequate amount of 0.2 mol L™* NaOH, to reach the required
pH in the range from 2.0 to 12.0. 0.1 mol L phosphate buffer pH 2.3 was prepared by
mixing HsPO, and NaH,PO,-2H,0 solutions. 0.1 mol L™ phosphate buffer pH 7.2 was
prepared mixing NaH,PO,-2H,0 and Na,HPO,4-12H,0 solutions. Borate buffer at pH 9.2 was
prepared by precise addition of 0.2 mol L™ NaOH to 0.1 mol L H,BO;, solution. Deionized
water was obtained from a Millipore Q-plus System (Millipore, USA).

2.2. Instrumentation

Computer-controlled Eco-Tribo Polarograph system with PolarPro version 5.1 software
(EcoTrend Plus, Prague, Czech Republic) was used for voltammetric measurements. All
measurements were performed in the three-electrode setup with Ag|AgCl (3 mol L KCl) as a
reference electrode and platinum wire as an auxiliary electrode (both from Elektrochemické
detektory, Turnov, Czech Republic). The working electrodes were: BDD electrode (A = 12.6
mm?, B/C= 10000 ppm when not specified otherwise, film thickness 3 pm; NeoCoat,
Switzerland); basal oriented homemade PGE with square face surface area of A = 9 mm?
glassy carbon disk electrode (A = 3.1 mm? Metrohm, Switzerland). The pH measurements

were carried out by digital pH Meter 3510 (Jenway, UK) with combined glass electrode.

2.3. Procedures

The measured volume of supporting electrolyte and sample was 10 mL, unless otherwise
specified. The surfaces of the electrodes were pretreated and activated between individual
scans as follows: p-BDD - pretreated by polishing using Al,Os; (0.5 um) suspension
(Elektrochemické detektory, Turnov, Czech Republic) in deionized water for 5 min, followed
by sonication in methanol and deionized water to remove the alumina residues. Activation

prior each scan was performed by polishing using Al,O3 suspension for 30 s; O-BDD - a
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pretreatment potential of +2.4 \/ was applied for 20 min in stirred 0.5 mol L™ H,SO, solution
and 5 minutes in supporting electrolyte before each series of measurements. Anodic activation
at +2.4 V for 5 s directly in measured solution was also applied between individual scans in
optimized DPV procedure and in measurement of the scan rate dependence by cyclic
voltammetry; H-BDD - a pretreatment potential of —2.4 V was applied for one hour in stirred
0.5 mol L™ H,SO,4 solution before all measurements, and 5 min before each series of
measurement. Measurement in positive potential region was carefully performed within the
potential window of H-BDD to prevent surface oxygenation and conversion to O-BDD. GCE
was polished using Al,O3 suspension in deionized water for 30 s followed by rinsing with
deionized water prior to each scan. The surface of PGE was dried after each scan and renewed
using adhesive tape.

Unless otherwise stated, a scan rate of 20 mV s, pulses with a duration of 80 ms and
modulation amplitude +50 mV were used in DPV. For CV, scan rate of 100 mV s * was set.
Peak-current values (l,) were evaluated from the line connecting current minima at both sides
of the voltammetric peak. All the solutions were degassed by 5 min passing nitrogen, before
measurements were performed.

The concentration dependences were constructed from the average of four replicate
measurements for each concentration of terconazole and were evaluated by the least squares
linear regression method. For differential pulse voltammetry, the limits of detection (Lp) were
calculated as a threefold of the standard deviation s of the peak currents (ten runs) of the

lowest measurable concentration, divided by the slope of corresponding calibration curve.

3. Results and discussion
3.1. Voltammetric studies of terconazole and characterization of its redox reactions

Firstly, cyclic voltammetry of 1 mmol L™ [Fe(CN)s]*"™*

redox couple recorded in 1
mol L™ KCI at the scan rate of 0.1 mV s was used for characterization of tested electrode
surfaces. The peak potential difference AE, between anodic and cathodic peaks of
[Fe(CN)s]* ™ recorded on different BDD surfaces (O-BDD, H-BDD, and p-BDD), and
further on PGE and GCE, were 410 + 20 mV, 85 + 10 mV, 90 + 5 mV, 550 + 25 mV, and 65
+ 4 mV, respectively. These values clearly indicate differences in chemical composition of
moieties terminating tested surfaces, as it is known that oxygen containing groups with -

electrons inhibit electron transfer of this redox marker [32].



Then, cyclic voltammetry was used as the first-choice technique to characterize the
electrochemical behavior of terconazole on different BDD surfaces (O-BDD, H-BDD, and p-
BDD), PGE and GCE in acidic (phosphate buffer pH 2.3), neutral (phosphate buffer pH 7.2),
and alkaline (borate buffer pH 9.3) media. CVs recorded in anodic direction are depicted in
Fig. 1. The main oxidation signal at potentials ranging from ca +0.55 V to +0.90 V
(depending on the electrode material) is observable on all electrodes and in all electrolytes
tested and it shifts slightly to less positive values with increasing pH. This indicates that the
redox-active group is in acid-base equilibrium and the proton transfer precedes the electron
transfer rate-determining step. This oxidation step is irreversible in all instances with the
exception of acidic media on PGE and H-BDD, where a quasireversible process was observed
with AE, of 0.1 V and 0.09 V, respectively. Such behavior was previously observed also for
ketoconazole [22]. It can be ascribed to the electron uptake from piperazine moiety leading to
the formation of radical cation at the proximal nitrogen (aminium radical cation), and fast
reverse cathodic reaction. For both ketoconazole and terconazole, this quasireversible
behavior was observed only in acidic media and on relatively hydrophobic surfaces (for
details see further Scheme 1 and attached description of oxidation mechanism of terconazole).
When comparing peak potentials E, for the mentioned electrode materials, no substantial
differences can be traced, confirming similar interaction of terconazole and its oxidation
byproducts with the mentioned surfaces and similar kinetics of electron transfer. It is
important in the view of other studies, where substantial differences in positioning of
anodic/cathodic signals were reported when comparing BDD with other carbon-based
electrodes [23, 35, 36] or when comparing O-, H- and polished BDD surfaces, with the O-
terminated one, observed to inhibit electron transfer and thus shifting anodic/cathodic signals
to more positive/negative potentials [37].

The second peak appearing at more positive potentials at ca +1.0 V — + 1.25 V is well
observable on O-BDD and p-BDD in all media and on H-BDD in acidic media. On the other
hand, it is absent on CVs recorded on the sp? carbon electrode materials due to its low
intensity or narrower potential windows of the latter electrodes. Nevertheless, it can be
visualized on all electrode materials using differential pulse voltammetry. DP voltammograms
of 1-10 mol L™ terconazole on O-BDD, GCE and PGE at different pH values are presented
in Fig. 2 and the corresponding peak potential E, vs. pH dependences are depicted in Fig. 3.
For the first anodic signal, the linearity of these dependences is described by the following
equations (1-3) for O-BDD, GCE, and PGE, respectively, in pH range 4.0 —12.0:

Epo-sop (MV) =—25.1 pH + 776 (R?=0.991) (1)
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Epcce (MV) = —25.6 pH + 815 (R? = 0.975) (2)

Eppce (MV) = —24.8 pH + 803 (R*=0.984) ()

The slopes of about 25 mV per pH unit suggest a redox process where two electrons are
exchanged per one proton [38].

For further experiments and investigation of the mechanism of electrochemical
oxidation of terconazole, 0.1 mol L™ phosphate buffer pH 7.2 was chosen, where well
developed anodic signals were obtained on all tested electrode materials. Further, this neutral
medium is compatible with conditions required in physiological studies, e.g. for evaluation of
enzyme activity in the presence of triazole agents. H-BDD and p-BDD were excluded from
further studies, because their unintended conversion to O-BDD occurs easily when exposed to
highly positive potentials in the region of water decomposition reaction, being close to
oxidation signals of terconazole. Reverse conversion to H-BDD surface requires time-
demanding re-hydrogenation using highly negative potentials or negative current densities, or
polishing to obtain p-BDD, both performed ex-situ. Thus, from practical reasons, in-situ
anodic activation leading to O-BDD was chosen. The scan rate dependences of the first
anodic signals were evaluated on O-BDD, GCE and PGE and can be characterized by the

following equations (4-6, respectively) for scan rate range 5 — 200 mV s :

lp.0-800 (HA) = 0.866 v'/* (MV s7) — 0.702 (R? = 0.9993) (4)
lp.cce (MA) = 0.790 v2 (mV s ) — 1.521 (R?=0.9753) (5)
lp.pce (MA) = 0.865 v2 (mV s™) — 0.403 (R® = 0.9977) (6)

The values of I, obviously increase linearly with square root of the scan rate, which is
common behavior for diffusion-controlled electrochemical reactions. Diffusion-controlled
mechanism can be also verified by representing logarithm of peak current versus logarithm of
the scan rate. Theoretical slope of 0.5 for the linear dependence should be achieved for a
diffusion-controlled electrode reaction. The obtained slope values were 0.561, 0.447, and
0.709 for O-BDD, GCE, and PGE, respectively, and intercepts 0.223, 0.059, and 0.642 were
different from 0. Thus, it was not possible to assure that the process is completely diffusion-
controlled. It seems to be the main mechanism controlling the processes at O-BDD and GCE;
in contrast, for PGE a more significant adsorptive contribution can be expected. The flat basal
planes of PGE are better suited for adsorption of terconazole molecule possessing three flat
aromatic rings than randomly oriented sp?/sp* carbon structures in GCE and BDD.

The number of exchanged electrons n and the anodic charge transfer coefficient o,

were calculated from the slope b of the plot of peak potential E, vs. natural logarithm of the



scan rate v evaluated from cyclic voltammograms measured in phosphate buffer pH 7.2, using

the equation (eq. 7) derived for diffusion-controlled anodic processes [39]:
h=-"L @)

- 2aanF

where F, R, and T are Faraday constant, molar gas constant, and temperature, respectively.
Based on eq. 7, a,n values were evaluated to be 0.911, 0.946, and 0.930 for O-BDD, GCE,
and PGE, respectively. According to IUPAC recommendation [39], the values of a,n close to
one should be interpreted as a reversible release or uptake of the first transferred electron
followed by a rate-determining chemical step, since the simultaneous release or uptake of two
electrons is highly improbable. Taking this assumption into account, the transfer coefficient o,
for anodic process should be calculated as (eq. 8):

a =7 (%) ®

where j, symbolizes the anodic current density. The resulting a, values are equal to 0.97, 1.04
and 0.94 for O-BDD, GCE, and PGE, i.e., approaching the value of one for reversible
processes and confirming the legitimacy of the described approach. From the above
mentioned E, vs. pH dependences (eq. 1-3) and respecting results based on eq. 7 and 8, it can
be concluded that terconazole is oxidized by ECE mechanism with two electrons and one
proton exchange. The oxidation is initialized by one electron transfer followed by a slow rate-
determining chemical step, followed by a second one electron process.

To transfer this cognition to the mechanism of electrooxidation of terconazole, its
acid-base properties and potential redox-active sites must be jointly evaluated. The piperazine
ring is a clear target of electrooxidation in the structure of terconazole, as this heterocycle
possesses electrons in lone electron pairs on nitrogen atoms and its oxidation has been
described for a number of other compounds possessing this moiety on BDD [29, 30] and other
electrode materials [15, 16, 40-43]. The suggested mechanisms discuss a sequence of
electrochemical and chemical ((de)protonation) reaction steps with respect to the structure
motifs conjugated to both nitrogen atoms of the piperazine moiety and their pK, values (pK,
values of corresponding conjugated acids). Nevertheless, comparison of electrochemical
oxidation/reduction mechanism of piperazine itself with the more complex compounds
possessing the piperazine ring is not reasonable, because the groups attached to the piperazine
nitrogens significantly change their basicity and redox behavior, as the secondary amines
undergo redox processes different from those of tertiary amines attached to alkyl or aromatic
moieties. The pK, values of piperazine are 9.73 and 5.33 [44, 45] and its electrochemical
oxidation/reduction behavior on p-BDD electrode is obvious from Fig. S1 (in the
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Supplemental material). This electrode material, differential pulse voltammetry, and
phosphate buffer pH 7.4 were used to visualize the signals, as these were rather indistinctive
using different conditions and cyclic voltammetry. While the oxidation signal of piperazine is
placed at +0.79 V, its reduction proceeds at —0.67 V. Oxidation/reduction potentials for
selected azole agents summarized in Table 1 reveal significant shift from these values,
indicating change in their reaction mechanism. Regarding oxidation of the piperazine
containing azole compounds, usually lower E, values are detected, compared to those
observed for free piperazine. Moreover, two anodic signals have frequently been reported
[41]. Further, simple substituted piperazines exhibit lower pK, and thus lower basicity, more
pronounced for tertiary than for secondary amines [45]. The reasonable calculated pK, value
for terconazole, available in the literature, was 8.8 [46] (referring to conjugated acid of the
distal (from the benzene ring) nitrogen of the piperazine ring, see Scheme 1). Other two
published pK, values (pKai, < 1.5) [47] are given without specification; they should
characterize the acidity of the conjugated acid of proximal nitrogen of the piperazine ring and
the triazole moiety. Nevertheless, these values seem to be lower than expected values, in view
of pK, values of structurally similar triazoles possessing piperazine nitrogen bonded to
benzene ring, e.g., itraconazole (pK, = 3.7) [16], posaconazole (pK, = 3.6) [48], and
ketoconazole (pK, = 2.94) [49], where acidity of the proximal protonated nitrogen in
piperazine ring conjugated to an aromatic ring is increased due to the inductive effect of
proximal amide. The N2 in 1,2,4-triazole has the pK, of 2.2 (conjugated acid) [50].

The E, vs. pH dependences for the main oxidation signal of terconazole on O-BDD,
PGE and GCE described in Eqg. (1 — 3) are linear in a wide pH range (4 — 12) thus suggesting
the proximal nitrogen of the piperazine ring, non-protonated in the pH range studied, to be
oxidized. This is in agreement with data from other studies on structurally similar compounds
with piperazine ring possessing tertiary amines attached to an aliphatic chain on one nitrogen
atom and an aromatic ring on the other nitrogen, e.g., trazodone [40, 41], nefazodone [43] or
quetiapine [51]. The suggested oxidation mechanism for terconazole 1 is given in Scheme 1
and can be regarded as ECE reaction pathway. It involves one-electron transfer from the
proximal nitrogen, which gives rise to a radical cation (aminium radical cation 2). It stabilizes
through deprotonation (chemical reaction step) and another one electron oxidation to form a
quarternary Schiff base (protonated imine 3). The deprotonation is inhibited in acidic media,
thus stability of the aminium radical cation 2 is increased and its fast reverse reduction to
terconazole 1 gives rise to quasireversible redox pair on PGE and H-BDD (see Fig. 1B, E).

The consequent hydrolysis leads to cleavage of the protonated imine 3 so that acetone 4 and
11



secondary amine on the piperazine ring 5 are the final products. Obviously, the suggested
mechanism with shift of redox active sites from the proximal to the distal nitrogen of
piperazine moiety for the first and second electron transfer, respectively, excludes
simultaneous release of both electrons, thus substantiating the use of eq. 7 and 8 for
calculation of a, according to IUPAC recommendation [39].

The second oxidation signal is rather indistinctive, better developed only on O-BDD
electrode in neutral to alkaline media. This can be connected to the increased attraction of the
cationic species present during electrooxidation of terconazole to the partially negatively
charged O-BDD surface bearing even dissociated carboxylic groups. Although
simultaneously the fact that the electrode operates at highly positive potential must be taken in
consideration, the effect of partially negative charge is significant because the other BDD
surfaces (H-, polished) do not exhibit distinctive second oxidation signals underlining the
importance of electric interactions between the positively charged analytes/reaction
intermediates and oxygen-containing groups on O-BDD surface. The E, vs. pH dependences
show a clear intersection of the linear parts only for this surface, at pH 4 and 9, i.e. around
expected pK, values of the distal and proximal nitrogen of piperazine ring. At the potential of
ca +1.15 V, the oxidation presumably occurs again at the proximal nitrogen, forming a radical
cation 6 stabilized on the conjugated benzene ring (see Scheme 1). This oxidation step was
proved for structurally similar compounds containing an aromatic ring attached to the

proximal nitrogen and possessing distal nitrogen blocked for imine formation [42].
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Fig. 1 Cyclic voltammograms of 1-10 mol L™ terconazole on (A) O-BDDE, (B) H-BDDE,
(C) p-BDDE, (D) GCE, (E) PGE. Supporting electrolytes: (1; black dotted line) 0.1 mol L™
phosphate buffer pH 2.3; (2; red full line) 0.1 mol L™ phosphate buffer pH 7.2; (3; blue
dashed line) 0.1 mol L™ borate buffer pH 9.3. Scan rate 100 mV s *, started by anodic scan at
oV.
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Fig. 2 DP voltammograms of 1-10* mol L™ terconazole on (A) O-BDDE, (B) GCE, and (C)
PGE in BR buffer pH 2.0 — 12.0. Dotted lines represent supporting electrolytes.
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Fig. 3 Dependence of the peak potential E, of 1-10*mol L™ terconazole on pH of BR buffer
on (A) O-BDDE, (B) GCE, and (C) PGE (circles for the first; squares for the second anodic
peak) measured by DPV.
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Further, cyclic voltammograms are characterized by the presence of reduction signals
in the reverse cathodic scan at the potential of ca 0 V to —0.6 V. Fig. 4 shows that these
cathodic processes are associated with preceding oxidation processes, as the respective signal
appears at the CVs only when the positive vertex potential is set just after the first oxidation
peak (Fig. 4, curve B) and remains rather unchanged when the scan is reversed after the
second oxidation peak. Thus, the cathodic process is presumably associated with reduction of
compound 5. The mechanism is questionable, nevertheless one-electron reductive cleavage of
the bond between the proximal nitrogen and the benzene ring leading to piperazine and benzyl
radical-type triazole derivative is probable, similarly as described for sodium 4-(3-
methoxyphenyl)piperazine-1-carbodithioate (SMPC) containing structurally related moiety
[42]. Terconazole itself is not reducible within the potential window of the studied carbon-
based electrodes, as presented in 0.1 mol L™ phosphate buffer pH 7.2 for O-BDD: no
cathodic peak appears unless terconazole is oxidized first (Figure 4, curve C). This confirms
different electrochemical behavior of the piperazine moiety, conjugated or standing alone, as
the latter form is reducible at —0.67 V as presented in Fig. S1, while the former is inactive in a
variety of compounds including azole agents summarized in Table 1. For some of them,
appearance of cathodic signals was reported, but different moieties were supposed to be
reduced, e.g. the carbonyl group of triazolone moiety in itraconazole [52] or carbonyl group
of the terminal acid amide group of ketoconazole [33, 34].
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Scheme 1 Proposed mechanism of electrochemical oxidation of terconazole on carbon
electrodes.
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Fig. 4 Cyclic voltammograms of 1-10™* mol L™ terconazole on O-BDDE in 0.1 mol L™
phosphate buffer pH 7.2. Measured in potential range: (A) —1.50 V to +1.80 V (dotted line
represents supporting electrolyte) (B) from —1.50 V to +0.95 V, (C) and from +0.45 V to
—1.50 V. Scan rate 100 mV s .

3.2. Optimization of voltammetric techniques and concentration dependences

Differential pulse voltammetry was used for quantitation of terconazole on O-BDD, PGE and
GCE, using optimized electrode conditioning protocols, in 0.1 mol L™ phosphate buffer pH
7.2. While renewal of GCE and PGE surface must be performed ex-situ using polishing by
alumina and surface renewal using adhesion tape, respectively, O-BDD has the advantage of
in-situ activation directly in the analyzed solution. Remarkable fouling of O-BDD surface
characterized by peak height decrease by about 70 % was observed during five consecutive
scans with the highest drop between the first and second scan (57 %), when no activation
procedure was applied prior each scan. The successful strategy of surface conditioning entails
the application of +2.4 V for 5 seconds while stirring, followed by 5 s of stabilization of the
solution prior to scan. Absence of stabilization break leads to decreased repeatability of peak
heights. Relative standard deviation (RSD) of peak heights (c = 1-10* mol L™) calculated for
repeated DP voltammograms using this procedure is 1.1 %. The same protocol omitting the

insertion of the positive potential resulted in RSD of 1.8 %. Nevertheless, the first recorded

18



curve was higher in comparison with the others, which would lead to complications when
evaluating the analytical performance of the O-BDD electrode. This low RSD values widely
outperform values obtained at GCE (4.6 %) and PGE (4.0 %); nevertheless, even these are
acceptable if accepting the necessity of ex-situ regeneration of the surface of these electrodes.

Concentration dependences were measured using optimized protocols in 0.1 mol L™
phosphate buffer pH 7.2. While for O-BDD they were evaluated for both anodic peaks, for
GCE and PGE only the first one was taken into consideration as the second signal on these
electrodes was rather indistinctive. Parameters of obtained calibration dependences are
summarized in Table 2. On O-BDD, two linear ranges were obtained for both peaks, one for
concentration range from 0.2 to 4 umol L%, and the other for higher concentrations, from 4 to
100 pmol L™. The corresponding voltammograms and concentration dependences depicted in
Fig. 5 clearly demonstrate the possibility of detection of terconazole in submicromolar range
on O-BDD with detection limit of 0.40 umol L™ The other tested electrode materials
exhibited comparable (GCE, 0.50 umol L™) or higher (PGE, 1.23 umol L™) detection limits.
Both sp® carbon electrodes required ex-situ polishing of the surface. An advantage of GCE
was linearity of concentration dependence within the whole range from 1 to 100 umol L.

The mentioned Lp values cannot be directly compared with other electroanalytical
techniques, as no other reports were found in the literature. Voltammetric methods for
structurally related piperazine-based azolic agents, summarized in Table 1, exhibit
comparable or higher Lp values for approaches based on reduction on mercury-based
electrodes [33,34]. Methods based on the oxidation process usually resulted in lower Lps in
10® mol L' concentration range; nevertheless, it should be mentioned that they take
advantage from the very strong adsorption of the azolic agents on the sp® carbon electrode
surfaces, which is not the case of terconazole with redox process controlled by diffusion
instead. BDD electrode (presumably in O-terminated mode according to given data) was used
only for determination of ketoconazole with diffusion-controlled redox reaction and
experimental detection limit of 0.30 pmol L™* [22] was reached. Thus, similar analytical
performance was found in our study for terconazole, holding the advantage of in-situ
activation procedure.

Comparison of the presented electroanalytical with other analytical techniques favors
the former approach. UV detection coupled to HPLC [7] or micellar liquid chromatography

[8] resulted in Lps in 107° mol L™* concentration range, similarly as first order derivative
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spectrophotometry [7]. Comparable Lp in 107" mol L™ concentration range was obtained for

UHPLC with photodiode array detector [9].
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Table 2
Parameters of concentration dependences and limits of detection, Lp, of terconazole obtained
by DP voltammetry in 0.1 mol L™ phosphate buffer pH 7.2 on O-BDDE, GCE and PGE.

Electrode Linear dynamic  Slope Intercept R® Lp
range
[umol L [NALumol™]  [nA] [umol LY
O-BDDE 0.2-4 144 +16.0 32 £19 0.988 0.40
(1% peak)  4-100 51.9+0.9 436 +23 0.999 -
O-BDDE 1-4 36.7 2.7 3.9+46 0.995 0.87
(2" peak) 4 —100 17.2+0.3 100+ 4 0.999 -
GCE 1-100 23.8+04 66 + 4 0.999 0.50
PGE 1-10 73.4+£50 406 + 30 0.991 1.23
10 - 100 36.3+3.2 1109 + 227 0.989 -

1.0f
I, WA

0.5+

50 mol L4 100

Fig. 5 DP voltammograms for (A) the lowest measurable concentration range 0.2, 0.4, 0.6,
0.8, and 1 pmol L™ and (B) 1, 2, 4, 6, 8, and 10 pmol L™; (C) corresponding calibration
dependences for terconazole in 0.1 mol L™ phosphate buffer pH 7.2 measured on O-BDDE
using in-situ activation at +2.4 V for 5 s prior each scan (o — 1% anodic peak; o — 2™ anodic
peak). Error bars represent the 95 % confidence interval of the mean peak current (n=4), SE —

supporting electrolyte.

Conclusion

In this study, the electrochemical behavior of terconazole was studied for the first time, using
cyclic voltammetry and differential pulse voltammetry, on a variety of sp? and sp® carbon
electrode materials including boron doped diamond electrode (BDD) with different surface

treatment leading to O-terminated, H-terminated and polished surface, and on glassy carbon
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and pyrolytic graphite electrodes. Measurements with all electrodes indicated similar behavior
of terconazole, taking into consideration presence and potential positioning of voltammetric
signals. The experiments confirmed similar interaction of terconazole and reaction
intermediates with all tested surfaces, similar electron transfer kinetics and mechanism of the
redox reactions. Terconazole is not directly reducible within the potential window on these
electrode materials, thus our attention was paid to its oxidation in aqueous solutions in pH
range from 2.0 to 12.0. Oxidation of terconazole proceeds in two steps leading to
development of two anodic signals, the first one being well developed at potentials ranging
from ca +0.55 V to +0.9 V, depending on the electrode used. An ECE mechanism was
proposed for this signal, relying on oxidation of piperazine ring in the molecule, possessing
two redox centers at the tertiary nitrogens. Different reaction pathways have been proposed
for other azole agents possessing the piperazine moiety and other piperazine-based
compounds. Nevertheless, the mechanisms are driven by the moieties bonded to the tertiary
amines of piperazines as these influence their pK, values, as well as stability of the reaction
intermediates. More extended mechanistic studies including mass-spectrometric and NMR
detection of products of electrochemical oxidation are needed to confirm the suggested
mechanisms and to fully understand the effects of the structural motifs surrounding the
piperazine ring.

The first anodic peak was used to optimize a DP voltammetric method for detection of
terconazole in 0.1 mol L™ phosphate buffer pH 7.2. The lowest detection limit of 0.40 umol
L* was achieved on O-terminated BDD, when in-situ anodic activation was used prior to
each scan assuring repeatable peak heights (RSD 1.1 %). This is beneficial in comparison
with GCE and PGE with the necessity of ex-situ polishing which worsens the signal
repeatability (RSD ~ 4%) of the responses and detection limits.

This first study on electrochemical behaviour of terconazole clearly demonstrates the
applicability of voltammetric methods or other electroanalytical approaches to its detection in
various matrices of interest (e.g., pharmaceutical preparations, biological fluids) and
demonstrates possibilities of carbon-based electrode materials which can be used for that
purpose. The studies on the mechanism of redox reactions should be performed in a
systematic way also for other piperazine-based biologically active agents to confirm structure
of reaction (by)products, to evaluate the effect of the piperazine substituents, as well as to

correlate the electrochemical reaction pathways with their biological activity.
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Graphical abstract

Highlights

The first electrochemical study of terconazole using voltammetric techniques is
described.

Glassy carbon, pyrolytic graphite and oxygen-, hydrogen- and polished boron doped
diamond (BDD) electrode were employed

Terconazole gives well developed pH-dependent signals in cyclic voltammetry at ca
+0.5 — 0.8 V due to oxidation of piperazine moiety

Terconazole is not reducible within the potential window of tested electrode materials
The lowest detection limit of 0.40 umol L™* was achieved on O-terminated BDD using

in-situ anodic activation
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