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Abstract This study presents a miniaturized instrumenta-
tion for the determination of a model electrochemically
reducible compound, 4-nitrophenol, in micro volumes of
dimethyl sulfoxide at the glassy carbon electrode. Several
working configurations of a three-electrode system and
different constructions of reference electrodes are descri-
bed. Moreover, the problem of the removal of oxygen
(which is rather difficult in micro volumes) complicating
the determination by differential pulse voltammetry,
especially in a cathodic potential range was successfully
solved. It has been found that the interference of oxygen
can be partly eliminated by square wave voltammetry
which is less sensitive to the presence of oxygen in the
sample. Special apparatus capable of removing dissolved
oxygen from 20 mnt® of solution was alse constructed and
tested. It was verified that 4-nitrophenol can be determined
in micro volumes of dimethyl sulfoxide by square wave
voltammetry in the presence of dissolved oxygen (limit of
quantification LOQ = 6.0 pmol dm ) and by differential
pulse voltammetry after the removal of dissolved oxygen
(LOQ = 2.4 pmol dm ™). Both those methods are com-
parable with the determination in a macro volume
{5.0 cm®), which has LOQ = 1.3 pmol dm .
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Introduction

Recently great attention is paid to the miniaturization in
the field of chemical and biochemical analysis with a
goal to develop rapid, cheap, and sensitive methods with
low cost and easy fabrication of necessary equipment.
Voltammetric methods are especially suitable for these
purposes as demonstrated by the review [1] summarizing
various techniques, microelectrode designs, and fabrica-
tion methods. Combination of voltammetric methods and
micro-analytical systems can be used for practical
applications, e.g. analysis of small biochemical samples
and they can also be used for in situ analysis, point-of-
care testing, portable devices or lab-on chip devices
[1, 2]. Moreover, this approach is frequently used in the
development of electrochemical sensors [3-5]. Screen-
printed electrodes (SPE) are most frequently used for
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this type of work (analysis of micro volumes of sam-
ples). They are used as cheap and reliable single-use
sensors [6, 7]. However, majority of commercially made
SPEs are unmsuitable for a work in organic solvents
because the material from which they are made can be
dissolved by those solvents [8].

Oxygen is present in dimethyl sulfoxide (DMSO) solu-
tions in the range of 10~ mol dm™" and it is reduced in
couple steps in aprotic solvents like DMSO, the first pro-
cess is a reversible one-electron formation of superoxide
anion radicals and the second irreversible process forms
peroxide anions [9, 10]. Current response of oxygen
dominates the cathodic potential range, resulting in the
need of displacing oxygen with nitrogen or argom in the
case of studying electrochemically reducible substances
[11]. Tt was reported that the use of AC polarogra-
phy/voltammetry with high frequencies (around 300 Hz)
can circomvent the de-airing process because usually a
studied species exhibits reversible behaviour and the wave
current is increasing at a rate proportional on a square root
of a frequency, however, oxygen reduction as an irre-
versible process increases its wave current at much slower
rate [12]. Parameters of square wave voltammetry (SWV)
can influence the current response of both reversible and
irreversible processes. Low SWV response to irreversible
systems diminishes negative influence and interference of
oxygen [13]. Low detection limits combined with fast
sweep rates {in the range of hundreds of mV s™') make
SWV one of the most frequently applied methods for
electrochemical studies [14].

4-Nitrophenol was chosen as a simple organic redu-
cible substance and one of priority environmental
pollutants that had been extensively studied by voltam-
metric methods on mercury [15], amalgam [16, 17],
bismuth film [18], or glassy carbon [19] electrodes.
Reduction of 4-nitrophenol or other nitrobenzene-like
structures in aprotic solvents such as dimethyl sulfoxide
is a two-step reaction with one-electton reversible
reduction (to give anion radical) followed by three-
electron irreversible reduction (to form hydroxylamine)
at more negative potentials [20-22].

The aim of this work is to develop and test simple
instrumentations for voltammefric measurements at the
glassy carbon electrode (GCE) suitable for the work with a
single drop (20 mm®) of samples in organic solvents like
DMSO and to develop the measuring protocol for the
determination of model analyte 4-nitrophenol in micro
volumes of samples. Special attention was paid to the
matter of removal and non-removal of dissolved oxygen
from the measured solutions and to the comparison of the
newly developed miniaturized method with the standard
macre volume determination.
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Results and discussion

Configuration of electrodes for work in micro
volumes

Several working miniaturized electrode configurations for
the determination of 4-nitrophenol in micro volumes of
0.1 mol dm™?  tetrabutylammonium tetrafluoroborate
(BuyNBF,) in DMSO were constructed (see Fig. 1). Bulky
GCE oriented upside down and platinum wire auxiliary
electrode were always used. All electrodes and other
equipments were fixated by external holders. Different
reference electrode configurations are shown in Fig. la—c.
Silver wire was used as a reference electrode in Fig. la. A
non-aqueous reference electrode: silver wire in silver
nitrate and supporting electrolyte dissolved in DMSO:
Agl0.01 mol dm—* AgNQ;, 0.1 mol dm > Bu,NBF,; sep-
arated from the measured solution by a frit is used in
Fig. 1b. Further development of this construction has led to
a reference electrode connected to the solution with a salt
bridge of supporting electrolyte in Luggin capillary [23]:
Agl0.01 mol dm—* AgNQ,, 0.1 mol dm~* Bu,NBF,0.1 -
mol dm™ Bu,NBF, (in DMSO) (see Fig. lc).
Arrangement suitable for removing dissolved oxygen from
the solution was constructed as follows: the electrodes
were positioned inside a plastic pipe with its ends insulated
and a tube with the stream of nitrogen was positioned in the
lower end of the plastic pipe (Fig. 1d). Described
arrangements were reproducibly constructed while pro-
ducing similar voltammetric responses. Nitrogen was
beforehand passed through DMSO to saturate the gas with
the solvent vapours and to minimize the evaporation of a
micro volume of a sample solution, which could lead to the
significant change of analyte concentration during
measurerments.

Comparison of the different reference electrode
arrangements (Fig. la—c) is illustrated on cyclic voltam-
metric (CV) measurements in 20 mm® of solution in the
presence of oxygen (see Fig. 2), which gave one signal at
around —0.9 V corresponding to the reversible reduction te
the superoxide anion radical, then at more negative
potential —2.6 V a reduction of the peroxide anion was
observed. The wide in-between peak (around —1.3 to
—2.1 V) difficult to evaluate should therefore correspond
to the irreversible reduction of the superoxide anion radical
to the peroxide anion. Measurements with the silver wire
reference electrode that were carried cut beforehand in a
macro volume were highly dependent on a degree of sub-
mersion of a wire into a solution which was demonstrated
by the shift of the potential window as high as 0.3 V when
comparing two extreme cases, one where the wire is only
touching the surface of the solution and another one where
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Fig. 1 Miniaturized configurations for the work in micro volumes
(20 mm?) with the glassy carbon electrode (GCE), platinum wire
auxiliary electrode (Pt wire), and reference electrodes: a silver wire
reference electrode (Ag wire), b Agl0.01 mol dm 3 AgNO,,
0.1 mol dmn * BuyNBF, in DMSO reference electrode with frit, and

Fig. 2 Cyclic voltammograms (scan rate 100 mV s ') obtained at
the GCE in 20 mm® of the supporting electrolyte 0.1 mol dm 3
BuyNBF, in DMSO in the presence of dissolved oxygen (three
reduction waves) with platinum wire auxiliary electrode and with
three different constructions of reference electrodes: Ag wire
electrode (curve 1, see Fig la), Agl0.01 mel dm 3 AgNOs;,
0.1 mol dm * BuyNBF, (curve 2, see Fig. 1b) and
Agl0.01 mol dm * AgNOs, 0.1 mol dm * BuyNBF,0.1 mol dm ?
BuyNBF, in Luggin capillary (curve 3, see Fig. 1c). Cyclic voltam-
mogram in a macro volume solution with Agl0.01 mol dm > AgNOs,
0.1 mol dm > BuyNBF, reference electrode is depicted for the sake
of comparison (curve 4)

c reference electrode connected to the solution with Luggin capillary
through salt bridge Agl0.01 mol dm * AgNO;, 0.1 mol dm > Bu,
NBF,/0.1 mol dm * Bu,NBF, (all in DMSO). d Arrangement for the
work in the nitrogen atmosphere inside a plastic pipe with highlighted
direction of the nitrogen stream

the wire is submerged 1 cm deep into the solution. The
position or the depth of submersion of the platinum wire
auxiliary electrode did not have any observable effect on
voltammetric measurements. CVs with the silver wire and
Aglo.01 mol dm—* AgNQ;, 0.1 mol dm~* Bu,NBF, ref-
erence electrodes were equivalent (Fig. 2, curves 1 and 2)
to voltammograms recorded in the macro volume (Fig. 2,
curve 4). CV with the reference electrode connected with
the measured solution through Luggin capillary (Fig. 2,
curve 3) was considerably different. Periodic oscillations
were observed in voltammograms and according to refer-
ences [24-27] this phenomenon is observed on these types
of reference electrodes positioned in a vicinity of a working
electrode. For this type of configuration to work success-
fully it is necessary to precisely investigate the effect of
positioning of all three electrodes, which is a far more
complex problem outside the scope of this work and it
might not be the best option for the analytical application
in micro volumes with this type of arrangement. In all
cases, no signal for silver ions from the reference electrode
filling solution was observed near approx. —0.5 V, mean-
ing that neither of these reference electrodes contaminated
the analysed samples.
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Determination of 4-nitrophenol

To evaluate the proposed arrangements, a model analyte
4-nitrophenol was at first determined by classic differential
pulse voltammetry (DPV) in a macro volume (5 cm’).
These measurements had provided a base for the compar-
ison of proposed miniaturized methods. 4-Nitrophenol
gave two signals in 0.1 mol dm® BuyNBF, in DMSO
after the removal of dissolved oxygen: one around
—0.95V and another higher signal at more negative
potential —1.9 V, in agreement with the mechanism of
reaction described in the introduction and in [20-22]. At
the lowest measureable concentration range 107°-
mol dm™ 4-nitrophenol was determined by evaluating the
peak at —1.9 V and this methed gave a limit of quantifi-
cation (LOQ) 1.3 pmol dm >,

For measarements in micro volumes of 0.1 mol dm ™
BuNBE, in DMSO the arrangement depicted in Fig. 1b
was employed because it proved to be the most reliable and
provided the most stable results. Non-removal of dissolved
oxygen in the micro volume greatly influenced parameters
of the determination. The peak at around —0.95 V was
overlapped by several times higher oxygen peak {at around
—0.9 V) and was not practically observable, even at high
concentrations of 4-nitrophenol. Second peak at around
—1.9 V was observable only at higher concentrations of
4-nitrophenol because the peak coincided with the wide
peak (around —1.3 to —2.1 V) caused by dissolved oxygen
(see Fig. 3, curve 2), and that resulted in lower sensitivity
and about tenfold higher LOQ compared to the macro
volume determination (Table 1).

Two approaches for solving this problem were further
investigated. One is the special arrangement shown in
Fig. 1d constructed to achieve nitrogen atmosphere inside a
plastic pipe. The process of removing dissolved oxygen is,
however, much slower presumably because oxygen is
removed only at the surface of a liquid and its transport to
this surface is secured only by slow diffusion processes in
an unstirred solution. It took about 15-20 min to remove
the oxygen to the extent it did not interfere with the
determination of 4-nitrophenol at —1.9 V. The oxygen
peak at around —0.9 'V was still present (Fig. 3). It is also
important to mention that removing oxygen from DMSO is
a difficult and lengthy process even in macro volume
measurements. It usually takes around 10 min to com-
pletely remove dissolved oxygen, compared to aqueous
solutions where 5-min purging with nitrogen is routinely
used. DPV in 20 mm® of DMSQ after 15 min in the
nitrogen atmosphere is illustrated in Fig. 4. The calibration
curve has a considerable intercept value, but parameters
like sensitivity and LOQ shown in Table 1 are comparable
with the determination in the macro volume. Peak potential
shifts with the increasing concentration of 4-nitrophenol in
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the calibration dependency (Fig. 4) are noticeable; how-
ever, this was also observed in the macro volume and it is
most probably caused by an electrode—analyte interaction
and not by the miniaturization of the method.

Second tested approach was the determination using
SWV which was tried out to minimize the negative influ-
ence of dissolved oxygen. Parameters of SWV like
frequency, modulation amplitude, and potential step were
optimized. The frequency was found to be the most
important factor, whereas the amplitude and the potential
step have influenced the peak to noise ratio only slightly.
The optimal frequency was found to be 100 Hz when the
height of 4-nitrophenol peak at around —1.9 V to the
height of the oxygen peak at around —0.9 V ratio reached
maximum at 1:2.5 (see dotted line at curve 1, Fig. 3).
Further increase of the frequency has led to the unfavour-
able decrease of 4-nitrophenol peak. For comparison, the
peak of analyte to the oxygen peak ratio was 1:5 (see dotted
line at curve 2, Fig. 3) in DPV in the presence of dissolved
oxygen and 2:1 (see dotted line at curve 3, Fig. 3) in favour
of the analyte when working in the nitrogen atmosphere.
This comparison is illustrated in Fig. 3, where it can also
be seen that the current response of the wide peak caused
by dissolved oxygen (around —1.3 to —2.1 V) that inter-
fered with the DPV determination is also decreased when
using the optimized SWV method. It can be also noted that
in SWV both observable peak potentials (oxygen peak at
—09V and 4-itrophencl at around —1.9 V) were
unequally shifted to more positive potentials compared to
DP voltammograms (whereas 4-nitrophenol peak shift was
around  +50 mV, oxygen peak shift was around
+100 mV). This method has higher limit of quantification

/ppvipA

I swyiuA

Evs. AglAgNO3/V

Fig. 3 Comparison of SWV and DPV curves for the determination of
4-nitrophenol (0.1 mmol dm 3, 4NP) at the GCE in 0.1 mol dm 3
BuyNBF, in DMSO in 20 mm’® of the solution. SWV (frequency
100 Hz, pulse amplitnde —50 mV, potential step —4 mV} (curve 1)
and DPV (scan rate 20 mV s 1, pulse amplitude —50 mV, pulse
width 100 ms, sampling time 20 ms) (curve 2) curves in the presence
of dissolved oxygen and DPV after 15 min in nitrogen atmosphere
(curve 3). Supporting electrolyte voltammograms are illustrated as
dotted lines in corresponding curves

59



Chapter 6

Appendix [

Micro volume veltammetric determination of 4-nitrophenel in dimethyl sulfoxide at a glassy... 1643

than DPV method in the partly degassed solution but it is
still considerably lower than DPV method in the presence
of dissolved oxygen. The calibration dependency is linear
in the investigated range (Table 1). However, as seen in
Fig. 5, some deviation from a linearity is observed at high

-300

-250

fnA

10
-200

-150
-1.80 -1.95 -2.10
Evs. Ag|AgNO3/V

Fig. 4 DP voltammograms (conditions from Fig. 3} of 4-nitrophenol
[0.0 (13; 2.0 (2); 4.0 (3); 6.0 (&); 80 (5); and 10.0 (6) umol dm
obtained at the GCE in 0.1 mol dm > BuyNBF, in DMSO in 20 mm’
of the solution using the configuration shown in Fig. 1d after 15 min
in the nitrogen atmosphere. Calibration curve is shown in the inset

Evs. Ag|AgNO3/V

Fig. § SW voltammograms (conditions from Fig. 3) of 4-nitrophenol
[0.0 (I); 6.0 (2% 8.0 (3% 10 (4) 20 (5); 40 (6); and 60 (7}
umol dm 3]obtajned at the GCE in 0.1 M Buy,NBF,; in DMSO in
20 mm?® of the solution using the configuration shown on Fig. 1b.
Calibration straight line for the range 6.0-60 umol dm ° is shown in
the inset

Table 1 Comparison of parameters of calibration dependencies for
the determination of the lowest measurable concentrations of
A-nitrophenol by DPV and SWV at the GCE with Ag0.01 mol dm °*

concentrations of 4-nitrophenol which is relatively com-
mon phenomenon in the case of solid electrodes.

Conclusion

Voltammetric determination of 4-nitrophenol at the GCE
was successfully modified for the micro volume scale of a
single drop (20 mm®} of DMSO solutions. A few config-
urations of the three-electrode system were proved to be
working except the configuration with Luggin capillary
reference electrode which did not prove to be suitable. Two
methods for determination of this analyte were proposed:
SWV, which is capable of working without the necessity of
removing dissolved oxygen, is more time efficient; and
DPV, where a special construction was developed suit-
able for the work in the nitrogen atmosphere, is
considerably more time-consuming but more sensitive.

Experimental

A stock solution of 1 mmol dm™> 4-nitrophenol (CAS
number: 100-02-7; >99%, Sigma Aldrich, Germany) was
prepared by dissolving the substance in dimethyl sulfoxide
(Penta, Czech Republic). More diluted solutions were
prepared by exact dilution of the stock solution with
DMSO. Tetrabutylammonium tetrafluoroborate (BuyNBF,,
p-a. Sigma Aldrich, Germany) was used as a supporting
electrolyte in DMSO. Reference electrode filling solution
was prepared with 0.01 mol dm™> silver nitrate (p.a.,
Lachner, Czech Republicy and supporting electrolyte
0.1 mol dm~* Bu,NBF, in DMSO. All chemicals were
used without further purification.

Instrumentation and procedures

All solutions for voltammetric measurements were pre-
pared by measuring 1.0 cm® of 0.5 mol dm™> Bu,NBF, in
DMSO into a 5.0 cm® volumetric fask. Afterwards,

AgNO,, 0.1 mol dm * Bu,NBF, reference electrode using the peak
at around —1.9 V in 20 mm® of the analysed solution and by DPV in
the macro volume solution

Method Conc. range/umol dm * Slope/mA dm® mol ! Intercept/nA Corr. coeff. LOQ/umol dm ?
DPV (with O) 20-100 —8.97 +136 0.99%0 20
SWV (with O,) 6-60 —427 —139 0.9996 6.0
DPV (in N; atm.} 2-10 —-112 +16.7 0.9999 24
DPV (macro volume) 1-10 —-10.9 +4.63 0.9997 1.3
@ Springer
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appropriate amount of the stock solution of 4-nitrophenol
in DMSO was added and the flask was filled with DMSO to
the mark. This solution was either transferred to a
voltammetric cell for macro volume measurements and
then purged with nitrogen for 10 min or a single drop
20 mm®) of the solution was pipetted onto the upside
down positioned GCE for micro scale measurements.
Voltammetric measurements were carried out in a three-
electrode system with working glassy carbon disc electrode
(GCE, 2 mm diameter, 6.1204.600, Metrohm, Switzer-
land), auxiliary platinom wire electrode (0.5 mm
diameter), silver wire reference electrode {0.6 mm diame-
ter) or a reference electrode AglAgNO; (0.01 mol dm™),
Bu,NBE, (0.1 mol dm™% in DMSO. GCE was polished
prior to the series of measurements with aqueous slurry of
alomina powder (1.1 pm) to mirror-like appearance. GCE
was then sonicated for 30 s in methanol and then for 30 s
in DMSO. Cyclic voltammetric (CV) measurements were
carried out at a scan rate 100 mV s~'. Differential pulse
voltammetry (DPV) was carried out using scan rate
20 mV s7!, pulse width 100 ms, sampling time 20 ms, and
pulse amplitude —50 mV. Square wave voltammetry
(SWV) was carried out at frequency 100 Hz, pulse
amplitude —50 mV and potential step —4 mV. Measure-
ments were carried out on Autolab PGSTATI101
(Metrohm) controlled by Nova 1.11.2 software (Metrohm).
All voltammetric curves were recorded at least five times at
the laboratory temperature. Peak heights were evaluated
from the line connecting minima before and after the peak.
All calculated parameters were evaluated with Origin
software (OriginLab Corp., USA). Limits of quantification
(LOQ) were calculated as a concentration cotresponding to
a tenfold of a standard deviation of ten subsequent mea-
surements at the lowest measurable concentration [28].
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ELECTROANALYSIS

Voltammetry of a Novel Antimycobacterial Agent
1-Hydroxy-/N-(4-nitrophenyl)naphthalene-2-carboxamide in

a Single Drop of a Solution

Tilius Gajdar*,”! Tomas Gonéc’,™ Josef Jampilek",

Miroslav Fojta®,"¥ Jiii Barek",** and Jan Fischer"®

Abstract: The aim of this study is the development of a
miniaturized voltammetric method for the determination
of an antimycobacterial agent 1-hydroxy-N-(4-nitrophen-
ylnaphthalene-2-carboxamide (HNN) in a single drop
(20 pL) of a solution by cathodic and anodic voltammetry
at a glassy carbon electrode. Cyclic voltammetry was used
to investigate its redox properties followed by the
optimization of differential pulse voltammetric determi-
nation in a regular 10 mL. volume. The optimal medium
for the analytical application of both cathodic and anodic
voltammetry was found to be Britton-Robinson buffer
pH 7.0 and dimethyl sulfoxide (9:1, v/v). HNN gave one
cathodic peak at around —0.6 V and one anodic peak at
around +0.2V vs. Ag|AgCl (3molL ' KCl) reference

Marie Brazdova*, ¥ Zuzana Babkova*,®

electrode. Determination of HNN in a 10 mL volume
gave the limit of quantification around 10nmolL ' by
both adsorptive stripping anodic and cathodic voltamme-
try. Afterwards, miniaturized voltammetric methods in a
single drop of solution (20 pL} were investigated. This
approach requested some modifications of the cell design
and voltammetric procedures. A novel method of remov-
ing dissolved oxygen in a single drop had to be developed
and tested. Developed miniaturized voltammetric meth-
ods gave parameters comparable to the determination of
HNN in 10ml. The applicability of the miniaturized
method was verified by the determination of HNN in a
drop of a bacterial growth medium.

Keywords: Hydroxynaphthalene-2-carboxanilide - Microcell - Single drop analysis - Voltammetry

1 Introduction

The number of tuberculosis infections caused by the
pathogen Mycobacterium fuberculosis has grown by 10
million cases with 1.4 million deaths in 2015 [1] with the
most cases being from resource-poor countries with
limited effectiveness of public health system and individu-
als with immunodeficiency virus HIV. In recent years this
has been fuelled by emergence of drug resistant strains
complicating the treatment that could take up to
24 months with the combination of eight to ten drugs [2].
Isoniazid, rifampicin, pyrazinamide, and ethambutol are
used as first-line drugs. In addition, drug resistant strains
are treated by second- or even third-line drugs such as
fluoroquinolones, ethionamide, thioacetazone, linezolid,
bedaquilline, delamanid, etc. [3] that are in general more
toxic to organism. Thus, this situation necessitates the
identification of new molecular scaffolds that offer short-
er, more effective and less toxic compounds. Because of
those reasons the development of new tuberculosis drugs
has been very intensive in recent years [2].

One of the novel molecular scaffolds that were
recently developed are hydroxynaphthalenecarboxamides
[4-10]. Their structure is based on salicylanilides, second-
line drugs. The synthesis and primary antibacterial and
antimycobacterial activity of tens of derivatives was tested
and compared with the first-line drugs like isoniazid and
rifampicin. Most of them showed comparable or higher

www.electroanalysis.wiley-vch.de

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

antimicrobial activity especially against resistant strains,
with low toxicity to human leukemia cell lines. One of the
compounds  (1-hydroxy-N-(4-nitrophenyl)naphthalene-2-
carboxamide; HNN) has been chosen for this pilot
electroanalytical study. As it is a newly prepared com-
pound no electrochemical studies have been carried out
so far.
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Voltammetric techniques are frequently applied in the
development and validation of analytical methods for
determination of pharmaceuticals in their formulations
and various biological samples. They also provide a way to
determine kinetic and mechanistic parameters which are
valuable as an insight into metabolic reactions which is a
matter of importance in the field of pharmaceutical or
biological analysis [11-13]. Voltammetric determination is
in some cases applicable directly in biological matrices
without the lengthy extraction process. Voltammetric
methods have been used for the determination of various
biologically active substances on mercury and various
solid and modified electrodes (see reviews [12,14]).

Microcells and microanalysis of small samples in the
range of tenths to hundreds of microlitres have been
present in the field of voltammetry for a long time. These
microcells can be used as flow-through detectors coupled
with chromatographic or flow injection analysis or they
can work in batch arrangements with static samples
introduced into the system by a pipette or other similar
devices. There are two basic configurations of the working
electrode in batch arrangements. It could be in its usual
state set from top to bottom and immersed in a small
volume sample. Other option is an inverted state set from
bottom to top that favours possibility of applying even
smaller volumes on the surface of the working electrode
facing upwards [15]. A few microcell designs with carbon-
based working electrodes were introduced in several
studies [16-21]. Microcells can be developed and then
used as portable devices, micro scale systems or for in vivo
analysis with a simple and inexpensive instrumentation
[22].

HNN contains electrochemically active reducible nitro
group on the phenyl moiety and oxidizable hydroxyl
group on the naphthyl moiety (see Figure 1). Structurally
similar nitrobenzene-like structures have been intensively
studied by voltammetric methods on glassy carbon
electrodes [23-25] or by polarography in mixed NN-
dimethylformamide-water solutions [26]. One nitro group
is usually reduced in one irreversible 4-electron process
giving hydroxylamine structure in an aqueous medium
even in the presence of some organic solvent
[24,25,27,28].

N
N*
OH O on

N
H

Fig. 1. Structural  formula of  1-hydroxy-N-(4-nitrophenyl)

naphthalene-2-carboxamide (HNN).
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Hydroxyl group on the naphthyl moiety has been
studied on glassy carbon [24,29] or boron doped diamond
electrodes [30]. The oxidation of naphthol/phenol-based
compounds starts with a deprotonation and one electron
formation of an oxo-radical. This radical can then take
part in various parallel reactions giving quinone deriva-
tives or in some coupling reactions that create polymeric
films unfortunately contributing to the electrode passiva-
tion [29-31]. In the study of niclosamide (structurally very
similar to HNN) it is proposed that the compound is at
tirst deprotonated and then oxidized by the loss of 2
electrons to form a bi-radical cation followed by an
intermolecular cyclisation [32].

This work is based on our previous development of the
miniaturized system for determination of 4-nitrophenol in
dimethyl sulfoxide [33]. The goal of this study is to
examine electrochemical properties of the novel antimy-
cobacterial agent HNN and to optimize parameters for its
determination focusing on the miniaturization of the
electrochemical cell that is favourable for the work in
small volumes of biological matrices. The newly devel-
oped miniaturized methods can be then easily used for the
investigation of other novel antimycobacterial agents
usually available only in very small amounts.

2 Experimental
2.1 Chemicals and Reagents

A stock sclution of HNN (0.01 molL™", 1-hydroxy-4-
nitro-2-naphthanilide; CAS number: 68352-27-2; Sigma
Aldrich, Germany) was prepared by dissolving 15.41 mg
of the substance in 5mL of dimethyl sulfoxide (DMSO,
p-a., Penta, Czech Republic). More diluted solutions were
prepared by the exact dilution of the stock solution with
DMSO. Britton-Robinson buffer was prepared by mixing
0.04 molLL™" phosphoric, boric, and acetic acid with
0.1 molL ' sodium hydroxide (all p.a. Lach-ner, Czech
Republic). The bacteria growth medium contained
0.4 molL ' sucrose (white refined granulated sugar, Inves-
tice Strategie Management as,, Czech Republic),
0.02 mol L~" phosphoric buffer pH 7.2 prepared by mixing
disodium hydrogen phosphate and sodium dihydrogen
phosphate (p.a. Lach-ner), 5 mmolL™" sodium chloride
(p-a. Lach-ner), and 15 mmolL™" magnesium chloride
(p-a. Lachema, Czech Republic). Deionised water was
produced by Millipore Milli-Q system (Millipore, USA).

Stability of HNN stock solution was monitored spec-
trophotometrically at UV-vis spectrometer Agilent 8453
(Agilent, USA) by its absorbance peak at 351 nm. Stock
solution was stable for at least one month.

2.2 Apparatus

Voltammetric measurements were carried out on Eco-
Tribo Polarograph controlled by Polar Pro 5.1 software
(both Polaro-Sensors, Czech Republic) in a three-elec-
trode system with a working disc glassy carbon electrode
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(GCE, 2mm diameter, 6.1204.110 and 6.1204.600, Met-

. . . . Tube
rohm, Switzerland), an auxiliary platinum wire electrode Pt wire(AUX
0.5 mm diameter), and a reference Ag|AgCl electrode A AL
(0.5 . - ___— Ag/AgCI(RE)

(3molL ' KCI; Elektrochemicke detektory, Turnov,
Czech Republic) or a pseudo-reference silver wire elec-
trode (0.6 mm diameter). pH measurements were con-
ducted with pH-meter Jenway 3510 (Bibby Scientific Ltd,
United Kingdom) with Jenway combined glass electrode
(924005) calibrated using standard aqueous buffers.

Cyclic voltammetry (CV) was usually carried out at a
scan rate 100 mVs ™' unless stated otherwise. Differential
pulse voltammetry (DPV) was carried out using scan rate
20mVs ', pulse width 100 ms, sampling time 20 ms, and
pulse amplitude +50mV. All voltammetric curves were
recorded at least 5 times at laboratory temperature. Peak
heights were evaluated from the line connecting minima
before and after the peak. Limits of quantification were
calculated as a concentration corresponding to a tenfold
of a standard deviation of ten subsequent measurements
at the lowest measurable concentration [34].

2.3 Macro Volume Instrumentation and Procedures

Working electrode was polished prior to measurements
with aqueous slurry of alumina powder (1.1 pm) on a
polishing pad to a mirror-like appearance and then
sonicated for 30 s in methanol and deionised water. The
electrode was then carefully dried out with a cellulose
swab. This was usually repeated after every 5 measure-
ments by cathodic DPV and before every single measure-
ment by anodic DPV unless stated otherwise.

Solutions were prepared by adding appropriate
amount of the stock solution of HNN in DMSO into a
10.0 mL volumetric flask. Appropriate volume of DMSO
was then added to achieve the final volume of the organic
solvent in a given medium varying from 0.1 to 1 mL (v/v).
Afterwards the flask was filled with BR buffer solution of
given pH, 0.01 molL.™" KCI solution or the bacterial
growth medium to the mark. Obtained solution was
transferred to a voltammetric cell. For cathodic measure-
ments, 10 mL of the solution was then purged for 5 min
with nitrogen saturated with deionised water and DMSO
(9:1) vapours to prevent sample solution evaporation, and
corresponding voltammogram was recorded. The purging
was repeated for 30 s before every repeated measurement.

2.4 Microcell Instrumentation and Procedure

Microcells used are depicted in Figure 2. Two different
reference electrodes were used: first one was the Ag|AgCl
electrode (Figure 2A); the second one was the silver wire
pseudo-reference electrode (Figure 2B). The plastic tube
was manufactured from the 5mL pipette tip cut to the
appropriate size and carefully melted at the ends to form
curved edges around electrodes to better isolate nitrogen
atmosphere inside. A hele was cut to the side for a nitrogen
input. Before experiments the reference electrode and the
auxiliary electrode were fixated by holders while plastic tube
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Ag wire(RE) — |
Solution (20uL)\

Fig. 2. Microcclls uscd for measurcments in 20-50 pL of a solution
with a working GCE, a reference Ag|AgCl electrode (A) or a
pseudo-reference electrode (B), a platinum wire auxiliary elec-
trode and a plastic tube used only for cathodic voltammetry
designed to achieve nitrogen atmosphere inside the microcell.

could be moved up and down. Before every measurement
reference and auxiliary electrodes were washed with a few
drops of DMSO and deionised water. Pre-treated GCE was
then positioned opposite the reference electrode and 20—
50 pL drop of a solution was carefully pipetted in-between
electrodes. The plastic tube was slid over the drop resting on
the external holder as depicted in Figure 2. Oxygen was
removed from the solution by passing nitrogen through this
set-up for 10-20mins depending on the measurement
conditions. Nitrogen was at first saturated with the deionised
water and DMSO (9:1) vapours to minimize the evapo-
ration of the sample drop. In the case of anodic voltammetry
oxygen removal was not necessary. Therefore, plastic tube in
depicted configurations was not used.

3 Results and Discussion

3.1 Electrochemical Study of HNN in Macro Volume
(10 mL)

Because of HNN’s very limited solubility in water, mixed
buffer — DMSO solutions had to be used. Maximum
content of DMSO based on biclogical studies of this
compound [4-10] was around 10% (v/v) and this is the
percentage mostly used throughout this study. However,
even in this 10% DMSO medium, HNN was soluble only
in neutral and alkaline media at the concentration
10 umolL™" which is necessary for acceptably high CV
peaks. Therefore, voltammetry of HNN was not studied at
pH lower than 6.0.

3.1.1 Mechanism of HNN Reduction

The reduction of HNN was studied by CV in the BR
buffer pH 7 — DMSO medium (9:1) at GCE at the scan
rate 100mVs™' (see Figure 3b). HNN gave one irrever-
sible reduction peak I at —594 mV. In the reverse scan the
peak Ila at —90 mV is observed that together with the
peak IIb at —106 mV, observed in the second cathodic
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Fig. 3. Cyclic voltammograms (scan rate 100 mVs™') of HNN (c=
10 pmol L ) obtained at GCE in 10 mL of BR buffer pH 7.0 and
DMSO (9:1, v/v) medium in the anodic range (a) and in the
cathodic range (b). Supporting electrolyte is illustrated as dotted
line. Dashed line in (b) denotes the second cathodic scan. Arrows
denote the start and the direction of a scan.

scan, forms reversible pair separated by 16 mV which is
usually assigned to the reversible nitroso/hydroxylamino
pair. The observed lower than theoretically expected peak
potential difference (around 30 mV) can be explained by
the adsorption phenomena (see later). In the series of
scans, the height of the peak T decreased while heights of
reversible peaks lla/llb were both increasing indicating a
passivation of the electrode surface by the product of the
reduction (1}. The effect of various scan rates (20—
400 mVs™) was studied to further characterise the
electrode reaction. The height of the cathodic peak I was
linearly dependant on the square root of the scan rate
(R=0.9953) confirming a diffusion controlled process.
Similarly, the process (ITa) was diffusion controlled (R=
0.9914). However, the process (IIb) was adsorption
controlled (R=0.9940}. The cathodic peak I was shifting
to more negative potentials and the separation of the
reversible pair Ila/llb was growing with increasing scan
rates which is a common observation at solid electrodes.

The potential of the cathodic peak 1 was monitored by
DPV in BR buffer pH 6.0-12.0 and DMSO (9:1, v/v) media
(see Figure 4a). The peak potential was shifted to more
negative potentials with the slope —=29.8 mVpH™ in the
studied range. The theoretical value for 4H™/4e™ reduction
of nitro group to hydroxylamine is —59.1 mVpH ' [33].
Experimental value corresponds to 1:2 (HY:e™) ratio,
probably 2H"/4e” reduction. The deviation from the
theoretical value can be caused by the proton deficiency in
neutral and alkaline media.

These observations are in an agreement with the
reduction of nitroaromatics discussed in the literature
which exhibit 4-electron irreversible reduction (peak I} of
nitro group to hydroxylamine. The reversible pair (TTa/
11b) should therefore correspond to two electron
hydroxyl-amine/nitroso reversible reaction [24,25,27,28].
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Fig. 4. Dependence of the cathodic peak potential (a) and the
cathodic peak current (b) of HNN (¢=10 pmolL™") on pH of BR
buffer obtained at GCE in 10 mL of BR buffer (pH 6.0-12.0) and
DMSO (9:1, v/v) medium by DP voltammetry.

3.1.2 Mechanism of HNN Oxidation

The anodic response of HNN was studied under same
conditions. HNN gave one irreversible anodic peak III at
+351mV. In the reverse scan, a small peak IV at
+219mV was observed (see Figure 3a). In the series of
scans the height of the peak 11l significantly decreased
and its potential moved to more positive potentials while
the height of the peak 1V increased which could point to
the adsorption of the product on the electrode surface. At
increasing scan rates, the potential of the anodic peak II1
was shifted to more positive potentials while the position
of the peak IV was constant. Dependency of the height of
the anodic peak 111 on the scan rate and on the square
root of the scan rate indicates involvement of both
diffusion and adsorption as a controlling step of this
Pprocess.

The change of the potential of the anodic peak III with
pH of the BR buffer was studied by DPV (see Figure 3a).
The peak potential was dependent on pH of BR buffer
from 6.0 to 10.0 where it was shifting towards 0 V.
However, in more alkaline solutions the peak potential
remained constant at around +130mV. In BR buffer
pH 12.0 - DMSO medium (9:1) the second and the third
peak are observed indicating that a different electrode
mechanism was starting to take place. The potential of the
peak 111 was dependent on pH of BR buffer with a slope
—51.8mV pH™! (for pH 6.0-10.0). This means that the
first step of the reaction 1s the deprotonation of the
hydroxyl group. In the alkaline medium HNN was
completely deprotonated and no protons were involved in
a redox reaction (pH>10.0). The intersection of linear
parts of the plot in Figure Sa could be approximated as a
dissociation constant of hydroxyl group [36] at around 9.7
in this specific BR buffer - DMSO medium (9:1).

The first step of the oxidation should therefore involve
deprotonation leading to one electron process (peak IIT)
to give oxo-radical compounds as is common in hydroxy-
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Fig. 5. Dependence of the anodic peak potential (a) and the
anodic peak current (b) of HNN (¢=10 pmolL™"} on pH of BR
buffer obtained at GCE in 10 mL of BR buifer (pH 6.0-12.0) and
DMSO (9:1, v/v) medium by DP voltammetry.

aromatic compounds. They can then react in several
parallel reactions also giving a polymeric film contributing
to the electrode passivation in an agreement with
literature [30,31].

3.1.3 Cathodic DP Voliommetry of HNN

As mentioned before, HNN gave one cathodic DPV peak
corresponding to the CV peak 1 (Figure 1b}. Dependence
of the peak height on pH of the BR buffer (see Figure 4b)
gave the highest peak in the BR buffer pH 12.0 - DMSO

ELECTROANALYSIS

(9:1) medium. The adsorption of the product of the
reduction at the GCE surface resulted in a large signal at
the potential near 0 V (corresponding to the CV peak IIb)
from the second scan onward on the pre-treated GCE.
DPV peak (I) height continually decreased with the
number of scans on the same electrode surface. However,
it was found out that the decrease that occurs in 5 scans
(RSD=5%, ¢=10 umolL™") is acceptable for the deter-
mination especially since the electrode fouling was less
intense at lower concentrations of HNN. Therefore, GCE
had to be polished before each series of 5 measurements.
The pre-treatment of the electrode in an ultrasonic bath
in methanol for 30s and deionised water for 30s after
polishing gave better repeatability than just polishing on
an alumina pad and rinsing with deionised water. The
calibration curve in this medium (see Table 1) had
sigmoidal shape with the linear range only from 0.6 to
4 pymol L ..

Because one of the goals of this work is the develop-
ment of the method for the determination of HNN in
biological matrices, at the next step the determination was
carried out in the BR buffer pH7.0 — DMSO (9:1)
medium as it can be safely assumed that most of the
matrices of a biological origin will have pH around 7. The
electrode fouling was observed as well and the same pre-
treatment procedure was applied as in pH 12 with an
acceptable deviation for 5 consequent scans with a slightly
declining trend (RSD=7%., c= 10 umolL™"). HNN gave a
linear response in the range from 0.2 to 10 umolL™
limited by its solubility (Table 1). In the end, the BR
buffer pH 7.0 — DMSO (9:1) medium turned out to be

Table 1. Parameters of determination of HNN obtained at GCE in different media by cathodic (CDPV), anodic (ADPV), cathodic
adsorptive stripping (CAdSDPV) and anodic adsorptive stripping (AAdSDPV) differential pulse voltammetry in 10 mL of a solution.

The accumulation time ¢, is applicable only in AASDPV.

Technique medium E.V oy R slope, intercept, corr.coef. LOQ,
s molL ! mALmol 1 nA molL !

CDPV BR buffer pH 12 —0.70 - (6-40)x 1077 —68.9 +22.7 0.9888 =8x 107
- DMSO (9:1)

CAdSDPV  BR buffer pH 12 .70 15 (1-10y <1077 —70.5 —1.84 0.9993 1.3x1077
- DMSO (9:1)

CAdSDPV  BR buffer pH 12 —0.65 60 440y <107 118 —4.55 0.9957 5.8x 107"

CDPV BR buffer pH 7 055 - (2-10) =10 ¢ —21.1 —0.355 0.9992 -
- DMSO (9:1)

CDPV BR bufler pH7 —0.55 (2-10yx10 7 —30.8 —0.406 0.9980 22x107
- DMSO (9:1)

ADPV BR buller pH7 +026 - (1-10y <10 ¢ +9.07 —1.68 0.9984 1.1x10 ¢
- DMSO (9:1)

CAdSDPV 001 M KCl —0.55 60 -1y <107 237 —2.46 0.9983 4.0x 107"
- DMSO (9:1)

CAdSDPV 001 M KCl —0.55 1200 (R-60)x107°  —1130 +1.57 0.9984 1.1x107%
- DMSO (99:1)

AAdSDPV  BR buffer pH 7 +0.26 60 (1-10yx 1077 +87.9 +2.65 0.9974 1.0x 1077
- DMSO (9:1)

AAdSDPV  BR buffer pH 7 +026 1200 (1-10yx 107 41070 +0.032 0.9969 1.7 x107%
- DMSO (99:1)

CDPV Bacterial growth medium pH 7.2  —0.56 - (2-10y <107 —40.8 +9.35 0.9978 -

CDPV - DMSO (9:1) —0.56 - (2-10)x 107 —38.1 +2.73 0.9889 23x107

ADPV +025 - (1-10)x107°  +5.33 —0.549 0.9994 2.0x107¢
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more suitable medium for the determination of HNN by
cathodic DPV.

3.1.4 Anodic DP Voltammetry of HNN

HNN gave one anodic peak (corresponding to the CV
peak III, see Figure la) and its height was dependent on
pH with the maximum in the BR butfer pH 9.0 - DMSO
(9:1) medium (see Figure 5b). The anodic peak current
was much lower than the cathodic response. The determi-
nation was firstly carried out in the BR buffer pH 7.0 -
DMSO (9:1} medium. As it later turned out the
determination at pH 9.0 would bring none or only minor
benefits regarding the solubility of HNN or the peak
height. The electrode fouling was also a problem in this
case. Products of oxidation strongly passivated the elec-
trode surface. The peak height was dramatically decreas-
ing and the peak position was not stable in the series of
measurements. Therefore, the electrode had to be pol-
ished before every single measurement to achieve accept-
able repeatability (RSD=7%, N=10, ¢=10 pmol L™).
HNN gave a linear response in the range from 1 to
10 umol L. ' (Table 1).

3.1.5 Cathodic and Anodic DP Voltammetry of HNN in
Bacterial Growth Medium

Pharmaceutical studies of this compound are only at the
beginning and HNN was so far studied for its biological
activity only in a few matrices listed here [4-10]. One of
the matrices, a bacterial growth medium used for testing
the inhibition of photosynthetic electron transport (PET),
was thus chosen as the real sample. The expected
concentration range of the analyte is from 0.1 to
1000 pmolL . Using a developed cathodic and anodic
voltammetric method for the BR buffer pH 7.0 - DMSO
(9:1) medium, HNN exhibited the linear dynamic range
from 0.2/2.0 (cathodic/anodic DPV, respectively) to
10 pmolL ! in the medium with 10% DMSO content (see
Figure 6 and Table 1). Higher concentrations of HNN (to
1000 pmol L") would require higher DMSO content.

3.1.6 Cathodic Adsorptive Stripping DP Voltammetry of
HNN

The determination by adsorptive stripping voltammetry
was carried out at pH 12.0 and pH 7.0 of BR buffer (BR
buffer at pH 7.0 was substituted for 0.01 molL ' KCI
solution because of some impurities). The aim was to
continually decrease the DMSO content as low as possible
and continually increase the accumulation time. HNN
showed very good adsorptive characteristics that could be
correlated with its low solubility in water. The optimal
accumulation potential in the 0.01molL ' KCl and
DMSO (9:1) medium was —0.1 V from the studied range
(+01V to —03V). In the concentration range
10*mol L™ HNN was determined with a short accumu-
lation time 60 s in a stirred solution. Then, DMSO content
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Fig. 6. Cathodic DP voltammograms of HNN (0.0 (1); 0.2 {2); 0.4
(3); 0.6 (4); 0.8 (5); 1.0 (6) umol L") obtained at GCE in 10 mL of
the bacterial growth medium pH7.2 and DMSO (9:1, viv)
medium. The calibration curve is shown in the inset.

was lowered to 1% and it was found out that further
decreasing the DMSO content did not have any significant
effect on the peak height {see Figure 7b). By increasing
the accumulation time to 20 min (see Figure 7a) it was
possible to detect HNN in nanomolar concentrations with
the limit of quantification 1nmolL™' (Table1). The
solubility of HNN was experimentally determined by this
method in deionised water at the laboratory temperature.
The concentration of the saturated solution was deter-
mined as 22 (£+3) nmolL '

-100 -30
I, nA 1, nA 3
9 o 0O
-50F 15}
o)
-
9 a b
O\ 1 1 1 L 0 1 1 1 1 1
0 10 20 30 40 0001 0.1 10
t_, min % viv DMSO

acc’

Fig. 7. Dependence of the peak height on the accumulation time
I,.. (a) and the content of DMSO in a solution (in % v/v) (b) of
HNN (¢=460 nmol L !) obtained at GCE in 10mL of 0.01 molL !
KCl and DMSO (99:1, v/v) medium by the method of cathodic
AdSDPV in a stirred solution at the accumulation potential
—0.1V.

The same procedure was applied in the BR buffer
pH 12 — DMSO (9:1) medium. At the optimal accumu-
lation potential 0.0 V and optimal accumulation time 15 s,
it was possible to determine HNN in the linear range from
0.1 to L umolL '. At this point, solubility of HNN was
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experimentally determined in the medium containing only
BR buffer pH 12, The concentration of the saturated
solution was determined as 7.3 (40.5)x107 molL™"
Using this solution as a stock solution and after increasing
the accumulation time to 60s (at the accumulation
potential 0.0 V), the limit of quantification could be
lowered to 58 nmolL™" (Table 1). The increase of the
accumulation time did not further improve determination
parameters.

3.1.7 Anodic Adsorptive Siripping DFP Voliammeltry of
HNN

These measurements were carried out only in the BR
buffer pH7.0 — DMSO (9:1) medium in the stirred
solution. Previous findings from cathedic adsorptive
voltammetric measurements were utilized. The optimal
potential of accumulation was 0.0 V, and two values of
accumulation times were used: 60s (with 10% DMSO);
and 20 min with lowered DMSO content (1%) (see
Figure 8). In the latter case, the limit of quantification
17 nmolL ' was reached (see Table 1).

300 :
I, nA 1
250+
50 100
¢, nmol L

200

0 500
E vs Ag/AgCl, mV

Fig. 8 Anodic AdSDP veltammograms of HNN (0.0 (1); 10 (2);
20 (3); 40 (4); 60 (5)%; 80 (6); and 100 (7) nmolL™") obtained at
GCE after 20min accumulation at the accumulation potential
0.0V in 10mL of BR buffer pH7.0 and DMSO (99:1, v/v)
medium in a stirred solution. The calibration curve is shown in
the inset.

3.2 Electrochemical Study of HNN in a Single Drop of a
Solution (20 nL)

After the optimization of the method in 10 mL volume,
the BR buffer pH7.0 and DMSO (9:1) medium was
exclusively used. The working electrode pre-treatment
was the same as in the macro volume. Microcells depicted
in Figure 2 were used as described below.
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3.2.1. Cathodic DP Voltammetry of HNN and Oxygen
Removal

Miniaturization of the cathodic voltammetric method has
brought a few problems that had to be solved. The first
one was the removal of the negative influence of oxygen.
Square wave voltammetry (SWV) was used in our
previous work [33] because it is usually less sensitive to
the presence of oxygen. However no positive effect of
SWYV was observed in this case. A similar arrangement
was used as in the above mentioned study, but a few
improvements had to be implemented. The plastic tube
was manufactured to better isolate the inside of the
microcell and the intake of nitrogen was drilled in a side
of the tube with an intention of creating a slight over-
pressure of nitrogen in the microcell. At first, the micro-
cell from Figure 2A was used. The process of removing
oxygen took around 15 minutes, presumably because in an
unstirred drop the only transporting process present is a
relatively slow diffusion.

However, while the removal of oxygen via diffusion
took place, other diffusion processes occurred. HNN from
the drop was adsorbed on the fritted glass of the reference
electrode (HNN was already shown to be readily
adsorbed from the solution) and it could alsc be slowly
mixing with the reference electrode filling solution. HNN
coming from the reference electrode back to the drop of
the solution could thus influence subsequent measure-
ments. This was overcome by using the silver wire as the
pseudo-reference electrode (see Figure 2B). The use of
the pseudo-reference electrode was limited to analytical
purposes only as the potential of this electrode is some-
what unstable. This also shortened the time necessary for
the complete removal of oxygen to 10 min as a relatively
larger drop surface is in contact with the nitrogen
atmosphere.

The amount of the compound that is depleted from
the solution by electrolysis in one measurement is
considered negligible in bulk analysis (10 mL) but it is
considerable in a drop of a solution. One DPV scan had a
significant impact on the concentration of HNN in the
drop. It was calculated that a fast CV scan {scan rate
100 mVs™, c=10 pmol L™") results in a 5% decrease of
the concentration of HNN in the drop. Slower DPV scan
(20 mVs™) presumably results in an even bigger decrease
of the concentration. Therefore, only one measurement
could be carried out in one drop. Because of that, the
procedure for the determination of HNN was adapted
accordingly. After the application of the drop, oxygen was
being removed for 10 min during which time an accumu-
lation of HNN on the electrode surface was occurring.
Essentially, a method of adsorptive stripping voltammetry
was thus used. The calibration curve was linear up to the
concentration of 2 umolL ' (see Table 2). From this point
on, the current height became much less reproducible
with simultaneous decrease of the calibration curve slope.
This can be contributed to the saturation of the electrode
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Table 2. Parameters of the determination of HNN obtained at GCE in different media by cathodic (CDPV) and anodic (ADPV)
differential pulse voltammetry, and cathodic adsorptive stripping differential pulse voltammetry (CAdSDPV) in a single drop of
solution with the volume V. The accumulation time 7, is identical with the time necessary for oxygen removal and is only applicable in

CAdSDPV.
technique medium E,V VL 1. ¢ slope, intercept, corr.coef. LOQ,
s pmol L' mALmol™  nA mol L™*
CDPV BR buffer pH 7 -0.55 20 - 2-10 -11.9 +38.16 0.9970 -
CAdSDPV - DMSO (9:1) —0.55 20 600 0.1-2 —67.8 —2.22 0.9911 1.2x107
ADPVY +0.26 20 - 1-10 +3.77 —0.518 0.9977 24x10°°
CDPV Bacterial growth medium pH 7.2 —0.56 20 - 2-10 —6.02 —2.51 0.9977 -
CAdSDPV - DMSO (9:1) -0.56 20 900  0.1-2 —354.7 —1.88 0.9901 1.2x107
ADPVY +0.25 50 - 1-10 +5.25 —2.83 0.9977 22x10°°
surface with adsorbed HNN as is frequently observed in -200
AdSV. 250 I, nA
HNN could be determined in a one drop at concen- ) ®

trations higher than 2 pmolL '. The signal height in
second and further scans is stable enough and reasonably L

e ) , 200F ¢
reproducible for 5 scans in the one drop on a new polished 0

. . I nA

surface for an acceptable and reproducible determination
at higher concentrations by DPV (see Table 2). -150 F
3.2.2 Cathodic DP Voltammetry of HNN in Bacterial 100
Growth Medium 200 200 7600

Determination of HNN by cathodic voltammetry was also
carried out in a real sample of the bacterial growth
medium. The microcell with the pseudo-reference elec-
trode was used. The removal of nitrogen had to be
lengthened to 15 minutes, probably caused by slower
oxygen diffusion in a concentrated sucrose solution.
Therefore, accumulation time was 15 min as well. In the
lower concentration range HNN was determined by
adsorptive voltammetry, and as observed in the buffered
medium the saturation of the electrode surface occurred
at around 2 umolL ' (see Figure 9). At higher concen-
trations, it was possible to determine HNN by DPV by 5
consecutive scans in one drop with acceptable signal
stability (see Table 2).

3.2.3 Anodic DP Voliammetry of HNN

Anodic DPV determination was carried cut in the same
buffered medium: BR buffer pH 7.0 and DMSO (9:1).
The working electrode had to be pre-treated before every
single measurement because of the electrode fouling
observed before in macro volumes. Depletion of HNN by
electrolysis in a drop was not possible to observe because
of the electrode fouling. The configuration of the micro-
cell at Figure 2A was used without the plastic tube as the
removal of oxygen was not necessary. The drop was
pipetted onto the pre-treated GCE in the built microcell
and a scan was performed immediately, therefore there
was a little time for the drop of the solution mixing with
the reference electrode filling solution and no cross-
contamination was observed as it was the case in cathodic

www.electroanalysis.wiley-vch.de
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E vs. Ag/AgCl, mV

Fig. 4. Cathodic AdSDP voltammograms of HNN (0.0 (1); 0.1 (2);
0.2 (3); 0.4 (4): 0.6 (5); 0.8 (6); 1.0 (7); and 2.0 (8) pmolL.™")
obtained at GCE in 20 pL of bacterial growth medium pH 7.2 and
DMSO (9:1, v/v) solution after 10 min accumulation under
nitrogen atmosphere measured against silver wire pseudo-refer-
ence electrode (adjusted for Ag|AgCl in the figure). The
calibration curve is shown in the inset.

DPV. The concentration dependency parameters are
summarized in Table 2.

3.2.4 Anodic DP Voliammetry of HNN in Baclerial
Growth Medium

Determination of HNN in a real matrix was also carried
out by anodic DPV. The microcell (Figure 2A) was used
and GCE was pre-treated before every voltammetric scan.
However, in a drop of this medium splitting of the anodic
peak was observed in some scans. The second peak
appeared at more positive potential around +400 mV. To
clarify, this was observed only in the bacterial growth
medium — DMSO (9:1) and only in a drop (20 uL) of the
solution and not in 10 mL. This splitting was observed
only in some scans (about 50%) without any obvious
trend in a series of measurements at the pre-treated GCE
with the same solution but always with a newly applied
drop.

With the addition of a surface-active compound such
as Triton X100 from concentration 0.01% (v/v) it was
possible to replicate the splitting even in 10 mL in every
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scan. Addition of higher concentrations of Triton X100
shifted the height ratio of two peaks to the later one, but
in 1% (v/v) Triton X100 solution a sensitivity of GCE
determination decreased noticeably. It appears that sur-
face-active compounds that could originate from impur-
ities in the bacterial growth medium or from some
working electrode handling process are then present in
the drop which is particularly sensitive on their presence.
The irreproducibility of the splitting of peaks could be
attributed to the concentration of surface-active com-
pounds in around critical levels and probably some
fluctuation of their concentration could be occurring.

Another approach of circumventing this issue was to
change the volume of the drop because, as described
above, the splitting of the peak was not observed in 10 mL
without the addition of Triton X100. A dependence of the
double-peak occurrence on the volume of the drop of
bacterial growth medium was investigated. It was found
out that at the volume 50 uL the splitting was observed
only in approx. 1 in 4 measurements; in 100 pL no splitting
was observed but a drop of this volume is not suitable for
the designed microcell. Therefore, a linear dependency
was constructed with the drop volume 50 pL while scans
with the obvious splitting were not evaluated (see Fig-
ure 10 and Table 1).

175
I, nA

125

100 300 500 700
E vs Ag/AgCl, mV

Fig. 10. Anodic DP voltammograms of HNN (0.0 (1); 1.0 (2); 2.0
(3% 4.0 (4); 6.0 (5); 8.0 (6); and 10.0 (7) pmol L") obtained at
GCE in 50 uyL. of bacterial growth medium pH 7.2 and DMSO
(9:1, vfv) solution. The calibration curve is shown in the inset.

4 Conclusions

In this work, a successful miniaturization of the three-
electrode cell for the determination of the novel anti-
mycobacterial agent was introduced. HNN has been for
the first time studied by cathodic and anodic voltammetry
and its electrode mechanism was outlined. Some physical
properties were also measured like the dissociation
constant of the hydroxyl group in the studied medium
pK(conditional) 9.7; HNN solubility in deionized water at
22 (£3)nmolL % and in alkaline BR buffer pH 12.0 at
730 (£50) nmel ™", The optimal medium for the determi-
nation was found to be BR buffer pH 7.0 and 10% v/v (or
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lower) DMSO. The cathodic DPV current response of
HNN was several times larger than the anodic response
which was also reflected in limits of quantification:
0.2 pmol L. ' and 1 pmolL ', respectively. HNN was shown
to have adsorptive properties and exploiting this observa-
tion has led to the lowest limit of quantification
11 nmolL™" that was about equal for both anodic and
cathodic AdSDPV. This compound was also successfully
determined in a real matrix, the bacterial growth medium.

Miniaturization of developed methods gave rise to
some problems that were successfully explained and
overcome. The removal of oxygen was resolved by design-
ing the microcell able of sustaining a nitrogen atmosphere
inside. The contamination of the reference electrode with
the analyte in cathodic DPV was overcome by using the
silver wire as the pseudo-reference electrode. The deple-
tion of the compound by electrolysis was solved by only
applying one drop for one measurement on the pre-
treated GCE. The splitting of the peak observed in the
bacterial growth medium in anodic DPV was probably
caused by surface-active compounds and a higher volume
of the drop was then used for the determination of HNN
to circumvent this problem. Parameters of determination
were not significantly worse compared to the macro
volume (10 mL).

This proposed miniaturized voltammetric cell can be
used for the determination of other novel antimycobacte-
rial agents or other electrochemically active compounds in
microliters of samples for biological or pharmaceutical
applications while it offers the same selectivity as it is
characteristic to voltammetric methods.
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ARTICLE INFO ABSTRACT

Keywords: This study presents an application of a non-toxic mercury meniscus modified silver solid amalgam electrode as a
Silver solid amalgam electrade reliable, user-friendly and sensitive sensor for the determination of herbicide difenzoquat as a model pollutant in
Voltammetry micro volumes of samples, Difenzoquat gave one cathodic peak at around 1.4V (vs, Ag/AgCl/3mol L™ KCl
H_Efbidde . reference electrode) independent on pH (in the range 8-12). Sharp maxima greatly influenced the peak of the
ii?ilfc‘i;"p analysis analyte and they were eliminated by the addition of gelatine as a surface-active compound. The optimal sup-

porting electrolyte was found to be Britton-Robinson (BR) buffer with pH 12. Determination of the analyte in the
10 pL volume was carried out in a newly developed simple microcell with the amalgam working electrode. A
procedure for fast and reliable removal of dissolved oxygen was used. Difenzoquat was therefore successfully
determined by differential pulse voltammetry in BR buffer pH 12 and in model river water samples with addition
of gelatine with limits of quantification 0.41 and 0.45 pmol L', respectively. It was proved that this sensor can
be directly used for monitoring of pollutants in volumes of tens of microliters of various samples with similar

parameters as the determination in larger volumes.

1. Introduction

Monitoring of environmental pollutants is an important task of
modern analytical chemistry. Their positive effects in the agriculture
are often offset by their toxicity, carcinogenicity or mutagenicity and
therefore, it is necessary to monitor their content in environmental
samples of various sizes or volumes. Electrochemical methods are fre-
quently used for the determination of pesticides because of their sen-
sitivity, selectivity, and simple instrumentation [1,2]. They can be ea-
sily miniaturized and electrochemical sensors can be used for
monitoring of pollutants. Several simple microcells have been devel-
oped and used for sample volumes in microliter and even submicroliter
range. Two basic configurations used in batch arrangements can be
divided according to the position of the working electrode [3]. In this
work, an inverted state of the working electrode is used, mainly because
it offers simple application of very small volumes on the surface of the
electrode. The used microcell is modified from our previous publica-
tions with glassy carbon electrode [4,5]. Additionally, significant im-
provements have been made especially regarding removal of oxygen
and overall sample manipulation.

Mercury is the best electrode material for the determination of re-
ducible organic substances. However, because of the fear of its toxicity

* Corresponding author,
E-mail address: jfischer@natur.cuni.cz (J. Fischer).

https://doi.org/10.1016/j.snb.2019.126931

the use of mercury in electrochemical laboratories is decreasing [6].
This has led to the development of a new class of sensors based on non-
toxic amalgams which share the wide cathodic potential window with
mercury electrodes [7]. Moreover, they are more mechanically stable,
and thus suitable for the development of new sensors and biosensors,
for field-deployable portable devices, or for their use as detectors in
flowing systems [8-10]. This type of sensor has been successfully used
for voltammetric determinations of various organic compounds, e.g.
insecticides [11,12], herbicides [13,14], environmental pollutants [15],
and precursors of drugs [16]. Another type of novel mercury-based
electrode is renewable silver-amalgam film electrode introduced in [17]
which was recently used for determination of pesticides [18] and drugs
[19,20]. Microcells designed for the determination of electrochemically
active compounds in very small sample volumes have been based on
hanging mercury drop [21], static mercury drop [22], mercury drop
[23], amalgam-based [24] electrodes, combination of agar membrane
with amalgam electrode [25], and multisensor design with various
working electrodes [26].

Difenzoquat (DFQ, Scheme 1) is used as a herbicide and it is usually
distributed as a 1,2-dimethyl-3,5-diphenyl-pyrazolium methyl sulphate
[27]. This compound has been studied by electrochemical methods
exclusively on mercury electrodes [28-31] using mixed or organic

Received 19 November 2018; Received in revised form 8 April 2019; Accepted 31 July 2019
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solvents. In purely aqueous media DFQ had unfavourable adsorptive
characteristics resulting in a non-linear concentration dependence [28].
DFQ can be determined by voltammetric methods because of a two-
step, two-electron reduction of > C=N* < bond in its pyrazolium
moiety [2,28,29] that is occurring at potentials more negative than
—1V. Only one study was dedicated to voltammetric determination of
DFQ with the limit of detection 3.2 pmol Lt by HPLC with veltam-
metric detection [31]. Another publication investigated adsorptive
voltammetry of DFQ and concentrations in the order of nmol L were
detected [30].

The aim of this work is to develop a voltammetric method for the
determination of DFQ at a mercury meniscus modified silver solid
amalgam electrode (m-AgSAE) in a microcell for aqueous samples and
to validate this method by determining DFQ in micro volumes of river
water. This work also expands the usability of amalgam sensors by
investigating electrochemical reduction of > C=N" < bond.

2. Experimental
2.1. Chemicals and reagents

A stock solution of DFQ (1 mmol L’l, 1,2-dimethyl- 3,5-diphe-
nylpyrazolium methyl sulphate, CAS number: 43222-48-6, 99.9% from
Sigma Aldrich, Germany) was prepared by dissolving 3.60 mg of the
substance in 10 mL of deionized water and it was reported to be stable
in aqueous solutions [27]. Two parts of Britton-Robinson (BR) buffer
were prepared as follows: the acidic part consisted of mixture of
0.04mol L™ phosphoric, acetic, and boric acid, and alkaline part con-
tained 1 mol L! sodium hydroxide (all p.a., Lach-ner, Czech Republic).
BR buffers of given pH were prepared by mixing acidic and alkaline
part. Phosphate buffer for determination in river water was prepared
from 0.1 mal L™ sodium hydrogen phosphate and sodium phosphate
(both p.a., Lach-ner, Czech Republic) adjusted to pH 12 with 1 mol L
sodium hydroxide. All prepared solutions were stored in glass vessels in
the dark at the laboratory temperature. Millipore Milli-Q system (Mil-
lipore, USA) was used for a production of deionized water.

2.2, Apparatws

Measurements were carried out with Eco-Tribo Polarograph con-
trolled by Polar Pro 5.1 software (both Polaro-Sensors, Czech Republic)
using a three-electrode system. A working mercury meniscus modified
silver solid amalgam electrode (m-AgSAE, 0.5 mm diameter, Eco-Trend
Plus, Czech Republic), Ag|AgCl|3 mol L~! KCI reference electrode (RE,
Elektrochemicke detektory, Turnov, Czech Republic) and a platinum
wire auxiliary electrode (AUX, 0.4 mm diameter) were used. pH mea-
surements were conducted with pH-meter Jenway 3510 with Jenway
combined glass electrode type 924 005 (Bibby Scientific Ltd, United
Kingdom). All veltammetric curves were measured at least 5 times at
the laboratory temperature. DP voltammetric measurements were car-
ried out with pulse amplitude —50 mV, pulse width of 100 ms, in-
cluding 20 ms sampling time.

The DPV peak height was evaluated from the line connecting
minima before and after the peak. Calculated parameters of calibration
dependencies were evaluated with Origin software (OriginLab Corp.,
USA). Limits of quantification (LOQ) were calculated as a concentration
corresponding to a tenfold of a standard deviation of ten subsequent
measurements at the lowest measurable concentration. Linear dynamic
ranges for calibration dependencies were calculated for confidence
level 0.95 [32]. Voltammograms in figures are presented without any
smoothing or other signal processing to keep information about the
noise level.

2.3. Pre-wearment of m-AgSAE

Working m-AgSAE was pre-treated as described in [33]. The first

Sensors & Actuators: B. Chemical 299 (2019) 126931

procedure called amalgamation, or renewal of mercury meniscus con-
sists of dipping the freshly mechanically polished electrode into a small
volume of mercury for about 10 s. This was repeated about once a week
or when the performance of the electrode rapidly deteriorated. The
second procedure is activation and it was repeated before every series
of measurements or as necessary. It consists of applying potential -2.2V
to the electrode for 300 s in a solution of 0.2 mol L~! KCl in the presence
of oxygen.

2.4. Procedures for the determination in 10ml volume of the sample

Samples for voltammetric measurements in 10 mL were prepared by
measuring an appropriate amount of the stock solution of DFQ into a
10.0 mL volumetric flask, two drops of 0.5% gelatine (Lachema, Brno)
solution were then added (if not stated otherwise) and volumetric flask
was filled with BR buffer pH 12.0 to the mark. Afterwards, the solution
was transferred to the voltammetric cell, the whole solution was purged
for 5 min with nitrogen and corresponding voltammograms were re-
corded.

River water samples were collected from Vltava River in Prague,
Czech Republic. River water was at first filtered through the filtration
paper. 9 mL of the river water sample spiked with a stock DFQ solution
was transferred into a 10.0 mL velumetric flask, 2 drops of 0.5% gela-
tine solution were added, and filled with phosphate buffer (pH 12) to
the mark.

2.5. Procedures for determinarion in 10yl volume of the sample in the
microcell

The microcell (Fig. 1) was slightly improved from our previous
publications [4,5].Two drops of 0.5% gelatine were added to a 10.0 mL
volumetric flask and it was filled to the mark with BR buffer (pH 12.0).
Samples with DFQ were prepared by mixing appropriate amounts of the
prepared BR buffer (pH 12.0) with gelatine and the stock solution of the
analyte to the final volume of 1.0 mL into a vial. Afterwards, the pre-
pared solution was purged with nitrogen for 5 min. Nitrogen was at first
saturated with water vapours to minimize the evaporation of the
sample drop. A moveable plastic tube prepared by cutting 1 mL pipette
tip was used to enclose the whole microcell and to achieve nitrogen
atmosphere inside. All electrodes were fixed by holders before the series
of measurements and it was not necessary to move them until activation
of the working electrode was necessary. Before the application of a new
drop the space between electrodes was washed with a few drops of
deionized water, which were then carefully dried with cotton swabs.
The microcell was then enclosed by the plastic tube and it was left onits
own for about 1 min to create nitrogen atmosphere inside. 10 uL of the
sample was then transferred to the microcell in-between the reference
electrode and the working electrode via the Hamilton syringe through a
small hole in the tube and 5 consequent measurements were performed
immediately after the application of the drop. During that time another
sample was transferred to the vial and purged with nitrogen for 5 min.

Model river water samples were prepared as follows: two drops of
0.5% gelatine were filled to the mark with phosphate buffer pH 12.0 in
a 10.0 mL volumetric flask. Samples with DFQ were prepared by mixing
0.9 mL of river water spiked with the stock DFQ solution with the so-
lution of phosphate buffer and gelatine to the final velume 1.0 mL into a
vial followed by the same procedure as described above.

3. Results and discussion
3.1. Electrochemistry of difenzoquat

At first, the dependence of voltammetric behaviour of DFQ on pH
was investigated. DFQ gave several peaks in BR buffer media. The re-

duction of DFQ was not observable at pH lower than 8 in the studied
range of pH 2-12. In the pH range of 8-12, only the first peak was
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difenzogquat (DFQ)

Scheme 1. Mechanism of DFQ reduction (adapted from [28,29]).

evaluated, and its potential was constant at -1.33V (Fig. 2).

Sharp unrepeatable maxima that were observed after the first peak
were eliminated by the addition of gelatine into the measured solution
which is routinely used to eliminate similar maxima [n polarography
[34]. The comparison of DC voltammograms (Fig. 3) illustrates this
phenomenon. The negative half-wave potential shift (around —60 mV)
to —-1.39V can be attributed to gelatine covering the electrode surface
thus making the reduction of DFQ more difficult. No significant change
of the current response was observed after the addition of gelatine. The
amount of gelatine added was not optimized; however, no change in the
peak position or its height was observed between different measure-
ments with the addition of 2 drops (around 100 pl) of gelatine to the
final concentration around 50 ug mL.

The dependence on pH suggests that there are no protons involved
in the reduction of DFQ at alkaline pH. Investigation by cyclic vol-
tammetry at pH 12 confirmed only one cathodic irreversible peak in the
presence of gelatine with no peaks in the reverse scan. CV without
gelatine gives several maxima after the first voltammetric peak as ob-
served by DPV. These observations are in accordance with a first step of
mechanism proposed in [28] and it could suggest one electron reduc-
tion of > C=N* < group to a radical according to the Scheme 1
(adapted from [28,29]). The second step proposed in [28] is one elec-
tron and one proton reduction, however, as described earlier, no pro-
tons are involved in the reduction in this case. The radical then can also
presumably react with another radical and form a dimer as the final
product.

The peak current response was practically the same in the pH range
10-12. More alkaline pH 12 with the broadest potential window proved
to be optimal as the hydrogen evolution was less interfering with the
peak evaluation even at the lowest concentrations. Subsequent mea-
surements in the BR buffer (pH 12.0) with the addition of gelatine on
the freshly activated electrode provided very good reproducibility (¢ =
0.1 mmol L}, N = 20, RSD = 3%) and no passivation of the electrode
surface was observed.

3.2. Determination in 10 mL samples

For the sake of comparison, the effect of gelatine on the calibration
dependency was studied. DFQ was firstly determined in the BR buffer

Tube

Ag/AgCl (RE)
Pt wire (AUX)

Fig. 1. Simplified scheme of the microcell used for measurements of 10 L
samples with the removal of oxygen using a working m-AgSAE, a reference
Ag|AgCl|3mol L™ KCl electrode (RE) and a platinum wire auxiliary electrode
(AUX).
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I, nA

-0.5 -1.0 -1.5
E vs. Ag/AgCI, V

Fig. 2. DP voltammograms of DFQ (¢ = 0.1 mmeol L) at m-AgSAE in BR buffer
with different pH given above voltammogram without gelatine. Dotted curves
represent supporting electrolyte solutions.

(pH 12) without the addition of gelatine. Sharp maxima were elimi-
nated at lower micromolar concentrations to only one peak; however,
the peak height did not give a linear dependency on the concentration
of DFQ. This has led to the conclusion that determination without the
addition of gelatine is unsatisfactory and this observation is in agree-
ment with previous findings at mercury electrodes [28].

DFQ was therefore determined in the BR buffer (pH 12) with the
addition of two drops of 0.5% gelatine solution. In this case DFQ gave
one single peak that was shifting from -1.50V to -1.40 V with the in-
creasing concentration. This effect is related to the presence of gelatine
in the solution as it was not observed in the absence of gelatine.
Observed calibration dependence had to be divided into two linear
ranges as seen in Table 1. Linearity of both ranges was calculated for
the confidence level 0.95. The slope and the intercept of the calibration
curve have significantly changed at higher concentration range
(4-100 ymol L) probably because of the complete coverage of the
electrode surface by DFQ. This phenomenon is frequently observed in
voltammetric determinations at solid electrodes.

Practical application of the developed method was tested with
model samples of river water spiked with DFQ. More concentrated
0.2M buffer with a higher buffer capacity had to be used to achieve
very alkaline pH 12.0 in the prepared river water sample. Phosphate
buffer was used instead of BR buffer to simplify the preparation. The

developed method provided good figures of merits for the
I, nA
-100 nA
-1.3 -1.7

-1.5
E vs Ag/AgCl, V
Fig. 3. DC voltammograms (20 mV s™5) of DFQ (¢ = 0.1 mmol L™) in BR buffer
pH 12 at m-AgSAE without gelatine (upper solid curve) and in the presence of
50ug mL™? gelatine (lower solid curve). Supporting electrolyte is depicted as
dotted line under the respective curve. Curves were offset in the direction of y-
axis.
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determination of DFQ in river water with LOQ 0.45 pmol L‘l, compar-
able to LOQ 0.40 umol L in BR buffer. The calibration dependency had
to be divided into two linear sections again with significantly lower
slope at higher concentration range.

3.3. Determination in 10 ul. samples

Parameters of methods and media used and optimized for 10 mL
volume were duplicated for the work in a single drop of a solution for
the sake of comparison of results obtained with different sample vo-
lumes. Volume 10 pL was chosen as optimal for this type of microcell.
Higher volumes (20 pL and more) were oversized for this microcell and
lower volumes (5 pL and less) would make an application of a sample
and creating a contact between two electrodes much more difficult. The
distance between the electrodes was fixed only by position of holders
and was kept at approximately 2 mm. Variation in the distance (and
volume accordingly) between 1-3 mm had no influence on the peak
height; however, the distance shorter than 1 mm gave lower peak
height. This proves that small variations in the microcell assembly have
no effect on the voltammetric signal.

One of the issues that arise while determining compounds by
cathoedic voltammetry is a negative influence of oxygen that provides
two large signals (oxygen and then hydrogen peroxide reduction) in the
supporting electrolyte that interferes with the determination of any
reducible substance. In our previous publications [4,5] oxygen was
removed in nitrogen atmosphere, however this process was time-con-
suming; it took around 10-20 min for nitrogen to displace oxygen from
the solution. Improvement in this case was made by purging the sample
solution before its application into the microcell. It makes the whole
oxygen removal procedure much faster because while one sample was
measured, next sample was being purged with nitrogen and it was
ready to be transferred to the microcell without any downtime or
waiting required. For one measurement of 10 pul sample the overall
volume of sample must be about 2 to 3-times the necessary volume (in
this case ~20 to 30 L) to account for loses contributed to the sample
handling process. Oxygen removal with smaller samples should be
performed directly in the microcell as in our previous publications [4,5]
which is, however, more time consuming. Transfer from the vial had to
be made with a Hamilton syringe into the enclosed microcell filled with
nitrogen. Transfer with an automatic pipette or transfer to the open
microcell renders the whole purging worthless as the oxygen returns to
the selution.

Reproducibility of subsequent measurements in BR butfer (pH 12.0)
with the addition of gelatine on the freshly activated electrode provided
very good results comparable to 10 mL of a solution (¢ = 0.1 mmol L™,
N =20, RSD = 4%) without any apparent trends. Calibration de-
pendencies in a drop of a solution had similar parameters as

Table 1

Sensors & Actuators: B. Chemical 299 (2019) 126931

0 — .
-1.6

-15
E vs Ag/AgCI, V
Fig. 4. DP voltammograms of DFQ (0.00 (1); 0.40 (2); 0.60 (3); 0.80 (4); 1.00
(5); 2.00 (6); and 4.00 (7) ymel L% in 10 mL volume (A) and in a drop of a
solution (10 puL volume) (B) obtained at m-AgSAE. Spiked river water — phos-
phate buffer (pH 12) (9:1) mixture in the presence of gelatine (50 ug mL™Y) was
analysed. The calibration linear curve is in the inset.

dependencies obtained in 10 mL. The whole measured range was si-
milarly divided into two linear ranges (Table 1) and also a shift of the
peak potential was observed. Presumably it was caused by the same
reasons as in 10 mL volume that are unrelated to the miniaturization of
the voltammetric method. Limits of quantification 0.41 and 0.45 umol
L! for deionized water and river water, respectively, were almost equal
to values obtained in 10mL of a solution. This comparisen of the
concentration dependency in a single drop of a solution (10 pL) and
10 mL is also illustrated in Fig. 4 for the determination in a river water
sample.

Calibration straight line parameters for DPV determination of DFQ at m-AgSAE in various matrices and volumes using buffers with pH 12.0 as supporting electrolytes

and gelatine (50 ug mL™) to suppress observed maxima,

Volume Medium ¢, umol L™ Slope, mA L mol™* Intercept, nA Corr. coefficient LOQ, pmol L
10mL Deionised water 4-100 -2.247 = 0.031 -16.98 + 0.55 —0.9993 -
0.2-4 -6.33 = 0.29 -0.18 = 0.26* -0.9949 0.40
River water 4100 -0.954 + 0.016 -7.00 = 0.34 -0.9990 -
0.2-4 -2.81 = 0.16 +0.20 = 013 —0.9924 0.45
10 pL Deionised water 4100 -1.450 + 0.029 -11.24 + 0.44 -0.9986 -
0.2-4 —4.13 = 0.16 -058 = 0.24 —0.9962 0.41
River water 4100 -1.019 + 0.027 -8.01 = 0.35 -0.9976 -
0.2-4 -2.83 = 0.14 -0.65 = 0.35 —0.9942 0.45
# Intercept is not statistically different from zero.
4
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4, Conclusion

The proposed miniaturized voltammetric cell based on m-AgSAE
was successtully applied for DP voltammetric determination of herbi-
cide difenzoquat in samples with volume of 10 pl. The compound gave
one cathodic peak (independent of pH) at very negative potentials
around -1.39V. This reduction was observable thanks to one of the
advantages of silver solid amalgam electrodes - their wide cathodic
potential window, wider than any other non-mercury-based electrode
material. The optimal supporting electrolyte was found to be BR buffer
pH 12 especially because it offered the widest potential window and
easiest evaluation. The addition of gelatine eliminated sharp maxima
after the reduction wave. It also seems to eliminate the problem with
the non-linear concentration dependence in aqueous solutions that was
the problem in earlier publications [28,20]. The analyte was then
successfully determined by DPV in BR buffer (pH 12) and in spiked
river water samples with phosphate buffer (pH 12). Calibration de-
pendencies had two linear ranges with lower slope at higher con-
centrations. Limits of quantification around 0.4 ymol L™ were achieved
in both deionized and river water samples. LOQs achieved in microcell
were practically the same as LOQs achieved by standard voltammetric
procedure with 10 mL sample.

Therefore, it was proved that proposed microcell offers the same
sensitivity for sensing DFQ with several orders lower chemicals con-
sumption and sample volume. This microcell also offers a simple and
fast way for work with samples of 10 uL volume for the determination
of any reducible electrochemical species, because of procedures de-
signed to get rid of dissolved oxygen from samples in a very convenient
and simple way. Moreover, small sample volume is required in the case
of preliminary separation and preconcentration when the dilution of
extract and/or residue after evaporation to 10 ml would increase LOD
one thousand times as compared with the dilution to the final volume of

10 L.
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biological activity. Relation of structure, biological activity and electrochemical potential was
also studied by cyclic voltammetry in cathodic area for three compounds containing reducible
nitro moiety.

Kevwords: Hydroxynaphthalene-2-carboxanilides, Antimycobacterial activity,
Photosynthetic electron transport inhibition, Hammett correlation, Structure-activity
relationship

1. Introduction

Tuberculosis (TB) is still one of the top ten causes of death worldwide and it is a leading
cause of death caused by a single infectious agent; a pathogen called Mycobacterium
tuberculosis. There were around 10 million new cases of TB in 2017 and approximately 0.6
million of them were caused by emerging multidrug-resistant strains of pathogens. Treatment
in those cases by the most common first-line drugs used for treatment of TB, isoniazid and
rifampicin, is ineffective. It complicates and prolongs the healing process and an individual
therapy lasting several months is necessary [1]. All of these facts are the reason for rapid and
intense research into novel molecular scaffolds [2]. Other nontuberculous AMycobacteria are
also responsible for a broad spectrum of diseases and are especially dangerous for
immunocompromised patients [3. 4].

Emergence of drug-resistant strains of AMycobacterium tuberculosis has led to the
development of novel antimycobacterial agents based on the structure of
hydroxynaphthalenecarboxanilide. These novel agents demonstrated spectrum of anti-
infectious [5-12] and/or antiproliferative properties [13, 14]. These structurally simple
compounds, regarded as the ring analogues of salicylanilides (e.g., niclosamide [7]) can be
considered as privileged structures. Their activity depends on the mutual position of
carboxamide and phenolic moieties [5-7, 9, 12], therefore analogues with various position of
phenolic moiety show different spectrum of biological activities as well as potency. A
carboxamide linker (CONH) mimicking a peptide bond is crucial for the activity, because by
the means of this moiety, a compound is bound to their supposed targets. Following the
polypharmacology idea, these compounds can be classified as multi-target compounds, since
they are able to affect various target structures, especially in microbial pathogens, similarly as
salicylanilides [15-18]. It is assumed that anilide part of the molecule is responsible for
influencing the physicochemical properties and binding strength of the test compounds to the
potential target. Moreover, variously substituted anilide rings cause an excess or lack of
electrons in the amide bond (in connection with the nature of the substituent and its electron
donating or withdrawing properties), which causes various acidity/oxidizability of a spatially
close phenolic moiety, resulting in the wide spectrum of activity and potency of the individual
compounds. These subtle changes in oxidizability can be presumably studied by
electrochemical methods in which case a change of measured oxidation potential would be an
indicator of different structure and, therefore, possibly also a different activity and potency.
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This study concerns only one subgroup of these compounds, 1-hydroxynaphthalene-2-
carboxanilides, that were prepared and tested by Gonec et al. [5]. It should be noted that this
type of compounds is able to inhibit photosynthetic electron transport (PET) in spinach
(Spinacia oleracea 1..) chloroplasts. The formation of hydrogen bonds between the CONH
moiety and the target proteins in photosynthetic centers of thylakoid membranes changes
protein conformation resulting in PET inhibition. This amide moiety is present in many
herbicides acting as PET inhibitors in photosystem (PS) II, where they cause displacement of
plastoquinone (Qg) from its binding pocket in one of the protein subunits of PS II, the D1
protein [15, 19]. It can be hypothesized that above-mentioned
hydroxynaphthalenecarboxanilides are able to inhibit cell growth by the inhibition of the
respiration by several possible targets/mechanisms of action, i.e. by the inhibition of ATP
synthase or cytochrome bcl, or by the inhibition of the electron transport [4, 7, 9, 20-22].
Thus, it was observed that antimycobacterial activity correlates with PET inhibition profile [ 3-
11, 15, 23-25].

A pilot electrochemical study of a model compound 1-hydroxy-N-(4-nitrophenyl)
naphthalene-2-carboxamide was carried out by our team in very small sample volumes. This
compound provided one anodic and one cathodic signal corresponding to the oxidation of
hydroxyl group and reduction of nitro group, respectively. Mechanisms of redox processes
were outlined and studied by cyclic voltammetry [26]. Findings included in that work were
used as a baseline for this current study. Phenols are electrochemically oxidized to radicals
which then undergo coupling reactions to create dimers or they can be further
electrochemically oxidized (at more positive potentials) to form quinone-like structures [27-
29]. Reducible nitro substituted aromatic compounds have been investigated extensively by
electrochemical methods [27, 30-32].

This study aims to investigate the relationship between structure and electrochemical potential
based on application of Hammett substituent constants that were at first collected by Zuman
[33]. Investigation of salicylaldehyde anils [34] and some boron heterocycles [35] even
reveals an effect of substituents that are connected to the oxidation center through more atoms
and delocalized systems. The aim of this work is also to investigate relationship between
electrochemistry and biological activity based on recent studies that have shown the
correlation between electrochemical behavior, structure and biological activity for some
groups of compounds [36-40]. Relations between electrochemical data, biological activity and
biochemical mechanism of action of antibacterial agents, derivatives of quinoxalines di-N-
oxides, was investigated [36, 41]. Another group of antibiotic compounds based on arylazoxy
derivatives was studied and a correlation between Hammett ¢ substituent constant and
electrochemical potential of reduction of studied compounds was proved [37]. However, it
must be noted that biological processes are complex and thus an absolute correlation with
electrochemistry cannot be expected and numbers of other parameters must be considered like
lipophilicity, diffusion, solubility, metabolism, membrane permeability, absorption, active site
binding, etc. [36, 38]. Alternatively, many biological processes are based on redox reactions
and studying electron transfer mechanism of those reactions by electrochemical methods can
be useful for observing and predicting biological phenomena [42, 43]. Correlation between
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electrochemistry and biological activity can also point to bio-reduction (bio-oxidation)
playing an important role in the mode of action [39, 40]. The prediction of substituent effect
can even possibly aid designing more powerful derivatives [44].

2. Experimental
2.1. Chemicals

Compounds 1-8c¢ were synthetized according to methods described in detail in [5] and
schematically depicted in Scheme 1.

OH O OH O @
—IR
OH ~ a =
+ /© R — NH
HoN =

Scheme 1: Synthesis of ring-substituted 1-hydroxynaphthalene-2-carboxanilides 1-8¢c: R = H
(1), OCH; (2a-¢), CH; (3a-¢), F (4a-¢), Cl (Sa-¢), Br (6a-¢), CF; (7a-¢), NO; (8a-¢), (a) PCl;,
chlorobenzene, microwave (adapted from [5]).

2.2 Electrochemical procedures

Appropriate amount of solid compound 1-8¢ was weighted and dissolved in 1 mL of DMSO
(p.a., Penta, Czech Republic) to the concentration 1 mmol L™ 01mol L phosphate buffer
was used as asupporting electrolyte and it was prepared by mixing disodium
hydrogenphosphate and sodium dihydrogen phosphate adjusted to pH 7.2 by concentrated
1 mol L.! sodium hydroxide solution (all p.a., Lach-ner, Czech Republic). Prepared solutions
were stored in a fridge in the dark.

All voltammetric measurements were carried out on Eco-Tribo Polarograph controlled by
Polar Pro 3.1 software (Polaro-Sensors, Czech Republic). A three-clectrode system was used
with a working glassy carbon disc electrode (GCE, 2 mm diameter, Metrohm, Switzerland),
an Ag|AgCl3 mol L' KCI reference electrode (Elektrochemicke detektory, Turnov, Czech
Republic), and an auxiliary platinum wire electrode (0.5 mm diameter). pH was measured
with pH-meter Jenway 3510 (Bibby Scientific Ltd, United Kingdom) with Jenway combined
glass electrode (924 0035) calibrated using standard aqueous buffers. The working GCE had to
be pre-treated before every measurement by polishing to mirror-like appearance with an
aqueous slurry of alumina powder (1.1 pm) on a polishing pad and then it was sonicated for
30s in methanol and for 30s in deionized water.

Cyclic voltammetry (CV) was usually carried out at a scan rate 50 mV s 1. Daily variations of
the reference electrode potential were resolved by evaluating the peak of 50 pumol L™
K4[Fe"(CN)g] in the separate solution containing the same supporting electrolyte that was
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measured in regular intervals. Measured potentials are usually reported after subtraction of
[Fe''(CN)s]"™ oxidation potential. Solutions for measurements were prepared as follows: 20
(or 10) uL of 1 mmol L! stock solution of studied compound and 80 (or 90) uL of DMSO
were pipetted into a vial and filled with phosphate buffer pH 7.2 to the final volume 1.0 mL.
Solution was then transferred to a voltammetric cell. In the case of reducible substances 8a-¢
oxygen was removed by Smin purging with nitrogen. CV scans were repeated at least 3 times
for every single compound with the pre-treatment of GCE in-between scans. Potentials were
evaluated at the point of maximum peak height for every single peak in CV. Parameters of
fitted curves were evaluated by OriginPro 2016 software and they are reported at 0.95
confidence level.

2.3. In vitro antimycobacterial evaluation

The methodology of in vifro antimycobacterial activity screening of the investigated
compounds 1-8¢ against Mycobacterium marinum CAMP 5644, M. kansasii DSM 44162 and
M. smegmatis ATCC 700084 was described in [5] and minimum inhibitory concentration
(MIC) values are shown in Table 1.

Mycobacterium tuberculosis ATCC 25177/H37Ra was grown in Middlebrook broth (MB),
supplemented with Oleic-Albumin-Dextrose-Catalase (OADC) supplement (Difco, Lawrence,
KS, USA). At log phase growth, a culture sample (10 mL) was centrifuged at 15,000 rpm/20
min using a bench top centrifuge (MPW-65R, MPW Med Instruments, Warszawa, Poland).
Following the removal of the supernatant, the pellet was washed in fresh Middlebrook
THOGC broth and resuspended in fresh OADC-supplemented MB (10 mL). The turbidity was
adjusted with MB to match McFarland standard No. 1 (3x10° CFU). A further 1:10 dilution
of the culture was then performed in MB. The antimicrobial susceptibility of M. tuberculosis
was investigated in a 96-well plate format. In these experiments, sterile deionized water (300
pul) was added to all outer-perimeter wells of the plates to minimize evaporation of the
medium in the test wells during incubation. Each evaluated compound (100 pl) was
incubated with A4, ruberculosis (100 uL). Dilutions of each compound were prepared in
duplicate. For all synthesized compounds, final concentrations ranged from 256 to 2 ng mL .
All compounds were dissolved in DMSO, and subsequent dilutions were made in
supplemented MB. The plates were sealed with Parafilm and incubated at 37 °C for 14 days.
Following the incubation, a 10% addition of alamarBlue (Difco) was mixed into each well,
and readings at 570 nm and 600 nm were taken, initially for background subtraction and
subsequently after 24 h reincubation. The background subtraction is necessary for strongly
colored compounds, where the color may interfere with the interpretation of any color change.
For noninterfering compounds, a blue color in the well was interpreted as the absence of
growth, and a pink color was scored as growth. Isoniazid (Sigma) was used as the positive
control, as it is a clinically used antitubercular drug. The results are shown in Table 1.

2.4. Study of inhibition of photosynthetic electron transport (PET) in spinach chloroplasts
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The methodology of the evaluation of ring-substituted 1-hydroxynaphthalene-2-carboxanilides
1-8¢ related to the inhibition of photosynthetic electron transport (PET) in spinach (Spinacia
oleracea 1.) chloroplasts was described in [5]. Inhibitory efficiency was expressed as ICs,
values, see Table 1.

3. Results and discussion
3.1 Voltammetry in anodic area: Mechanism of oxidation

The phosphate buffer pH 7.2 — DMSO (9:1, v/v) medium was mostly used in this
voltammetric study. It was the optimal medium for the voltammetric determination of the
studied compound 8¢ from our pilot study [26]. These conditions also provide similar pH that
was used for in vitro screening of studied compounds, and it is also very close to
physiological conditions. DMSO had to be used because of a limited solubility of compounds
in aqueous media.

All the compounds gave one anodic oxidation response (Ia) ranging from ca. 200 to 400 mV
vs. Ag/AgCl. Mechanism of the oxidation was closely studied with an unsubstituted
compound 1 and conclusions from our previous study of the compound 8¢ were also utilized
[26]. The cyclic voltammogram in anodic area of the compound 1 is shown in Fig. 1. The
compound 1 gave the peak Ia at 417 mV in the forward scan. In the reverse scan, products of
the oxidation were reduced at the potential 181 mV at the peak Ic. In the second sweep a new
peak Ila appeared at 208 mV and the height of the peak Ia was significantly decreased.
Heights of all peaks were slowly decreasing during multiple consecutive scans probably due
to the passivation of the electrode surface. A study by cyclic voltammetry with scan rates 10 —
1000 mV s~' suggested that process Ia was diffusion controlled (until scan rate 200 mV s™")
and the process Ila was controlled by adsorption. The current of the peak Ic did not correlate
well with either scan rate or its square root, therefore mixed adsorption/diffusion control is
presumed. The potential of the peak Ia was shifted to more positive potentials with the
increasing scan rate as expected from an irreversible process. However, potentials of peaks Ic
and Ila remained the same. The current ratio of i(Ia):;i(Ic) was around 2:1 and it was
independent on the scan rate.

All the compounds should exhibit the same pH dependency of the voltammetric response
similar to the compound 8¢ from our previous study [26]. The potential of the peak Ia
depended on pH in neutral and slightly alkaline media with a slope close to —59 mV pH !
(le/1IH" oxidation) suggesting a deprotonation step in the oxidation mechanism [26]. The
oxidation potential was independent on pH in alkaline media, meaning that the compound
(hydroxyl group) was already in the deprotonated form (given by pK, of the compound).
Cyclic voltammetry of the compound 1 carried out in an alkaline buffer pH 11 — DMSO (9:1,
v/v) medium gave only two peaks during multiple scans. There was the peak Ia in the forward
scan and the peak Ic in the reverse scan. However, peak Ila for adsorbed species in the second
sweep was not observed.
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From the literature concerning the oxidation of phenolic compounds [27-29] we can suggest,
that the process Ia should be an irreversible process corresponding to the first step of the
oxidation to a radical according to Scheme 2. Generated radicals in following reactions can
either react with components of the solution or create polymer films that contribute to the
passivation of the electrode surface. Peaks Ic, and Ila therefore correspond to adsorption
processes involving adsorbed molecules created from previous reactions.

I,nA
600

300

Ic

0 200 400 600
E vs Ag/AgCl, mV

Fig. 1: Cyclic voltammogram (scan rate 50 mV s ') of compound 1 (¢= 20 umol LY
obtained on GCE in phosphate buffer pH 7.2 and DMSO (9:1, v/v) medium. The first cycle
(red line) and forward scan of the second cycle (blue) are shown (reverse scan of the second
cyele is the same as the first one). Forward scan of the supporting electrolyte is illustrated as a
black dotted line. The arrow denotes the start and the direction of a scan from 0 V.

Tl R e 4 IR
- ,e
\ A\Y
(] o]

Scheme 2: Proposed first step of mechanism of the oxidation of compounds 1-8¢ on GCE in
the phosphate buffer pH 7.2 and DMSO (9:1, v/v) medium.

3.2 Voltammetry in anodic area: Relation of oxidation potential and Hammett o values

As mentioned before, compounds 1-8¢ were studied by the method of CV in the phosphate
buffer pH 7.2 — DMSO medium (9:1, v/v). Experimentally obtained values of peaks Ia and Ic
are shown in Table 1. Scan rate 50 mV s ' was used because at that scan rate process Ia is still
diffusion controlled which is a requirement for application of Hammett correlations.

All the studied compounds gave peaks corresponding to the signals obtained for the
compound 1 described in the previous chapter, but respective potentials of observed peaks
were different and characteristic for every substituent and its position. The proposed
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mechanism of oxidation was the same for every compound and no irregularities were
observed, concluding that substituents do not participate in the redox reaction (apart from
compounds 8a-¢ that contain a reducible nitro group at far more negative potentials; see
chapter 3.4). The only difference in oxidation potentials of the hydroxyl moiety on the
naphthalene ring was therefore caused by electron withdrawing or electron donating effects of
various substituents on the benzene ring (or sum of inductive and mesomeric effects).

Monosubstituted derivatives are going to be discussed in three groups based on the position of
the substituent (ortho, meta, para) for the purpose of finding a relation between the structure
and the electrochemical potential. Hammett o substituent values were adapted from [5] and
they were correlated with experimentally obtained values of potentials for the peak Ia and the
peak Ic from the reverse scan. As can be seen from plots for ortho- (Fig. 2A), meia- (Fig. 2B),
and para- (Fig. 2C) substituted compounds, it is possible to establish a linear correlation
between ¢ values and the potential of oxidation. The potential of the peak Ia of ortho- and
para- derivatives gave linear dependency with similar slopes: —104+£24 mV (r = —0.8866);
—99+24 mV (v = —0.8789), respectively. However, unsubstituted compound 1 had to be
excluded from both of correlations as an outlier. Meta- derivatives gave linear dependency
with a higher slope value —163+35 mV (r = —0.8853), but with the unsubstituted compound 1
included in the correlation. All calculated slopes were significantly different from O (at 0.95
confidence level); therefore, there is a very good correlation in measured data between
Hammett ¢ substituent constants and oxidation potential. Electron donating substituents -CHj
and -OCHj; caused a peak shift to more positive potentials, while on the other side electron
withdrawing substituents -NO; and -CF; caused a peak shift towards 0 V, facilitating the
oxidation. Halogen derivatives having -F, -Cl, and -Br as a weak electron withdrawing
substituent had the oxidation potential in-between. Unsubstituted compound 1 gave the most
positive potential. The value of a slope indicates how strongly a substituent affects the
oxidation of a compound [33]. These findings suggest that electron withdrawing and donating
effects of substituents on the benzene ring are significantly influencing electron density at the
hydroxyl group on the naphthalene ring connected to the benzene ring with the -CONH-
bridge. Additionally, a significant difference between slopes of ortho/para and meta
derivatives was caused by well-known difference of inductive effect causing a change in
electron density which is similar for ortho/para position contrary to meta position.

Similarly, dependencies of more positive cathodic peak Ic were evaluated (Fig. 2) but they
gave lower slope values; in the case of meta-derivatives, a slope that was not even
significantly different from 0. Therefore, for further discussion only potentials of the peak Ia
are investigated.

Slight deviations from linear trend might be caused by varying adsorption or sterical effects of
the respective compounds. In an ideal case, it should only be applied to diffusion processes
[33]. In this case, adsorption processes also have to be considered based on a significant
hydrophobicity of compounds. However, very good correlations were observed (r ~ 0.88),
even though the studied substituents were on the secondary aromatic structure connected by —
CONH- bridge.
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Fig. 2: Plot of potentials of anodic peak Ia (red) and cathodic reverse peak Ic (blue) vs.
Hammett ¢ substituent constants of ortho- (A), meta- (B), and para- (C) substituted
compounds 1-8c obtained from Table 1. Linear straight lines correspond to linear fits; shaded
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areas illustrate confidence intervals at 0.95 level. Crossed-out unsubstituted compound 1 in A
and C was not included in a linear fit. Linear fit parameters are summarized in Table 2.

Table 1: Measured anodic potentials of signals la and Ic from CVs of ring-substituted 1-
hydroxynaphthalene-2-carboxanilides 1-8¢ and their calculated Hammett ¢ substituent
constants, 7» vifro antimycobacterial activities (MICs) of compounds adapted from [5], new
MICs against M. fuberculosis and ICsy values related to PET inhibition in spinach

chloroplasts.
X . mv MIC, umol . 1 PET 1Cp,
Compd  R- o Ta Tc MM MK MS® MT? pmol 1!
1 H 0 279 43 60.7 152 243 60.8 313
2a 2-OCH; -0.28 224 =11 =873 =873 >873 =873 199.6
2b 3-OCH; 0.12 240 28 54.5 =873 =873 54.5 23.5
2¢  40CH, 027 199 40 =873 >873 >873 >873 79.5
3a 2-CH; -017 207 -7 28.8 115 231 231 62.8
3b 3-CHj; -0.07 241 28 28.8 28.8 577 28.8 20.0
3¢ 4-CHj; -0.17 241 27 115.0 577 923 462 28.7
4a 2-F 0.06 197 -6 56.8 =910 228 56.9 57.0
4b 3-F 0.34 196 44 28.4 28.4 910 28.4 15.6
4c 4-F 0.06 182 43 114.0 142 =910 114 203
5a 2-Cl 0.22 186 =7 107.0 860 860 430 29.4
5b 3-Cl 0.37 180 44 107.0 26.8 =860 26.9 79
Sc 4-Cl 0.23 143 47 215.0 26.8 215 430 10.8
6a 2-Br 0.22 192 6 =748 =748 =748 =748 61.9
6b 3-Br 0.39 147 29 =748 =748 >748 93.6 82
6¢ 4-Br 0.23 185 30 46.7 23.3 46.7 =748 9.6
7a 2-CF, 0.51 104 26 96.6 =773 >773 23.4 126.1
7b 3-CF, 0.43 195 39 46.7 >748 >748 11.7 53
Te 4-CF; 0.51 145 55 187.0 23.3 =748 23.4 36.5
8a 2-NO, 0.77 132 33 =830 =830 >830 415 ND#
8b 3-NO, 0.71 147 44 =830 >830 >830 >830 19.9
8¢ 4-NO, 0.78 117 57 104.0 519  >830 >830 24.0

®_ calculated using ACD/Percepta ver. 2012 (Advanced Chemistry Development, Inc.,
Toronto, ON, Canada, 2012); adapted from [5]

®_ Potentials reported vs [Fe"(CN)s]"™

- MM = M. marinum CAMP 5644; adapted from [3]

4 MK =M. kansasii DSM 44162; adapted from [5]

- MS =M. smegmatis ATCC 700084; adapted from [5]

L MT =M. tuberculosis ATCC 25177/H37Ra

£.ND = not determined, see chapter 3.3

3.3 Relation between oxidation potential and biological activity

The evaluation of the in vitro antimycobacterial activity of compounds 1-8¢ was performed
against Mycobacterium marinum CAMP 3644, M. kansasii DSM 44162 and M. smegmatis
ATCC 700084, see Table 1. The MIC wvalues (minimum inhibitory concentration; lowest
concentration at which no visible bacterial growth is observed) were taken from Gonec et al.
[5]. In addition, all the compounds were evaluated against M. tuberculosis ATCC
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25177/H37Ra. Avirulent strain M. tuberculosis ATCC 25177/H37Ra has a similar pathology
as M. tuberculosis strains infecting humans [45], and simultaneously with M. marinum, both
strains are commonly used model pathogens in basic laboratory screening for reduction of
risks of laboratory workers [5]. M. kansasii DSM 44162 was used as a representative of non-
tuberculous mycobacteria, causing the most frequent non-tuberculous myecobacterial lung
infections [46]. All these strains belong to slow-growing species contrary to M. smegmatis,
which is an ideal representative of a fast-growing non-pathogenic microorganism particularly
useful in studying basic cellular processes of special relevance to pathogenic mycobacteria [5,
46].

Antimycobacterial activities of the compounds against individual tested strains were
expressed as log(1/MIC) and were plotted against anodic oxidation potentials expressed as
E(la), illustrated in Fig. 3-5 for the purpose of finding a relationship between the
antimycobacterial activity and the potential. Note that only compounds with exact MIC values
are illustrated in graphs. All the compounds were completely inactive against fast-growing M.
smegmatis with the exception of compounds 6¢ (R =4-Br) and 3b (R = 3-CHjy), that showed
approx. 2.5-fold higher potency than isoniazid (commonly used drug for TB treatment); their
E(Ta) values are 183 and 241 mV, respectively. Due to a small number of effective
compounds, any dependence of the activity on the anodic potential was difficult to predict.

After elimination of all inactive compounds (MIC > 100 umol L") from following
correlations (activities against M. marinum, M. kansasii and M. tuberculosis), only around 10
active compounds were left to investigate their relation to oxidation potentials. This amount
proved to be too small to provide any definitive conclusions; anyway, it was still possible to
outline some trends that could be useful in establishing a relation between activity and
potential. This was illustrated on dependencies of activity against M. marinum and M.
kansasii (after elimination of inactive compounds and unsubstituted 1). Dependence of
potential on activity against M. marinum (Fig. 3A) gave a quasi-parabolic trend (r = 0.7530, n
= 9). This trend had a maximum around potentials 195-206 mV (compounds 3a and 4b).
Dependency of the potential and the activity against M. kansasii (Fig. 3B) was also fitted with
a quasi-parabolic trend (r = 0.7716, n = 9) with a maximum around potential 182 mV
{compound 4¢).
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Fig. 3. Plot of log(1/MIC [mol L] of in vitro antimycobacterial activity against M. marinum
(A) and M. kansasii (B) vs. potential of anodic peak E(Ia) of selected compounds 1-8¢; values
obtained from Table 1. Dashed line represents quasi-parabolic trend. Polynomial fit
parameters are given in Table 2.

1-Hydroxy-N-(3-trifluoromethylphenylnaphthalene-2-carboxamide (7b) demonstrated the
highest effectivity (MIC =11.7 pmol L_l) against M. tuberculosis. Additionally, other
compounds, such as 7a (R = 2-CF3), 7¢ (R = 4-CF3), 5b (R = 3-Cl), 3b (R =3-CHj3) and 4b
(R =3-F) also showed high potency in the range from 23.4 to 28.8 umol L. Since MIC of
isoniazid against M. fuberculosis is 36.6 yumol L), it can be stated that the above-mentioned
compounds expressed higher potency than the standard. Nevertheless, it is evident that the
activity against M. tuberculosis is, in general, connected with CF; substitution of the anilide
ring. On the other hand, meta position of substitution was the most advantageous similar to
the case of M. marinum, but contrary to M. kansasii, where para position of substitution on
the anilide ring is preferable [5]. A quasi-parabolic trend with a good correlation (r = 0.8620,
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n = 6) was found (Fig. 4) only for a subset of mefa derivatives with a maximum at the
potential 195 mV (compound 7b). The only active ortho and para compounds in the order 7a,
7¢, 4a, 1 had a decreasing activity with higher oxidation potential, however, no reliable
conclusions can be drawn from this trend.

52
& ortho
A meta
= "/’b para
T, 481 i * _H
2 ¢ 7c T
E Rsbay, Ay
Q .
é 4.4r -
= o Ay, X,
g‘ s
— 40t 6b
100 150 200 250 300

E vs [Fe(CN)]", mV

Fig. 4. Plot of log(1/MIC [mol L']) of in vitro antimycobacterial activity against Af.
tuberculosis vs. potential of anodic peak F(la) of selected compounds 1-8¢; values obtained
from Table 1. Dashed line represents quasi-parabolic trend only for meta subset. Polynomial
fit parameters are given in Table 2.

As mentioned above, these compounds were additionally tested for their ability to inhibit
photosynthetic electron transport (PET) in spinach (Spinacia oleracea 1..) chloroplasts. PET
inhibiting activity expressed as ICso value (compound concentration causing 50% inhibition
of PET) was taken from Gonec et al. [3] (Table 1). Compound 7b was the most effective
(ICsp = 5.3 umol L), slightly worse than the selective herbicide 3-(3,4-dichlorophenyl)-1,1-
dimethylurea, DCMU (Diurone®™) with ICso = 1.9 umol L' It was not possible to determine
ICsq value for the compound 8a (R = 2-NO3) due to its interactions during the measurement.
Compound 2a (R=2-OCHj;) expressed the Ilowest PET-inhibiting activity
(ICsp = 199.6 pmol L'1), although, in general, it can be stated that ortho-substituted subset
expressed the lowest PET inhibition in the comparison with mefa- and para-substituted
subsets. Within these two subsets, compounds 2¢ (R = 4-OCH3;) and 7¢ (R = 4-CF;) showed
the lowest potency (ICso=79.5 and 36.5 umol L', respectively), therefore, similarly as in
Gonec et al. [5], these compounds were excluded from the search of relationship between
PET-inhibiting activity and the oxidation potential. The dependences of PET inhibition
expressed as log(1/ICs) on the anodic potential £(Ia) of the compounds are shown in Fig. 3.
Even though ortho subset exhibits lowest activity, it gives very clear steep linear dependency
on the potential (r=0.9373, n=135). In addition, both meta and para substituted compounds
gave quasi-parabolic trend (r = 0.6925, n = 12) with maximum activity between potentials 180
to 195 mV. Furthermore, an above-mentioned presumption about a correlation between PET
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inhibition and the antimycobacterial activity [5-11, 15, 23-25] can be outlined based on these
results. This can be seen for effective compounds 7b (R = 3-CF3), Sb (R = 3-Cl), 4b (R = 3-F)
and 3b (R =3-CH,);, while, more importantly, compounds 3b and 4b were active in all

performed tests.
55
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Fig. 5. Plot of log(1/ICs; [mol L)) of PET inhibition in spinach chloroplasts vs. potential of

anodic peak E(la) of selected compounds

1-8¢; values obtained from Table 1. Eliminated

compounds are marked by an empty symbol. Dashed lines represent quasi-parabolic trend
only for meta and para subset (black) and linear trend for ortho subset only (red). Fit

parameters are given in Table 2.

Table 2: Parameters of calculated linear dependencies of potentials £(Ia) and £(Ic) on
Hammett ¢ substituent constants and polynomial dependencies of antimycobacterial activity
MIC values for M. marinum (M.m), M. kansasii (M k.Y and M. tuberculosis (M.t.) and PET

IC;5q values on the potential E(Ia).

Hammett correlations: x=axc+b

From Fig. X, mV a, mV b, mV T
2A E(la, ortho) —104 (£24) 197 (£10) -0.8866
2A E(lc, ortho) 43.7 (+8.3) —3.4(£3.2) 0.9204
2B E(la, meta) —163 (£35) 250 (x£13) -0.88355
2B E(lc, meta) 14 (=11) 33.1(=4.0) 0.4606
2C E(la, para) =99 (+24) 192.3 (+9.4) -0.8789
2C E(le, para) 22.5 (+8.7) 38.6 (£3.2) 0.7260
Activity-structure correlations: x = a <107 x £%(la) + b x107* x £(la) + ¢
From Fig. X a, mV? b, mV™* c T
3A log(VMIC(M.m.)) =3.6 (+1.5) 1.52 (x0.58) 2.81 (+0.55) 0.7530
3B log(1VMIC(M.k.)) -8.2(+2.8) 3.0(£1.0) 1.97 (+0.91) 0.7716
4 log(1/MIC(M.1.), meta) —23 (+8.0) 9.2(£3.2) -4.6 (+3.1) 0.8621
5 log(11Cs, metatpara) —9.5 (£3.6) 3.4(£1.3) 2.0(x1.2) 0.6925
5 log(1/ICsq, ortho) - —1.92 (+0.41) 8.03 (+0.83) —0.9373
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3.4 Voltammetry in cathodic area: Relation of potential on structure and biological activity of
compounds 8a-c

Only 3 of studied compounds 8a-¢ contain a nitro moiety (reducible at GCE), therefore they
will be discussed only briefly. Cyclic voltammogram of the compound 8b is shown in Fig. 6.
Compounds 8a-¢ gave one cathodic response (Illc) corresponding to the well-known 4-
electron reduction to the hydroxylamine that is reversibly oxidized to the nitroso compound in
areverse scan (pair of peaks IVa/IVc) [27, 31]. This mechanism of reduction was investigated
in detail in our previous publication with the compound 8¢ [26].

Regrettably, nitro derivatives 8a-c did not show any antimicrobial activity (Table 3), despite
many different compounds with a nitro moiety exhibiting high antimycobacterial and/or
antibacterial effects such as S-nitroimidazoles (e.g., metronidazole, omidazol, tinidazol) and
S-nitrofurans (e.g., nitrofurantoin, nifurantel, nifuroxazid), where a nitro moiety is a crucial
structural factor for the high activity. Effectivity of a new class of antimycobacterial drugs
derived from nitroimidazole, such as delamanid and pretomanid, is also based on the presence
of a nitro moiety [4]. From this point of view, the biological activity of these derivatives was
disappointing. Therefore, the only valid conclusion into a relationship between the structure
and the reduction potential IIlc of compounds 8a-c is as follows. The reduction is facilitated
in a series para—meta— ortho, with ortho-substituted compound having the potential closest
to 0 V, as summarized in Table 3.

It should be noted that in the previous paper, where antiproliferative activity of these
compounds was investigated [14], the potential of reversible peaks IVa/IVc correlates with
the cytotoxicity against normal human fibroblast cell line (NHDF), where the compound 8a
(R =2-NO,) showed ICs5y=22.71+£2.71 pmol L. the compound 8b (R =3-NG;) ICs5, > 25
umol L' and the compound 8¢ (R =4-NO,) ICso=12.30+1.49 pmol L™ [14]. It can be
summarized that cytotoxic potential against human cells within these nitro derivatives
increases with decreasing potential £(IVa/IVe) as follows: =242 mV (R = 3-NO», 8b) < -268
mV (R =2-NO», 8a) <292 mV (R = 4-NO,, 8c).

05} IVa
I, WA

00} -—

Ve
-0.5

1TTe
-1.0 ‘ ‘
-900 -600 -300 0
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Fig. 6: Cyclic voltammogram (scan rate 50 mV s ') of compound 8b (¢ = 10 umol LY
obtained on GCE in phosphate buffer pH 7.2 and DMSO (9:1, v/v) medium. The first cycle
(red line) and forward scan of the second cycle (blue) are shown (reverse scan of the second
cyele is the same as the first one). The arrow denotes the start and the direction of a scan from
0OV,

Table 3: Measured cathodic potentials of signals Illc and reversible pair [Va/IVc from CV of
NO;-substituted 1-hydroxynaphthalene-2-carboxanilides 8a-¢ and their ICs, values related to
PET inhibition in spinach chloroplasts; in vitro antimycobacterial activity (MIC) of
compounds adapted from [5].

Compd R E® mV ] MIC, pmol LT ] PET ICy,
1Ilc 1Va/lVe MM MK*® MS MT* pmol .
8a 2-NO, —690 268 >830 >830 >830 415 ND!
8b 3-NO, -721 242 >830 >830 >830 >R30 199
8¢ 4-NO, 755 292 104 519 =830 >830 24.0

% Potentials reported vs [Fe''(CN)s]*

. MM = M. marinum CAMP 5644; adapted from [5]

“- MK =M. kansasii DSM 44162; adapted from [3]
dMS =Ar. smegmatis ATCC 700084; adapted from [3]
- MT =M. tuberculosis ATCC 25177/H37Ra

L. ND = not determined, see chapter 3.3

4. Conclusion

Twenty-two novel antimycobacterial agents were investigated by cyclic voltammetry. The
hydroxyl group on the naphthalene moicty gave one irreversible oxidation signal and its
potential ranged from 104 mV (7a, R = 2-CF3) to 279 mV (L, R = H) (vs. [Fe"(CN)s]").
Relationships between the structure (Hammett o substituent constant) and the oxidation
potential was established with satisfactory correlation coefficients (r ~ 0.88), that was
associated with electron donating or withdrawing capabilities of given substituents and their
position. In general, electron donating substituents caused a shift to more positive potentials
and vice versa. Correlations between the oxidation potential and in vitro antimycobacterial
activity of selected mycobacterial pathogens mostly gave quasi-parabolic dependencies with
good correlation coefficients (approx. r ~ 0.7-0.8) and with maxima usually in the range 180-
195 mV. However, two most active compounds 3b (R = 3-CH;) and 4b (R = 3-F) gave
potential 196 mV and 241 mV, respectively, so in general, biological activity should be
positively affected by higher oxidation potential.

Based on these results we can prove that the ease of oxidation of phenolic group can be used
as one of many parameters that can help design of novel antibiotic agents. In the end, it is
essential to remind that also a lot of other factors and physicochemical parameters, i.e.
lipophilicity (as discussed in Gonec et al. [5]) have an undeniable effect on the drug
effectivity.
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