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Comparison of Carbon-based Electrodes for Detection of
Cresols in Voltammetry and HPLC with Electrochemical

Detection
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Abstract: The electrochemical behavior of o-cresol and p-
cresol was investigaled using boron doped diamond
(BDD) and sp® carbon-based electrodes. BDD electrodes
with different boron doping levels were used Lo optimize
conditions for detection of cresols using differential pulse
and square-wave vollammetry. Comparable delection
limits from 2.74 pM (o 0.79 pM were achieved, using in-

Keywords: amperometric detection - boron-doped diamond - cresol -

1 Introduction

Phenol derivatives are viewed by the World Health
Crganization and other international health agencies as
important environmental pollutants, and therefore limils
fior their occurrence in the environment have been set [1).
They are frequently used in industrial preparation of
pesticides, dyes, plastics, delergents and drugs or are
isolated by petroleum processing as minor products |2-3].
Phenols are also used as antiseplics, disinfeclants or
parasiticides in veterinary medicine |4]. Cresols are
classified by the US Environmental Protection Agency as
toxic and persistent, and as chemicals exhibiting chronic
effects al a level of 12mgL™" [5-6]. The three meth-
yiphenol isomers exhibil similar physical and chemical
properties. Their mixture s commonly used for wood
impregnation and for production of polymers, disinfec-
lions and herbicides. Wasle waler from these industries
and from coal conversion has a high concentration of
cresols [6). Additionally, o-cresol is a very specific
biomarker for diagnosis of toluene exposure in clinical
practice |7|. Toluene is metabolized by differenl ways,
including conversion into hippuric and benzoic acid as
main products, while all cresol somers are secondary
metabolites with the highest proportion of orthe isomer
|&]. Production of para somer is alfected by tyrosine
metabolism in the gul and its concentration in clinical
samples is different due o food consumplion. On the
other hand, the amount of melabolized meta isomer is
very low, which limils the possibilities for its determina-
tion |%|. Some studies have reported on the relationship
between smoking and secretion of o-cresol by urine,
which indicated thal smoking presents a hazardous risk of
intoxication of the organism | 10-16).
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siti anodic pretreatment to prevent fouling of electrode
surface. Lower detection limils for cresols and other
phenolic pollutants, in the 107" M concentralion range,
werg obtained using amperometric detection in HPLC.
The proposed vollammetric and HPLC methods were
utilized for determination of cresols in model river waler
samples.

HPLLC - voltammetry

Several instrumental analytical methods have been
developed for selective and sensitive determination of
phenols including cresol isomers in various matrices (e.g.,
urine, waste waler, air, and oils), such as high-perform-
ance liquid chromatography (HPLC) coupled with several
detection modes including electrochemical detection [17-
20}, UVIVIS |7,15,21-24|, diode array detection [25],
Muorescence |26], and landem mass spectrometric (MS/
ME) [ 10, 14] detection. Gas chromatography coupled with
MS [9,11-12,27|, flame ionization detector |8,13.16], or
capillary electrophoresis [28] have also been utilized.
Further, various approaches based on chemometric
methods in combination with spectral methods have been
established and applicd successfully |4.29-31).

Possibilities of batch voltammetric methods and elec-
trochemical biosensors for determination of cresols are
presented in Table 1. In voltammetry, required selectivity
and sensilivity can be reached by modification of the
working electrode, most frequently a glassy carbon
electrode (GCE) |2,32-33|. Modifications with cobalt(1I)
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Table 1. Crwerview of amperometric biesensors and voltammetric methods for detection of o-cresol and p-cresol.

Amperometric hinsensors

Compound Electrode Electrolyle Method LR Lop Analyred Ref.

(pmol L) [pmol L) sample

p-crosal MWCNT/Mafion/ PB (pH 7.00 CA 1-11 034 nia |36]
Tyrosine/GCE

p-cresol Tyr'GCE PB (pH 7.00 CA -6 oz Llap waler 137]

p-crasal TyriAun_y'Graphite! PBR (pH 7.4) CA 2512 o1z wasle waler |38]
Teflon

p-cresol Tyrl AFBDDE PB (pH 6.5) CA 1200 ol nia |59]

Vollammetric methods

p-crasal CoPo/GCE S0 mM H80, v nia e nia 132]

p-crisol MWCNTIGCE PB (pH 7.2) DPY 01-2 nfa tap water 12]

p-crosal Mero-TiDWGCE AB (pH 5.10) DPY 0.15-20 (.08 river waler |&0)

a-crisol GCE Mcllvaine L5V 201000 423 nia |61]

buffer (pH 2.0}
a-crsol BDDE BR (pH 2.0} DPY 3100 263 river waler this work
p-crisol SWv 3100 61

Abbreviations: AB - acetate buffer, AP - aminophenyl, BR - Britton-Robinson buffer, BDDE - boron-doped diamond electrode, CA
- chronoamperometry, CoPe — cobalt{I1) phthalocyanine, CPE - carbon paste electrode, CV - cyclic vollammetry, DPY - differential
pulse voltammetry, GCE - glassy carbon electrode, LY - linear sweep vollammetry, MWCNT - multi-walled carbon nanotubes, PB -
phosphate buffer, SWY - square-wave voltammetry, Tyr - tyrosinase.

phialocyanine and cobalt(IT) octabutoxyphalocyaning
have been reported for the vollammetric analyses of o-,
m- and p-cresols 3] Doe o the passivation of the
electrode surface, causing ils deactivation, some reporis
on its modification using electroactive conducting poly-
mers preventing such deactivation by oxidation products
of cresols have been published. A relatively stable
response, oblained on the same subsirale electrode
modified with poly(3-methylthiophene) and  cobalt{1l)
phthalocyanine complexes, has been wsed Lo improve the
stability of glassy carbon electrode for the detection of
cresols and chlorophenols |35]. Specific response can be
achieved by application of enzymes-based biosensors.
Typically, Lyrosinase immobilized on glassy carbon or
graphite electrodes has been used as the biorecognition
component enabling determination of cresols in various
samples |36-38]. In addilion, boron-doped diamond
(BDD) functionalized by aminophenyl Lo enable covalent
immobilization of tyrosinase was used [or development of
an amperometric biosensor for p-cresol determination
39).

| IL.'nm{uiil'ued BDD electrodes were also used as an
anode for electrochemical incineration of cresols |3,5,40-
42]. The unique properties of this electrode material, such
as good mechanical and chemical stability, low back-
eround current, wide potential window in the anodic
region, and high resistivity to adsorplion of organic
compounds have been ulilized in a number of vollammet-
ric methods for determination of various oxidizable
compounds |43-48) including phenolic compounds such as
phenol [49), benzophenone-3 |50|, nitrophenols [51), or
chlorophenols |52-54|. Typically, anodically pretreated
BDD flms were used for this purpose as they provide
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high siability and the possibility of electrochemical
aclivation of the surface [55-56). Also, some reporis exist
on the advantageous properties of cathodically pretreated
BDD hilms for detection of phenolic compounds |57-58]
highlighting lower oxidation potential and faster electron
transfer in comparison with anodic pretreatment.

The present work reports on a voltammetric study of
the electrochemical behavior of o-cresol and p-cresol on
BDD electrodes with various boron doping levels and its
comparison with other common carbon-based electrode
materials including carbon paste electrode (CPE), pyro-
Iytic graphite electrode (PGE) and GCE. Additionally. a
sensitive and [ast voltammetric procedure for delermina-
tion of cresols was developed and applied on river waler
samples. Furthermore, highly doped BDD electrodes
were used in a “walljel” setup in an amperometric
detection system afler HPLC separation of a model
mixture of phenolic pollutants, including o- and p- cresols.

2 Material and Methods

o-cresol, p-cresol (both of = %99, purity), hydroguinone,
phenol,  4-chlorophenol, and  4-chloro-3-methylphenol
were purchased from Sigma Alddrich (Prague, CZ). Stock
solutions of all reagents (10 mmol L=") were prepared in
deionized water and stored in a dark environment at
room temperature. The pH of Brillon—Robinson (BR)
buffer solutions, consisting of phosphoric acid. acetic acid,
boric acid {each of 0.04 molL™") and sodium hydroxide
for adjusting pH. was controlled by a digital pH-meter
3510 with a combined glass elecirode (Jenway, UK).
Acetonitrile (gradient grade, Merck Millipore, CZ) was
used for mobile phase preparation.

Flectroanalysis 2020, 32, 1-13 2
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All voltammetric measurements were carried oul using
an electrochemical analyzer, AUTOLAB PGSTAT 101,
wilh NOVA version 1.11 soflware (Metrohm Autolab B.
¥., The Netherlands) using a three-electrode system. A
platinum wire served as a counter electrode and a silver
chloride electrode (Ag| AgCl, 3 mol L~ KCI) was used 15
a reference electrode (both Elektrochemické detektory,
Turnov, CZ). to which all potential values are referred to.

BDD films with various doping levels (B/C ratio in the
gas phase: 500 ppm, 1000 ppm, 4000 ppm, and 8000 ppm)
oblained from FZU-Institute of Physics of the Crech
Academy of Sciences were placed in a laboratory-made
Teflon electrode body |62] with the BDD exposed to a
geometric surface area of A=372mm’ (disc diameter
2.7 mm)., which was employed as working electrodes in
hoth voltammetric and amperometric measurements. De-
Lails of the fabrication procedure of BDD discs can be
found in rel. [56]. The other working electrodes were:
homemade PGE wilh square face surface area of A=
Omm* (basal plane orientation); GCE (A=31mm"
Metrohm, Switzerland) and CPE prepared from 100 pL of
mineral oil (Fluka) and 250 mg of spherical microparticles
of glassy carbon with diameters ranging from 0.4 1o 12 pm
(Alfa Aesar, USA) packed in the Teflon electrode body
with an active surface of A=3.1mm". Pretreatment and
aclivation of electrode surfaces were carried oul as
follows: polished BDD (p-BDD) electrode — pretreated
by polishing for 3min using suspension of alumina
(particle size of ca 0.5 pm, Elektrochemické detektory,
Turnov, CZ) in deionized water. alumina residues were
subsequently removed from the p-BDD surface by
somication in methanol and deionized water. Prior Lo cach
scan, activation was carried out by polishing using an
alumina suspension for 30s; O-BDD - pretreatment
performed daily at the beginning of series of measure-
ments by applying + 2.4V for 5 min in a stirred solution
of 0.5molL™ H,80, Anodic activation at +24V for
1 min directly in a measured solution was also applied
between individual scans in measurements of scan rale
dependence by cyclic vollammetry and in an optimized
differential pulse voltammetry (DPV) procedure. GCE -
polishing (for 30s) prior (o each scan using alumina
suspension [ollowed by thorough washing with deionized
waler. PGE — surface lefl o dry al air after each scan and
renewed using adhesive lape.

Optimized operation parameters for DPY and SWV
were used. if not stated otherwiser pulse height of
+ 1 mV, pulse width of 50 ms, interval time of 200 ms
and a scan rate of 20 mVs~! for DPV and an amplitude of
T0mY and frequency of 25 Hz for SWV.

The HPLC system consisied of an ECB2(04 pradient
box with degasser. an ECP2010 analytical pump, an
ECD28M UV-VIS detector (all ECOM, Prague, CZ), and
amperometric detector ADLC 2 (Laboratorni pistroje,
CZ) connected in series. Chromatographic separation was
achieved on an end-capped reversed phase column
Purospher RP-18, 5pm, 125mm=4mm LD. directly
attached to a guard column Purospher RP-18, 5 pm,
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4mm=4mm (both Merck, Germany) under isocratic
conditions. The mobile phase consisted of 0.04 molL-!
BE. buffer (pH 2.0) and acetonitrile mixed in a ratio of
allf40 (v/v: final concentration of each acid of BR. buffer
was 0.024 molL™"). The injection volume was 20 pL and
measurements wereg performed with a constant flow rate
of 1 mL min~". UV delection was performed atl a wave-
length of 280 nm. Amperometric detection used the same
electrode set as for vollammetric experiments, in which
the working BRI electrode with a BAC of 8000 ppm was
adjusted against the outlet capillary in a “wall-jet”
arrangement and an oplimized detection polential of
+1.6Y was applied. An overflow wall-jet detection cell
|63] was used kecping the capillary outlet (diameter
0.15mm) - electrode surface distance at 05 mm. The
HPLC system was controlled by Clarity 7.3 sollware
(DataApex, CF).

Waler samples for analysis, obtained from the local
Vitava river, were initially filtered through a nylon syringe
filter (.45 pm. Fischer Scientific, CZ), subscquently
diluted ten times with BR buffer (pH2.4) and then
injected directly into the chromatographic system. Fur-
thermore, spiked waler samples were analyzed and the
standard addition method was wsed to determing concen-
trations of selected phenols.

Vollammetric curves were smoothed using a Savitzky-
Golay flter (level 4) and each signal was baselineg
corrected. Data evaluation was processed by Origin 8.
LMY values were calculated as three times the standard
deviation of the peak current for the lowest measurable
concentration divided by the slope of calibration curve
(n=10). For HPLC measurements, concentration depend-
ences were constructed from the average of three
replicate measurements for each calibration solution of
the selected phenols and evaluated by the linear least
squarces regression method. LOD values were calculated
a5 a threefold and LOQ values as a tenfold of the average
hackground noise, divided by the slope of the correspond-
ing lingar concentration dependence k.

3 Results and Discussion

3.1 Cydic Voltammetry of o- and g-cresol on
Carbon-based Electrode Materials

The electrochemical behavior of o-cresol and p-cresol was
studied using CV on BDD electrodes with O-lerminated
and polished surfaces, and further on pyrolytic graphite,
elassy carbon and carbon paste electrode. Cathodically
pretreated (H-terminated) BDD was excluded from the
study after preliminary experiments. While the signal
intensities resembled p-BDD, it was quickly recognized
that fouling of the BDD surface, caused by reaction (by)
products of oxidation of cresols, can only be overcome by
polishing or anodic pretreatments, leading Lo conversion
of H-lerminated BDD to O-BDD. Therefore, the applica-
tion of a cathodic pretreatment, after these successful
activation approaches following ecach scan, has been

Electroanalysis 2020, 32, 1-13 3
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evaluated as a redundant step causing prolongation of the
operation procedure with no added benefit regarding the
oblained sensitivity. Figure 1 presents the 1%, 2* and 10"
cvele recorded in BR buffer (pH 2.0) on these electrodes.
The reaclion mechanism is summarized in Scheme 1
presenting also the variety of mesomeric forms of formed
species; typical anodic and cathodic signals at the voltam-
metric curves are described in Figure 1A and 1E for o-
cresol on p-BDD and GCE. respectively. Both cresols (o-
cresol 1, p-cresol 9) were found (o be oxidized by 1le-f1H~
exchange at the potential of +1.1V-+12V on BDD
electrodes and lower potential of ca +0.9V-+1.0V on
the other electrodes (peak 1;) forming methviphenoxy-
lype —O¢ radical (2, 10), a typical primary product of
oxidation of phenolic compounds |32, 64-66). This reac-
tion is casily observable on all tested electrode materials.
The positive shift of the peak 1, is a consequence of
hindered electron transfer on the helerogeneous surface
of BDD |67-6%). This reaction may be [ollowed by
another oxidation process al the potential of +13V
(peak 2,) leading to carbocationic species (methylphenoxy
calion (3, 11)), it is most pronounced on p-BDD electro-
des with an extended potential window in comparison
with the other sp® carbon-based electrodes and faster
electron transfer kinetics in comparison with O-BDD
surfaces [67,70). These methylphenoxy cations (3, 11)

Scheme 1. Reaction mechanism of electrochemical oxidation of
- and p-cresol.
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possess the same variety of mesomeric forms as meth-
ylphenoxy-type —O* radicals (2, 10). Further chemical
reaction steps, reaction with water, leads (o formation of
methylhydroguinone(s) (5 6. 12), which are readily
oxidived in 2e72H™ reaction to methylquinoneg(s) (7, 8,
13). In a parallel reaction of radicals (2, 10), eventually
cationic species (3.11). dimeric and polymeric species are
formed [64.71,72] causing passivation of the clectrode
surface, as proved by a decrease of the 1, peak with
increasing number of scans (Figure 2). Similarly. the
reaction of methylhydroguinone(s) (5, 6. 12) o meth-
ylguinone(sy (7. 8, 13) procecds through radical inter-
mediates, which are stabilized by mutual reactions resull-
ing in formation of polymeric species |66). The species
can possess hydroxyl, quinonic, or hydroguinong moieties
and thus can be seem in further scans, as commented
below. In the reverse cathodic scan, reduction peaks 3.
and 4, are observed al ca 4065 V-4 045 V, representing
reduction of the simplest cresol oxidation product(s) -
reduction of methylquinone(s) (7, 8, 13) to corresponding
methylhydroquinone(s) (5, 6. 12). In the second cycle, two
new oxidation peaks appear al +055V (peak 4)) and
+0.65V (peak 3, al Figure 1A only insinuated). They
correspond to 2e~2H* oxidation of methylhydroguinone
(s} (5. 6. 12) to corresponding quinones (7, 8, 13).

This general reaction mechanism is strongly influenced
by the type of carbonaceous material and structure of the
cresol. When comparing recorded CVs of o- and p-cresol,
a noticeable difference is that the signals of redox pairs
(peak 3.3, and 4,/4.) are absent or insinuated for the
latter isomer, bul well recognizable for the former.
Obviously, reaction products of p-cresol (besides meth-
ylhydroquinone) (5, 6. 12) and methylquinones (7, 8, 13
also species produced by parallel reaction) possess lower
proclivity to adsorption on the electrode surface. This
compound has a lower number of mesomeric forms of
reaction intermediates (methylphenoxy-type —0° radicals
and cations) than o-cresol (Scheme 1) leading to simple
hydroquinonesiquinones nol adsorbing on electrode sur-
face. o-cresol possesses a higher number of mesomeric
forms and thus products arising from their crosslinking
reactions capable of adsorption on all electrode materials.
The only electrode exhibiting clear signals of peak pairs
33, and 44, also for p-cresol is CPE due Lo the
additional interaction of the hydrophobic reaction prod-
ucts with the hinder.

Importantly, the frst anodic signal 1, decreases with
conseculive cycling, as seen in Figure 2 comparing the
relative decrease of the 1, signal within 10 cycles. This
fouling of the electrode surface is of different significance
when comparing particular electrode malerials. For both
compounds, the O-BDI» surface is the most resistive
towards blocking by reaction products (ca 95 % in the 2™
scan, and 73% in the 10" scan of the original o-cresol
signal oblained in the 1% scan), together with CPE (ca
50% decrease within ten scans). p-BDD surface is only
resistive 1o fouling by p-cresol reaction products, but is
almost completely blocked by o-cresol. confirming again

Electroanalyss 2020, 32, 1-13 4
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Fig. 1. Cyclic vollammograms of 0.1 mmol L~ o-cresol (lefi column) and p-cresol (right column) in BR buffer (pH 2.0) for the 1% (full
line), 2™ {dashed line), and 10* (dotted ling) scan on (A} and (B) p-BDD electrode, (C) and ([}) O-BDD electrode, {E) and (F) GCE,

(G) and (H) PGE, and (I} and (1) CPE. Recorded from 0V to+ 1.5 V at & scan rate of 0.1 Vil
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Fig. 2. Relative decrease of the height of the first anodic signals for

number of cycles

0.1 mmol L' (A) o-cresol and (B) p-cresol during ten consecutive

CV scans recorded from 0V to +1.5 V. Measured in BR buffer (pH 2.0) at a scan rate of 0.1 vslon (W) p-BDD clectrode. (@) O-

BDD electrode, (W) GCE, (&) PGE and (+) CPE.

the impact of their different structure on proclivity to
adsorption as mentioned above,

Further experiments were performed only with BDI»
electrodes (o achieve an operation prolocol for detection
of cresols with fn-sttu regeneration of the electrode
surface for passivation prevention. The effect of electro-
chemical activation using highly positive (+2.4 V) and
negative (—24 V) polentials with intensive stirring be-
Iween the individual measurements for studied cresols
was investigated. Repeatable peak heights were oblained
in the case of anodic activalion for 1 min. AL highly
positive potentials, in the region of waler decomposition,
reactive hydroxyl radicals are generated, which oxidize
organic compounds into smaller molecules and finally
into CO, and HO. Thus, any polymer film is removed
from the electrode surface, as presented also for other
phenolic compounds at BDD electrodes [33,50,73-73].
This regeneration resulted in relative standard deviation
(RS[Y) values of signal heights 8.6'% (DPVY) and 2.6%
(SWV) for g-cresol, and 15.6 % (DPV) and 126 % (SWV)

(A)

[T

08
E 1V va. AgitgCl

for p-cresol. Despite the significant passivation of the
BDD electrode surface during the cresol sensing, these
values are relatively low. Without regencration sleps
belween each measurement, these values were higher
than 30 % thus providing very poor repeatability.

3.2 Voltammetric Behaviour of ¢- and p-cresol on
O-terminated BDD Electrode

3201 Effect of pH

O-terminated BDD electrodes, offering the possibility of
n-sttu activation, were further used o address the effects
of supporting electrolyte, boron doping level and pulse
method on voltammograms of o- and p-cresol and for
their application for detection of these compounds. pH
dependences of peak polentials and peak currenls were
studied using DPV on O-BDI electrodes. Figure 3 clearly
indicates that peak potential values for both cresols are
pH-independent up to a pH value of ca 10 and then a

(B)

oy

Y
E IV va. AgitgCl

Fig. 3. DP voltammograms of {A) 10 pmod L~ s-cresol and (B) 10 pmod 1~ p-cresol using 8000 ppm BDD electrodes for the following
pH values of BR buffer: a) 20, by 4.0, c.) 6.0, d.) 80, e.) 10, L) 110, g) 1200 In insets. the pH dependencies of oxidation peak

potential (& ) and the peak current valoe () are shown.
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drop of about 025V 1o less positive values with increas-
ing pH is observed. pH 10 corresponds Lo pK; values of o-
cresol and p-cresol; the same value of 10.26 (ref. [76]) or
similar pK, values of 10.28 and 10.19 (ref. |77]) were
reporied in the literature. Easier oxidation of the
dissociated phenolate anion at pH = pK, is associated with
the availability of an electron directly in the electron pair
of an oxygen atom and negative charge of the phenolate
species being atiracted (o the positively charged electrode.
Interestingly. two types of pH-dependence are being
reporied for peak polentials E; of simple phenolic
compounds. Most frequently, the linear dependence of |
vy. pH spanning over the pH corresponding Lo pK, with a
slope of about 3% mV per pH unit is attributed o one-
electrom and one-proton process, £ g, for phenol [64] on a
GCE, benzophenone-3 on an anodically oxidized BDD
electrode | 30), and 2 4-dichlorophenol on both as-received
and anodically-oxidized BDD electrodes [75). On the
other hand, pH-independency at pH values smaller than
pk, was reported, e.g. for 4-chloro-3-methylphenol on
anodically oxidized BDD electrode |78]. Apparently, both
the structure of the phenclic compound and surface
condition influgnces the oxidation process.

The current response of studied cresols is  also
changing at the pH wvalue around pK,. Voltammetric
peaks ol dissociated o- and p-cresol in alkaline medium
have lower heighls and deformed shapes in comparison
with acidic and neutral pH. Therefore, a BR buflfer
(pH 2.0) was chosen as the supporting electrolyte for
further experiments.

3.2.2 Effect of Boron Doptag Level and Analyitcal
Performance Assessiment

Boron doping level affects the electron transfer rate
between the electrode surface and an analyte, and thus
changes the sensitivity of determination, especially when
using pulse techniques. In our previous studies, we have
reporied on the negative shift of peak potential and
increase of peak current with increasing boron-doping

(A)

ot
1
-

apst

0,00

0.6 0.8 12
£ UV wx. AgiAgCl
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level for DP vollammetric determination of benrophe-
none-3 |30], 4-chloro-3-methylphenol [78], or 2-amino-
biphenyl [56] with the most pronounced differences
between the semi-conductive BDD films (500 ppm and
1K ppm) and films with metallic type conductivity (2000
ppm 8000 ppm). Also, other authors reported an in-
crease in peak currents, e g, for oxidation of uric acid [79]
or reduction of nitrofurantoin |80]. Figure 4 shows the DP
vollammeltric curves obtained for o-cresol and p-cresol for
the set of 500 ppm-3000 ppm electrodes with £, and £, vs.
bkoron-doping level dependencies in insets. Their values
confirm Lhe trends described above. Accordingly, the
slopes of calibration dependences (sensitivily) are increas-
ing with boron-doping level (see Table 2). The linear
concentration range is from 3.0 to 100 pmol L™ for all
working electrodes and DPV and SWV lechnigues. The
LoD listed in Table2 are in the range [rom
274 mmol L= to 0.79 pmol L', irrespective of the com-
pounds and method wsed. For their calculation, values of
slope and standard deviations 5, of peak heights of the
lowest measurable concentration were used (see scction 2.
Material and Methods). The lower slope values for semi-
conductive 500 ppm  and 1000 ppm BDD films are
compensated by lower 5, values. They resull from partial
“imactivity” of the heterogenous BDD surface toward
charge transfer reactions, leading (o higher consisténce of
electrochemical characteristics including electrode  re-
sponse lowards oxidation of cresols. As a resull, the
studied BDD films show comparable properties from an
analytical point of view for detection of cresols.

For further applications, BDD film with 8000 ppm B/C
content was used. It is the most sensitive among the other
films for cresols determination according to the slope
value (Table 2), which has the advantage of simplifying
evaluation of signals obtained for low concentrations of
studied phenols. Otherwise, comparable resulls regarding
delection limils are expected as explained above.

05 ) 12
E IV ve. Aglagrl

Fig. 4. DP vollammograms of (A) 50 pmol L~ e-cresol and (B) 50 pmol L~! p-cresol recorded on BDD electrodes deposited using BIC
ratio (ppm) (a) 300, (b} 1000, {c} 4000, and {d} B000L The inseis show dependencies of peak potential (& ) and peak corrent {0 ) on BAC

ratio used during the BIDID film deposition process.
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Table 2. Parameters and limits of detection obtained from calibration
dependences for o-cresol snd p-cresol for linest dynamic range of 3—
100 jmol L. Measured by DFV and SW using BDD electrodes with
different B/C rato in BR. buffer (pH 2.0).

BiC Isomer  Regression equation R Loy
ratio (I in pA_cin (umol L)
(ppm) mmal L)
Differential pulse voltammetry
500 o-cresol  f=4.94 c-0.024 0.9945 105
p-cresol =437 c+ 0105 09991 1325
1000 o-cresol .r:: .54 c-0.006 09954 116
pcresol  [=6.23 c+ 0068 09998 137
400 o-cresol =136 c+0.074 09846 267
pcresol  [= 1084 c+ 0014 09870 074
OO o-cresol  f=14.75 ¢+ 000 09897 263
pcresol  f= 1066 c+ 0084 0.9970 6l
Sguarc-wave vollammetry
500 o-cresol  f=6.15 c-0.022 09912 1.1
p-cresal  [=513 ¢+ 0.0 09938 (69
1000 o-cresol [ =948 c-0.024 0.9957 107
p-cresal r:= 7.73 0.3 09981 1.06
400 o-cresol  L=1380c+ 0017 09857 258
p-cresol  [="9.62 c-0.019 0.9899 130
B0 o-cresol  L=1505 c-0053 09895 297
p-cresol r:= 11.09 0.9 09872 152

3.3 HPLC with Amperometric Detection on
O-terminated BDID Electrodes

Prior HPLC measurements in which mixed agqueous-
organic mobile phase was used (BR buffer (pH 2.0 and
acetonitrile (60:40, wi)), vollammelric experiments were
carried oul with O-BDI flm (8000 ppm B/C) 1o assess
the effect of different conlent of acetonitrile (varying

ELECTROANALYSIS

from 1% o 40%) in supporting electrolyte on the
electrochemical responses of studied cresols (see Fig-
ure 51 in Supplementary material). In case of both cresols,
peak  polential shifted to more positive values with
increased acetonitrile content (a shift by 240 mY for o-
cresol and by 160 mV for p-cresol was observed in the
presence of 40% viv acelonitrile) whilst recorded peak
currents were not significantly affected by the addition of
organic solvenl. During five consecutive scans without
applying any aclivalion procedure, substantial signal drop
for both cresols of aboul 45 %—60% was observed for the
acetonitrile content 0-20%. For higher content. the
fouling was slightly suppressed. the signal drop was about
15%-30%, f.e. smaller but still significant. Nevertheless,
this fouling was completely avoided under lguid Oow
conditions in HPLC measurements as further described
below.

An O-lerminated BDD  electrode, with B/C of
B0 ppm, was then inserted into a wall-jel amperometric
flow cell-glectrochemical detector (ED) arranged after
the UV-VIS detector (UVD) of the HPLC system. A
model mixture, including commonly occurring phenolic
compounds in river and waste waler, such as phenol,
hydroquinone, o- and p-isomers of cresol, 4-chlorophenol,
and 4-chloro-3-methylphenol, was separated on a reversed
(C-18 phase under isocratic conditions. The separalion was
completed in 7.0 min (Figure 5A) with the following
elution order of analyles: 1) hydroguinone, 2) phenol, 3)
p-cresol, 4) p-cresol, 5) 4-chlorophenol, and 6) 4-chloro-3-
methylphenol. Retention times and retention factors are
listed in Table 3. Moreover, peak resolutions (R) for both
delectors were calculated and obtained values are pre-
sented: Ry, 1333, R;; B80, Ry, 222, Rys 472, and R,
1265 for UVD, and B, ; 864, Ro; 6,14, Ry, 232, Ry, 3358,
and R.; 10.37 for ED. Evidently, all values are higher

L h,ndm-quralnn
=— phanal
e PITEE
=— g-Crasol
=— d=chipenphanal A
= dechipen-3.mathyiphano -
400 . background curment T

G600 -

finA

200 | o ]

12 14 1.6
£, 1V vs AgiAgC

Fig. 5. (A) Chromatograms of the mixture containing selected phenols (each of c=10 pmol L") recorded at different values of applied
detection potential Ep. analyles cluted as follows: (1) hydroguinone, (2) phenol, (3) p-cresol, (4) e-cresol, (5) 4-chlorophenol, and (6)

4-chloro-3-methylphenol. (B) Hydrodynamic voltammograms of

selected phenols (each of c=10 pmol L") and dependence of the

background current on the applied detection potential Ep on the O-BDD clectrode with BAC of 8000 ppm. Ermror bars represent
standard deviations (n=4). Measured by HPLC with a wall-jet detection cell, column Purospher RP-18, 5 pm, 125 mm = 4 mm, mobile
phase BR buffer (pH 2.0) and acetonitrile (60:40, w/v), isocralic eluticon, injection volume of 20 pL. flow rate of 1 mL min~".
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Table 3. Fetenfion times and factors and LOD and LOQ values for selected phenolic compomds caloulated from the peak heighis recorded by
HPLC with UV and electrochemical detection. Conditions as in Figure 5, E, = + 1.6 W

Parameler detection hydroguinone phenol p-cresol o-creso] 4-CP CMP
Felention time (min) LELY 1.28 244 336 373 432 628

(retention factor) (0.43) {1.77) (2.76) {3.17) (3.83) (6.02)
ED 142 2.63 352 JER 147 644

(0.53) {1.82) (2.77) {3.12) {3.80) (5.91)
LOD {(pmol L) Ly 016 0.2 0.23 033 029 03l
ED 021 007 0.2 016 18 022
Loy (l.l.lrlul]..",'l uv 052 .69 0.7%6 110 095 1.4
ED 070 022 0.69 052 (il 074

Abbreviations: 4-CP - 4-chlorophenol, CMP - 4<chloro-3-methylphenaol.

than 1.5, which confirm successful differentiation of all
eluted peaks (without any overlap) and prove that
selected chromatographic conditions ensured high separa-
Lion efficiency.

Opimization of the detection polential imposed on
the working electrode was carried out within the potential
range from +1.0V o +18V in steps of 0.1V (Fig-
ure 5B). When detection polentials £, higher than
+ 16V were applied on the working electrode, an
increase in the background current along with baseline
drifting and deformation of the first peak was observed.
E, of +1.6V, which provided very low and stable
background currents and the most convenient signal-to-
background ratios [or the analytes was chosen as optimal
and used for all other HPLC-ED experiments. Addition-
ally, the signal stability of all phenolic compounds was
tested and within seven conseculive injections the RS
were 1.9-3.6% and 2.0-3.8% for peak areas and peak
heights, respectively. Furthermore, the passivation of the
O-BDD electrode surface was nol observed due to the
removal of possible fouling intermediates or reaction
products by the stream of the mobile phase from the
outlet of capillary.

Mexl, concentration dependences of the selected
phenolic compounds were measured under oplimized
conditions. Parameters evaluated from both peak arcas
and peak heights recorded by UV and electrochemical
detection syslems are summarized in Table 51 of Supple-
mentary material. The calculated LODY and LOC values
are shown in Table 3 and as il can be seen, electro-
chemical detection provided lower limils in case of five
analyyed compounds, including o-cresol and p-cresol, in
comparison with UV detection, hydroguinone being the
only exceplion.

An achieved LOD value of 0.21 pmol L-! for p-cresol
by HPLC-ED with an O-BDID electrode with a B/C of
S000 ppm in a “wall-jet” arrangement is similar or higher
in comparison with LOMDs oblained by employing other
modified electrodes (see Table 1). Nevertheless, it should
be pointed out that BDD electrodes possess sulficient
sensitivity even without applying tedious modification
procedures. In addition, the recorded responses on
modified electrodes usually decrease with time, especially
when an enzyme is included, thus the modificalion process

www.electroanalysis.wiley-vch.de © 2020 Wiley-ViCH Verlag

has to be repeated, which can lead to the preparation of
electrodes with altered performance, and therefore affect-
ing the repeatability of measurements. On the other hand,
BDD electrodes can be easily electrochemically activated
in-sttee, which ensure not only resistance lo surface
passivation bul also stable responses and very good
repeatability of the oblained signals. For e-cresol, a LD
value of (.16 pmol L™ was obtained by HPLC-ED and
this easily outperforms the only voltammetric method
used for o-cresol determination found in the literature
|61] {see Table 1).

1.4 Voltammetric and Amperometric Determination of o-
and p-cresol and Other Phenolic Compounds in River
Water

To verify the applicability of the developed procedure,
determination of selected phenolic pollutants was per-
formed in river water samples. No signals of studied
analyles or other electroactive species were detected in
the collected and subsequently fltered and diluted (see
section 2. Material and Methods) river water samples,
thus the samples were spiked by a known concentration
(10.5 pmol L")y of phenolic compounds and analyzed by
the standard addition method (Figure 6). Table 4 summa-
rizes the measured concentrations by HPLC-ED and
HPLC-UVD methods along with the confidence interval
Ly, and RSD. and as evidenced analyred phenolic
compounds were determined with sufficient accuracy and
precision.

Regarding HPLC-EDD measurements, assessed recov-
eries based on peak heights were found to be satisfactory
within the range from 92.9% to 1045% for all spiked
phenolic compounds. Recoveries calculated from the
peak areas were in the range of 98.8%-102.6% for five
phenolic analyles in the mixture (phenol, p-cresol, o-
cresol, 4-chlorophenol, 4-chloro-3-methylphenol) and hy-
droquinone recovery was T8.9%.

On the contrary, in HPLC-UVD chromatogram of the
river water sample a signal of an unknown compound
interfered with a hydroguinone peak resulting in lower
recovery values of 67.7 % and 82.3%, evaluated from peak
areas and peak heights, respectively. For other phenolic
compounds presenied in the spiked waler sample, recov-
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Fig. & Chromatograms of filtered and diluted river water samples: (a) blank, and spiked with the concentration of selected phenolic
compounds of (k) 105 pmod L7, (c) 20 pmol LY, and (d) 40 pmol L' recorded using (A) UV detection at i=280nm and (B)
electrochemical detection with anodically activated BDD clectrode of BAC 8000 ppm with applied detection potential Ep=+ 1.6V,
Analytes eluted as follows: (1) hydroguinone, (2) phenol, (3) p<cresol, (4) o-cresol, (5) 4-chlorophenol, and (6) 4-chloro-3-

methylphenol. For chromatographic conditions see Figure 5.

Table 4. Determinatoen of selected phenelic analytes in spiked river water samples using DFYV and HPLC-ED using O-BDD elacmode (BC
2000 ppm. E,,= + 1.6V} and HPLC-UVD (i,,=280 nm). Calonlated for 2 95 % confidence leval.

Analyle Added o/pmol 1! Determined c+ L-_;\l'p.mn]L'] (RS
HPLC-UVD HPLC-ED DPV
Arca Height Arca Haeight Height
hydroguinone 10.50 711+033 A4+ 044 B.28+0.10 2751020
(3.72%) (4.10%) (093 9%:) {169 %)
phenol 10s0 1012+ 16 1052015 10.49+0.24 1054 =017
(1.26%:) (1.18%) [LBS %) {L28%)
p-eresol 10.50 1058+ .46 10.TT£015 10.77+0.42 1097 0125 1045+ 2.57
(3.52%:) (1.15%) (3.17%:) {LES ) (901%)
a-crisol 1050 1013+ 1R 1032+ 0005 10.37+0.28 1044 =014 QAT+ 1LED
(1.467%) (D38 %) [L1B%:) (L11%) (6.70%:)
4-chlorophenol 1050 10.37+ (26 10065 =014 10.73+0.20 1074018
(1.99%:) (103 %) (1.52%:) {137 %)
4-chloro-3-methylphenol 1050 1030+ (44 1070+ 033 10.55+0.29 10.57+0021
(3.47%:) (249%) [221%) {160 %)

eries were found to be 96.4 % -100.8 % [or peak areas and
Q8.3 %-1026% for peak heights. Clearly, when hydro-
quinone is expected 1o be in the analyred river waler
samples, electrochemical detection is superior o UV
detection as there is no interference [rom the environ-
mental matrix.

Maoreover, the accuracy of the proposed HPLC-ED
method was evaluated by comparing with HPLC-UV
method, as a reference technique. Paired Student f-test
was applied to the acquired results for five analyred
phenolic compounds, hydroquinone was excluded from
the test due to the matrix effects occurring in HPLC-
UVD chromatograms. The calculated f values were small-
er than the critical value (278, a=(0.05), thus resulls
obtained by HPLC coupled wilth both UV and electro-
chemical detectors arg not statistically significant al a
confidence interval of 95% for phenol, p-cresol, o-cresol,
4-chlorophenol and 3-methyl-4-chlorophenol.

www.electroanalysis.wiley-vch.de
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The optimized DPY method developed in this study
(see Section 3.2) was also applied for determination of the
studied cresol isomers in treated spiked river waler
samples and satisfactory values of recovery werg ob-
lained. 99.5% and Y92.1% for p-cresol and o-cresol,
respectively. This method exhibils lower precision in
comparison with HPLC-ED, as is obvious from RSD
values in Table 4. Another and substantial drawback is
the fact that by using DPV, o- and p-cresol cannot be
detected simultangously due to overlapping oxidation
peaks; the peak polential difference of 10mY (see
Figure 4) is insulficient.

4 Conclusion

This study presents differences in electrochemical behav-
ior of e-cresol and p-cresol on carbon-based electrode
materials and develops strategies for their detection using
in-siie activaled BDD electrode. Cresol isomers were
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found to be oxidized by mechanisms as other phenolic
compounds on O-lerminated and polished BDDY electro-
des, and other common carbon-based electrode materials
including CPE, PGE. and GCE. Formation of reaction
products (hydroquinonesiquinones) is coupled with crea-
tion of dimers and polymeric flms on the electrode
surface as a result of mutual reaction of reaction
intermediates such as radicals and radical cations. Struc-
ture differences of these inlermediates resulting from a
variety of mesomeric forms of the cresol isomers leads (o
different structures of reaction products possessing higher
proclivity o adsorption for o-cresol than p-cresol.

Further, O-terminated BIXD electrodes with different
boron doping levels (B/C content varying from 500 ppm
Lo 000 ppm) were used (o oplimize experimental con-
ditions for detection of cresols using differential pulse and
squarc-wave voltammetry. It was found that o-cresol and
p-cresol exhibited comparable oxidation signal potentials
in BR buffer (pH 2.0y and comparable LODs [or both
compounds and methods tested in the range [rom
274 pmol L' o 0.79 uymol L', Lower LODs for ¢- and p-
cresol and other phenolic pollutants in 1077 mol L
concentration range were obtained for optimized HPLC-
ED method applying oxidized BDD electrode (8000 ppm)
as a4 working electrode in a wall-jet arrangement. The
proposed vollammetric and HPLC-ED} methods were
successfully applied for determination of cresols in model
river water samples and verified by an independent
HPLC-UV method. The achieved LOD values are
comparable with those in the literature, where a modifica-
tion of electrode substrate or other type of clectrode
material was used. The application of different modifiers
such as nanoparticles (metals, carbon nanotubes), bio-
components (en@ymes) or polymeric films allows more
sensitive and/or selective delermination, bul the prepara-
tion process of modified electrodes/biosensors is fre-
quently tedious and complex.

The developed voltammetric and HPLC-ED proce-
dures described in this paper provide a useful approach
for fasl. simple and sensitive determination of o- and p-
cresol somers involving an fa-situw activation step o
eliminatle polymeric species from the electrode surface
between individual measurements. This advantage of
bare, non-toxic BDD electrodes justify their application
in environmental analysis as a favored electrode material.
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ARTICLEINFO ABSTRACT

Keyweards: Elegtmchemical propertiss of #nitropheny] trizeale belsd 2 deoxyoytidine (90™%) and 7-denmadenasine
Adsarpmon (dA™¥%) were studied using alumina-polished bormn doped dismond (B slectrode in scetate buffer pH 5.0.
Bero-dopad diamond Cyclic voltammetry revesled pesk-shaped signak for reduction of the nitm group at the potentials of @ — 006V
it compounds (vs AglAZCILY mal L= ! KOl reference eledmode) and for e hydmrylamine mitmss peir evhibiting qusir.
:nma:;mm@ eversible electnn ramsfer at potential comperable with redox proceses of other nito ammatic compounds at

BDD eledmdes. All dlectrochemical proceses are directed by sdsorption. Moremver, er st adsorption of
dATH% and tramsfer i supparting el sdmlyte enables its quantitation using square wave voltammestry in small
(several micraliter) ssmple valumes afier optimizstion of parameters for the hydroxylamine/nitroso. edox
couple. Competitive adsoption/dssorption at the BDD surface was further studied by orclic voltamme try with
dA™N® i the presence of elegmchemically inactive phenyl fizole 7-demrandencsine conjugate (dA™), re.
vealing mutual displacement of both compounds at BOD surface. Further, the redox processes of simpler ane
matic nitro compowunds (4-nitropheny] acetylens and 2nitronaphthalens) are strongly affectesd when the BDD
surfsce is mvered by dATE,

1. Introduet bon hydmgen evolutlon and imparting high surface conductivity has been

preferred for substances with reducible moleties eg., azo compounds

Boron doped diammd (BODD) & a modem but already well-estab-
lshed elecirode materdal thanks to its advantageous mechandeal and
alectrochemical properties s exreme hardness, high thermal con-
ductivity, cormsion resistance, low background currents, and wide
potentlal window, especially in the anodic region [1]. The continwing
miearch has revesled fundamental differences in comduetivity and
alectrochemical properties of BDD surface in dependence on i1 pre-
treatment. Currently, anodic pretreatment wsing highly positve po-
tentials in the reglon of water decomposition and introducing carbo-
n-oxygen functiomalitles at the BDD surface is considered as the most
stable mode, charactertzed by minimal surface conductivity and swr-
face-confined polarity due to the polar C**—0F ~ bonds [2-4]. Hy-
drogen termination achieved by cathodic pretreatment in the reglon of

[5,6]. These bn sdne activation modes have been supplemented by me-
chanical polshing wsing aluminag surdes or sllk cloth. Swuch er sine
approach changes substantially the properies of BDD swrface, as it
leads to lower conrentration of C—0—C, C=0, and C—0OH groups and
aven absence of OOOH groups in comparson with anodized surfaces
[4,7]. Namurally, the proclivity of organic compounds to adsorption &
infleenced by the surface predmeatment, as it changes substantially its
poladty ths imparts hydrophilic or hydrophoble chameter. Originally,
the hydmgenierminated sufaces were consldered 1o be realstive to-
wards fouling due to thelr paraffin-like siructure [E]. Nevertheless, this
view has been overcome as substantial electrode fouling has been re-
ported for some of the problematic moleties of organde compounds
{causing severe fouling of other bare elecirode materials as well), such

* Cravespomding mther ot Inattore of Biophysics, Crech Amdemy of Soenees, Kalovopokia 135, C761 265 Broo, Caech Repblie
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as aromatle aming [9] or phenolic moleties [10-12]. In the last seven
years, these fAndings dmw attentlon to BDD as electrode material cap-
able of adsorpiion of large blomolecules and thelr constituents and of
organie compounds (especially phenolle and other flat aromatle com-
pounds) and with varlability in the surface structure depending on its
pretreatment. In the case of methyl viologen (MV), adsomption of new-
iral, Jow polar form MV® was demonstrated on H-terminated BDD, but
mot at OHerminated surfice [13]. Phenolic compounds in non-londzed
form adsorb at Oderminated [14] or alumins-polished [15] BDD sur-
face. Tramsfer stripping voltammet ric methods were employed for the
determination of vanillin [14,16] and chlomgenic, caffeic, and gallic
acld [15].

Blomolecules and thelr constineents, keown Lo adsorb at sp” carbon
surfaces, have been sudied by means of BDD-based materdals The
knowladge of their adsorptive properties and electrochemical belavior
can provide base for their analysls and further development of bio-
oo and blossays for nvestgaton of specific interactions with
other (blo)maolecules [17]. BOD surfaces with different terminsation
have been employed for investigation of DNA, RNA and their con-
stituents since 2002 [165-29], albeit in leser extent compared o ex-
tensdve literature on nuclele acld electrochemistry at sp” carbons [30].
Purine and pyrimidine bases a3 such seem not to adsorb at BDD surfaces
megardless of the surface pretreatment [21,22]; nevertheless, Cu (1)
complexes of the purines were reported to adsorbat O-terminated BOD
surfaces [27]. Nucleotides and muclecsdes exhibit procliviy 1o ad-
somption themselves or their electrmochemical reacton  producs
[1%9,25 51]. Nevertheless, all mentioned studies wing the BDD elec-
trode aim at detection of cddative signals of guanine adenine, or
thymine Reductive dgnals of the necleohases appear at highly negat ve
potentlals and they are typleally connected to electroreduction of cy-
tosine and adenine (wmually glving a sngle “peak CA™) on mercury-
based electmades [30]. Recently some of s sueceeded in detection of
cathodic signals of thymine, adenine, wracll and S-methyleytosine in
oligonucleptides at pyrolytle graphite elecirode [32]. Introducton of
reducible labels enables to study DMA and 15 componenisat a varety of
elecirode materials, advaniageosly at les negative potentiak as de-
monstrated on hanging mercwry drop, solld amalgam or pyrolytic gra-
phite eleeimades for anthraquinone [33], 3aimopheny] [33-35], ben-
aofurazan [34 ], azidophenyl [36,57], 2, 4-dindtrophenyihydrazine [38],
and M-methyl-4+hydraedne-7-nitrobe neoferazane [39].

At BOD electrode, reduction of nltm group is the most frequently
reportad apprach for electroanalyss of organic compounds in the re-
ghon of negative potentfal. Mitrophenols [40-45] and aminond-
irophenols [46], ndiro-growp contalning drugs (nirofurazone [47],
chloramphenieol [45], selected benzarepines [49]), and pesticides
{methylparathion [50]), and derivatives of polyeyclic aromatic hydro-
carbons amnd heterseycles (1-nlimpyrene [51], S-nitrofluomnthene
[52], S-ndtroquinoline [55]) were investigated at this elecinde mate-
dal.

This work alms at the investigation of electmchemical behavior of
4-nitropheny] trizole labeled nucleosides 2'-desxveytidine (dC™ )
and 7-deszaadencane (dA™ 7 sructures in Fig. 1) at BDD electrode
by means of voltammetric techndgques Electrochemical reduction of
ndirg group, a5 wel & redox activity of the hydroxylamine ‘nitroso
modetles mpresent a base for quantitation of these labeled nusclaosides,
as well as for studies on thelr adsomption at the BDD sudace. As po-
tential competitive adsorbents electmochemically inactive analog dA™
nol possesing the nitro modety a8 well as smaller-molecule organic
nitro aromatics were employed 1o compare thelr adsorbabilicy at the
BOD electrode with that of the miclenside conjugates

2 Experimental
21, Reqgents and soluions

GETNEE JATRNED and dA ™ nusclensides were prepared acconding to
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Flg. 1. Stodural feemolis of (A) SC and (B) dA™™, and (0 their cpclic vol-
tammograms (30 - red line, ghe At folid) and ®ie second
{dashed) scan Crmeemtragion of analytes 1« 107 % mod L™ " of each, supportng ele-
trolyie 0.2 mol L~ acefase bufier pH 5.0, stan rate 05V 5~ . Inktlad potendal — 0.2V,
switching poential — 08V and + 04 V. Peak py - mduedon of — N0., pak b -
eridation of -NHOH, ik i — rednsion of -N0_ (For inespreation of the references o
cMinmmw,umsMnnemmum antide)

previpusly published protocol [54]. Thelr stock solutions in dimethyl
sulfoxide (¢ = 1.36 mmol L~ ') were stored at — 20 "C Stock solutlons
of 4-nitmpheny]l acetylene and Z-nironaphthalene were prepared in
dimethyl sulfoxide at the concentration of 4.08 mmoel L~ . Sup porting
electrolyte, 0.2 mol L™ ¥ acetate buffer pH 5.0, was prepared by mixng
sodium acetate and acetic acld. Alumina ((L5pm) polshing kit was
supplied by Elekirochemické detektory, Tumov, Czech Republic. Mi-
trogen (Nitrogen 4.0, Linde Gas, Czech Republic) was used for re-
moving oxygen from sudied solutons. Acetic acid, sodium acetate,
dimethyl sulfoedde (all pa. purity) were purchased from local produ-
cers, Creeh Republic.

2.2 Instrumentation

The cyclic voltammetry (V) and square wave vollammetry (SWV)
were carfled out wing Autolab PGETATIOL (Metrohm, Switserland)
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driven by Mova 1.11 software. All messuremenis were performed in the
three-dlectmde setup with Ag| Agd (3molL " KCD as a reference
alecirode and platinum wire a5 an awdliary elecirode (both from
Elektrochemické detektory, Turnov, Czech Republic). Boron deped
diamond working electrode with disk diameter of 3.0 mm (geometric
ama 7.1 mm®, B/C mtio in gseous phase during the deposition step
1000 ppm) was purchased from Windsor Sclentific, UK.

2.3 Valrenwmeric procedures

The BDD suface was activated by aluming polishing (a slurry of the
0.5 pum alumina for 15 5) between individieal measurements to prevent
negative consequences of its passivaton camsed by strong sample ad-
begon. 0.2 mol L™ acetate buffer pH 5.0 was used as supporting
alectrolyie, measurements were carred outat mom temperature in the
volume of 2 ml. Samples were diluted to the tested concentration by
supporting electrolyie on the day of measurement. Peak-current vales
{I,) were evaluated from the line connecting current minima at both
sides of the voltammetrde peak. All the solstions were degassed by
S min passing nltrogen

Genemlly, two approaches were employed to sudy the electro-
chemical behavior of dA™ 7 and ™7 In dne voliammetry means
direct recording of voltammogmams in soltion of each substance in
supporting electrayie. It was performed immediately afier immersion
of the polished electrode in the messured sohition or after 153 accu-
mulation at open cirewlt of the sudied substance. For transfer (ex dog)
voltammetry, sample accumulation at the elecirode surface was ap-
plisd. BOD electmde was dipped in the sample solution in supporting
electrolyte for 15 s (If not stated otherwie), washed twice in distilled
water and consequently trandermed to apporting electrolyte for mea-
suement. Oyclle voltammograms were rerorded at the scan rate of
0.5V 5™ " in the potential range from — 0.8V to + 045 V with — 0.2V
as starting potentlal for cathodie scan and without any elecirode actl-
vation between individual scans, if not stated otherwise Frequency (f),
amplitsde {A) and step potential of the staircase waveform (AE) were
optimized parmameters ln SWV for the -NHOH/~NO mdox couple. The
WV anodic scan from — LBV to + (.45 V was pedormed after 153
accumulation of dA™ at open circult followed by 25 reduction at
- 0.8V,

The conceniration dependences were constructed from the average
of four replicate measurements for each concentration of dA™ ™ and
were evaluated by the least squares inear regression method. For cyclic
voltammetry, the limits of detection (LOD) were calculated & a
threefold of the standard deviation s of the peak currents {ten nms) of
the lowest measurable concentration, divided by the slope of corme-
sponding calibration curve k. Compatiton experiments were performed
by tramsferdng one of the analytes (by dipping the BDD electrode for
153 to the analyte solution in supporting electmlyte, followed by
double wash in distlled water) to the supporting electrolyte containing
the other analyte

3. Results and discussion
3.1, In g cyelic voltmnmmery of dA™ ™ gnd &M nuscleosd des

Cyelle voltammetry of A7 and dC™ guclecsides was Arstly
performed in sing Le, in 1 % 107 *mol L solution of either of the
substances in 0.2 mol L~ " acetate buffer pH 5.0 with veriex potentials
of —08V and + 045 V {which are dght next to the bases of the ob-
served cathodic and anodic peaks) The negative vertex potental of
— LBV iz close o the onget of supporting elecimlyte camed by hy-
drogen evolution, but still well within the potential window of BDD
alecirode. Thus this cholce of vertex potentials ensures stability of the
polshed suface and prevents it from anodic oddation or cathodic
hydrogenation. For both substances, typleal signak for ndire group me-
dusction were observed (Fig. 1). In the first cathodic scan, a single
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cathodic peak pey comespond ing to the fowr-elect ron reduction of nitm
group o hydmoxylamine goup (Eg. 1) appears at the potental of
— 060 W (for AA™ ) and — 055 V (dC™Ny
ATNO; + 48 + 4H® — ATNHOH + HzO (1
In the reverse anodie/second cathodie scan a pair of anodic peak py
and cathidic peak pe centred about the potential ca + 0L10 V corre
sponds tothe two electron - two proton quasireversible redox system of
hydmxylaming group (ArNHOH) and nlimso goup (ArNG) (Eg. 2):

(2)

This asumption {5 based on a number of studies devoted 1o the
mechaniam of reduction of aromatic nitro compounds at vadows elec-
trosde materials [55,56]. Thes, formation of corresponding altmso and
hydmxylaming derbatives of desxyadencsine dAT™, 4™ o
deoxyeitd ine 7™, 4T g eypacied. The reduction polentiak
of the mitro group of tested labeled nueclecsides are comparable [49,53)]
or slightly less negative [46,51] than those obiained for other nitm
aromatic compounds at BDD electrmdes in buffers of comparable pH
values. In comparison with mercury-hased elertmdes the reduction of
nitrg group proceeds at more negative potentials, also for other pre
viowsly studied nuclepsides and nucleotdes labeled by a nltro group-
containivg molety, eg., 3-nitophenyl [33,35], 2,4-dindtoophenylhy-
dmzine [38], or N-methyl-4-hydraz in o7 -n trobeneofurazan [39]. Inthe
latter stndies, the reporied reduction potential of the nire molety
— .45 V in ammondum formate — phisphate buffer pH 6.9, e, media
mare basic than the acetate buffer pH 5.0 wad in the current study
sugpests the peak potentlal difference of abowt 0.2 V0.3 V betwean
BOD amnd memury-based electrodes. Thus, as for many other redox
proceses at the heierogensous surface of BDD, the electron transfer at
this material is hindered [57] which leads to more negative potentiak
for reduction of mlitre grouwp.

Interestingly, the peaks arking from redox reaction of the -NHOH/
~N0 couple are symmetric with peak potential difference AF, between
potential of the anodic peak and cathodic peak of 023 V for AT
and 014V for 0™, In general, characterbtics of these peals
nearing the parameters reversible redox systems are known fbr mencury
surfaces (eg., m-AgSAE [55,58]) miher than for BDD surfaces, where
the signals of this redox couple are charactertzed by broadened shape
and large peak potentials separation, even of several hundreds of mil
livolts  [485%] (compare also cyclie volammograms of 2-nd-
tromaphitalene and 4-nltrophenyl acetylene in Fig. 53 in Supplemen tal
materials). For the tested labsled mscleosides the peak-shaped CV sig-
nals and theirstability during repetitive potential cycling indicates their
adsorption at BDD surface The peak potentlal and height differences
for the peaks peq asigned o ndime group reduction and —-NHOH,~NO
Pt/ Pez) redox couple in dAT™ and 4C™? can be atributed dif-
ferent adsorbabilities of the two conjugates at BDD suface, favoring
easler electron tramsfer for dC™ with less negative E, for nitmo group
reduction (pe) and lower peak-to-peak separation for py/pe redox
couple On the other hand, comparison of cytosine and 7-deazaaden ine
nuclenside trphosphates modified by anthragu inone molety resulted in
mare faclle electmn trangfer at HMDE for the later base [33], in-
dicating the imporance of the structure of side chain attached to the
nucleshase on the adsorption capability and striscture of the adsorbed
layer, influencing the electmn trander. The adisrption of dA™ 2 ar
BOD surface was further confirmed by linear dependences of the peak
helghts [, on the scan mie v (see Fig. 51 and Table 51 summarizing the
parameters of the lnear depend i Suppl ital materials) for al
observed peaks. This scan rate and further studies were performed only
with dA™ dnce the described qualitative difference in voltam-
metde signals of both labeled nucleosides & Inslgndficant and thus
dA™E was consldered as typleal representative of nitn group labeled
nucleosides with sufficlent solution stability.

AINHOH + ATNO + 2e + ZH®
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3.2 Er s volemmmerry of 44T

Strong adhesion of dA™ and products of its electrochemical
transformation to the electrode surface was further utilized In ex i
wvpliammetric techniques, which comprise adsorption of the substance
at the BDD surface from a sultable medium (here, the background
alecirolyte solutlon was wed), (i3 trangfer and recording of the vol-
tammaogram in blank supporting electrolyte This techndque has been
previouwsly denoted as transfer stripplng wltammetry, nevertheless, the
term “grpping” is problematic in the case of dA™ due 1o it strong
adsrption at the BDD surface and stability of the adsorbed layer with
minimal desorption during potential cycling when the electrode & im-
mersed in supporting electrolyte in absence of other stromngly adsorblng
apecies The mbust and meehandeal stable BDD electmde represents an
ldeal tisol for ssch approach taking the advantageof easy hamdling, and
further low sample commumption and minimizing of possible matrx
effects dise to the tranger procedire involving washing step.

At fAmt, the time of er g sccumulation G of dA™
fe=1 %10 “melL”") at BDD suface at open clrewlt from sup-
porting electrolyte was optimized with the L. maximum of 303 An
gradisal increae of intensities of all redox dgmak po, Py, and peo is
obvisus in Fig. 2 depicting the fmt two cycles of OVs of JA™ .
oorded after transfer of the BDD electmde to supporting electrolyte
Importantly, the signal of nitm goup reduction poy is practeally
missing in the second scan indieating complete reduction of the ad-
aorbed substance. A minimal cwrrent increase for longer accmulation
than 15 was observed for all three signals, thus L. was used in farther
atudies.

A comparison of the frst two cycles for i sioe and ex gim cyelie
voliammeiry of dA™*™ is further depicted in Fig. 3 and evaluaton of
peak heighis of all peaks pa, po, and pe for ten cmsecutive cycles in
Fig 4 CWs were mcorded ai two conceniraiions of dA™"™ .
presenting complete coverage of the surface (¢ = 1 x 107 *molL™")
and partlally covered surface for contentmtion in the steepest part of
the calibration dependence (¢ = 2 x 10 *mol L~ ", for detalls see
Sertlon 33).

The most important features are as follows: (1) For mdim growp ne-
duction the peak potential & mmumt{s'ﬂ = —{1L.58 mV). For in sim
masie (red dependences in Fig 44 B), a declineof ca 99% and ca 95% is
observable between the first and the tenth cycles for the higher and
lower concentration of dA™ with substantial decrease of ca 91%
and 94%. between the flst and the second CV scan. For ex sie mode

1

0.0
EIV

Fig. 2. Ex sims OV resporces of AA™ mmered in 02 mol 1™ ' acetate buffer pH5.0,

dme of acenmmlation (G of AAT (2 = 1 = 10~ mal L~ ") fom supporting dee

molyte solutor 0% 15, 55 105, 155 305 Imset Peak baighs I evalmed fom the

S e e i {peak fey, W reducton o — N0, (pak p, ) oxidation of -NHOH,

(peak s, ) redootion of -NOU Indtial potental — 04 V, swiching potentials — 08V
and + 045V, scan mﬂsv:",uﬂmmdumnﬂmum:ﬂ.

06 03
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Py
-06 -0.3 0.0 03
ElV
Fig. 3 Ivsis and ex sio cyelic for different joos of dA™™

Black lnes — e sm OVs of dA™™ in sopporting e molyte conmining the anayte. Red
line —CVs of dAT™* after ey sioe accommlation (1, = 15 5) of dA™"' from suppesting
eleamiye. Concenmatdon of dA™M (A} 2 2 10 % mad L%, (B 1 ¢ 10™ Smad 171
The first (mdid), te second (dashed), and the eath (doted ) scan. Supponting dectolyie
02moll”" acetate bofer pH 50, scan rae O5SVs™ ' Inifal powestial —Q2V,

switching potentiaks — 0.8 V and + 045 V. Specification of sigrals (fu, Pai, and fe) in
Flg 1. For interpresndon of the refemenees 1o codoor in &ds fgone kegend, ghe reder ks
rederred o e web verd on of this anrtdde

(pink dependences in Fig. 44, B), when no dA™ ™ iz present in the
solutlon, the poy s practically missing in the second and consecutive
scans indicating complete reduction of the adsorbad dA™™ at the
BDD surface.

(). The dA™* MM 4 4™ winy couple has constant peak potentlal
of ca + 0.1 V fior the reduction of dA™ (p.) for both modes and
concentrations of dA™*™, but a peak potential shifi to less po-
sithve values & obvious for the dA™* ™ midation (pay) In ex o
masde, this changing the peak-to peak separation from + 017V
{insine CV) to + .14 W {er sine V) (Flg. 3). Thus, theoxldation of
dA™SHOM cahly adsorbed at BDD sudace is facilitated in the
absence of dA™™? in solution and/or weakly interacting mole
cules which ame removed by washing Presumably, the mutwal
interactions of dA™**™ glready adsorbed at the surface and
dA™ ™ | the solution aspiring to be adsorbed in the in s mode
disables partlally the electromle communication beiween the
dA™SM molecules and the electrode surface and thus more
positive potential for the in sinethan ex s mode & observed,

Remarkable stability of the peak helghts for dAT™H Oy IO
(Par/Pez) redox couple uwpon repetitive cycling is obvious for

().
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Fig. 4 Dq:muen‘pulhn@(gdmﬁmmmdmﬂmnqﬂmm’hwp“mdmﬁmmn + B and for peades b e (edor eouple -NHOH
(N0 k), CF) of dA™™ depicting read £, valoes (C + D) or L, ratio (E + F), where xrefers io the oumber of cyde. dA™ ™™ concentration (A + €+ E)2 x 10 "mol L ™" or
(B+D+F) 1 x 10" “mal L™ . Measurements were perirmed for different anron gemens with dA™™ aralye and dA™ competiine (see pant 34 for deadk) Red - dA™S i
supporting o e wrolyte, bare BDD electmd e plnk — OFs with M““mn“mﬂumﬂ:MAMMuﬂﬂumm—mdumﬂ ex situ-aorn rulased

au“,d.n“"mnqpumgwm EDD alestrods with ey sin e comm laged AA™ 2, A™ jn artin g edevsrodyie. By sim o AA™™ was alwnys periomed for
1 % 10” “mad 1.~ suk -ISL[Fummdmtrdmmnﬂmrhmﬂgm:w the mader b redermd o the wied wershon of this
anklk)
1% 10 *ma L' concentration of dA™, (e for covered P on repeated CV scans. Mevertheless, It should be emphasized
surface in theexr sine mode (O3 in Fig. 3B and plok symbols i the that the observed current changes are minimal indicating very
Fig. 4D.F) and for the in sing maode (CVs In Flg. 3B and red symbols stopng adsorption of the dA™ ™™ ™9 molecules.
in the Fig. 40,F). Only a dight decline/increase of peak helghis
can be traced for ex sin/in sy mode on I v scan number de- For partially covered BOD surface (fe, 2 % 10 "molL™ " con-

pendences depleted with absolute (Fig 4D) and relative (Fig. 4F) centration of dA™ % (Vs in Fig. 3A and red symbols (it sin mode)
peak current values. On one hand, very sirong adsorpiion of and pink symbols {ex dor mode) in the Fig. 40CE) the sliwaton is
AA™HEM g0l dA™Y conjugates results in minimal desorption, somewhat different. The abowe menticned trends are more pronounced
Le. minimal decline (ca 9%) of pa and ps currents in blank  and the pesk currents for dA™ and dA™™™* in the tenth cycle are by
aupporting electrolyte solution (ex g mode), on the other hand ca 50%,35% lower /higher for the ex sngin dne CV mode (Fig. 4E,
in minimal py and p.: curenis increme (ca 14%) n dA™ relativescaleof I). For the former case the gradual desorption from the
containing supporting electmlyte (in sn mode). In this case, the partally covered BDD surface undedines the imporance of inter
potentlally desorbed molecules can be replaced by dA™ pre-  molecular Intemction of dA™ derhvatives to form stable layer at BDD
sent in the sohition or prodwcts of subsequent redox reactions thus surface. In the in sn mode the surface offers free area for redox reac-
keeping the possibility for mindmal curcent increase in subsequent tions of dA™ from the bulk solution, and thus the signal of its re-
cyeles, and ako for appearance of the “msidual” irreversible peak actlon products dAT g0d JA™S | pmdually increasing, as these
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products of primary reduectiom of dA™ " remain in the adsorbed state.

3.3 Opomization of voltamemetric echniques and concentration

Cyclic voltammetry and square wave voltammetry were used for
quantiation of the dA™? conjuegate Principally, the ex dne technd-
ques with adsorption of the analyte at open cireult are more convenlent
in comparison with in sine techndques, a3 ex dneadsorption may prevent
undesirable matrix effects and decreases sample comsumption by both,
substantially lower sample volume in microliter range meeded for
analysk and eventually, its reuse for repetitive adsorption of the ana-
Iyte Further, evaluation of capability of adsorption of tested species
and thelr interaction with varlety of other compounds in media used for
recording of the voltammet ric scan & a valuable appmoach, typleally in
analysts of DNA and {5 components [30]. For quantliation of 44™*"
the signal corresponding to nitm goup reducton pe or 1o redox e-
actions of dA™ M40 (0 ips) is applicable.

At first, the CV responses reconded at the scan rate of S00mV s~ " at
the potentlal of — 06 V in i sine and er sioe mode were evaluated to
amess the p, simal of nitro group reducton. In both cases, 153 ac-
cumulation of amalyte at open clroult was applied. CV responses showed
similar peak heights [, and linear calibration dependences from
LOumol L7° to 100umol L™ for both modes chamctedzed by the
Tollowing equations

Inslte CV: e (pmol 1) = 0291 + 006 ¢ (umal 1-9-0.153

+ 0093 (K = 0.9935) [£3]

Exlly €V: o lpmol L) = 0155 + 0014 ¢ (pmol L)-0027

+ 0LOBL (R = (.9828) [£3]

The Imits of detection {LOD) calculated as a threefold of the stan-
dand deviations of the peak currents (ten runs) of the lowest measurable
ooncentration, divided by the sope of comrespond ing calibration curve
are (L15 pmol L7 for the in sar and 0003 pmol L™ ° for the ex sing
mide Nevertheless, these detectlon limits are at least ten tmes lower
than the lowest measumble concentration of 1.0pmol L™ for both
mides, because of acceptable repeatability of peak helghts for this
ooncentratiom charmcierzed by RED of 15.0% (i sy mode) and 13500
{ex sime mode). This, this concentration should be considered as the
detection Emit for practical purposes.

Crer attention was further turned to the dAT™* J8™50 sy
oouple, taking advantage of the quasireversble chamcter of its O re-
aponse, for development of SWV methodology. Frequency, amplitude,
and step potential of the stalrease wave form were optimized for in sine
anodic SWV scan in dA™ solution in 0.2mol L ° acetate b ffer
PH 5.0, Exactly, 15 s sccumulation of dA™ at open circult was fol-
lowed by 2 mduction at — 0.8V {and thus generating da ™) and
EWV anpdie scan from — 08 Vio + 045V, Dudng adjuwsiment of the
above mentomed each wias ch d, while the
oihers were kept constant. Frequency was investigated in the mnge of
5200 Hz, amplitude from 10 mV to 150 mV and step potentlal in the
rmnge of 1-1 0 mV. As the laiter parameter has minimal influence of the
shape of SW voltammograms, It was kept at the value AE = 5mV
during all optimizing experiments. The SWV responses for dAT=1,
AT radon couple and evahsation of the peak belghts as a function of
wariation in f for constant value A = 50 mV are depicied in Fig. 5. The
increaze of [ values promotes an increase of peak currenis as resulis of
increaze of the scan rate, which is product of frequency and potential
step in SNV messuremenis. Following the influence of the increase of §
wvalues on SW wliammograms in Flg. 5A, appearance of an indistinet
sepond signal at + 003V for £ = &0 He on the shoulder of the main
stgnal atthe potential of + 0.10 V and increase of background current is
obviouws Further, a pamsitie third peak at ca — 0.1 V appears at the SW
vollammograma Desplie the fact that only the lowest frequencies
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exhibiied single symmetric signal, a higher frequency of 100 He was
chosen for further optimization of A o ensure relatively short scanning
period and prevent additional adsorption of the dA™ % pon jugate and
itz reduction product at BDD sudface durivg the measuement in the
case of the in e mode. Flg. & depleis recorded SW voltammograms for
amplitude A varled from 10mV to 150mV at f = 100 He and the net,
forward, and backwand components of the scan for A = 10mV, 70 mV,
and 150 mV are depicied in Supplemental matertals in Fig. 52 Ob-
viowsly, the backward current component i3 higher than the forward
cumrent component, which appears at more posltive potentlal for
A = 110mV. This ndicates that the coefficlent transfer value a is
lower than 0.5 for dA™ ™ gyidation as suggested by the SWV theory
[59]). For further measurements the maxmal value A = 150 mV re-
sulting in the symmeiric and highest sgnal was wed together with
frequency of 100 Hz and step potential of 5 m\ .

Concentation dependence of the SWV peak beight was meazured in
the dA™ 2 soncentration range of 0.25-10umol L™ It has a sig-
maoldal shape which conflrms strong adsorption of the substance at the
surface. Generally, the Sshaped course of the concentaton de
pendences indicate intermolecular interaction at the swface, where
certain coverage by the substance ind uces adsorption of more molecule
and simultanecusly, the marangement of the molecules at the surface
can facllitate the oxidation freduction proces. At high concentmtion
the siuration of concentmilon dependence indleates full coverage of
the BDD suface. Such S-shaped dependences were typleally reponed
for substances possesing the anthmguinone modety, eg, Z-amindan-
thmgquinone, inchiding basemodified cyiogdne and 7-deszaadenine
nuclesside triphosphates [33] at HMDE.

3.4 Competinive adsorpdon, desorpiion experin g

The above data brought evidence of a strong adserption of 44 ™%
and products of 113 eectmehbemical transformations at the BDD elec-
trode (mandfested in a clear tme-dependent accumulation at the elec-
trode surface, resktance of 115 ex s adsorbed layer towards medium
exchange, and a remarkable stability of the dgnal of p,,/p. palr in ex
s OV seans exhibliing quasi-reversble behaviour). In the following
experiments we focused on competithwe adsorption/desompton of
dA™E gt the BOD electrode surface in the presence o another ad-
sorbing compound. As the competitor we chose phenyl tdazole deox-
vadenosine conjugate (dA™), 4 substance that differs from dAT™ (see
Fig. 1) only by absence of the active ndtm group, thus being supposed to
exhibit smilar adsorption propemies as dA™™, Expectably, CVs of
dA™ showed o CV signals in the potentlal range between — (LB V and
+ 10,45 V in both i sl (Fig & green curves) and ex dn modes When
dA™ wm exr dn-adorbed at the BDD surface (always from its
1 %10 * mol L~ " solution during 155 sccumulation time) and then
CVs were meordad with such modified electrode in solution of 44 ™2
{black curves in Flg. &), signals of the latter compound were detected
bt ihe corresponding peak beights measured in the fira CV scan were
remarkably lower, compared to amalogoes measurements with bare
BOD  elecirode  {eg, peak P curent measured  for
e=1x 10" mol L™ dAT™ was depressed by a factor of 2.9, Re-
peated CV scanndng resulted in a sharp drop in the peak pey, current
between 15t and 2nd scans in agreement with ireeversibility of nite
group reduction (see aboe). On the other hand, heights of the quas-
reversible gz palr gradually increased with the number of potential
cyeles (see 1st, 2nd and 10th cycles In Fig. 9 and dependences of Ip in
Fig. 4 C + D). This peak current increase was relatively {compared o
the values measwred in 1 eyele) more significant than increase of the
I values due to accumulation of dA™ (its reduct lon product) at the
bare BOD elecirode during repeated in sl OV (compare red and green
symbok in Fig. 4). Such effects were observed for both 2 = 10~ and
1 % 107 mol L™ " dA™ % for the higher analyte concentration belng
more prosounced (which in best visble from the plot of relative LY JF'
values, where I, is the respertive peak height measured in 1st cycle
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Fig. 5 Optimizaton of Seguency [ for v s SWV for e

(A)

-NO/ANHOH redox couple (pak Poufpead of A" ar
bare BOD aleemade. (A) 5W wil of AN g
frequency 5 (bodd Hned, 10, 20, 40, 60, 50, 100 (bodd e,
'IH..'Iﬂ.]Eﬂ.IﬂxﬂMdlu}J-hmdB}w
of peaks height £, (a1 B, (1) — 008 iV, (2) + 0,02 ¥, and
. (3} +010mVy on feguency [ Supporting decsolyte
g2molLt acﬂbdfn'p}ls.ﬂ. amplimde A = 50 mV,
potental siep AF = SmV. The 3WV modic scan fom

9 — 08 Vio + 045 V was pedonmed afier 155 ace ol ation
Ly of dA"™™ a1 open creun dllowed by 25 redomion ar
—-0aV

Fig. 6. Opimimdon of amplitode A foo S SWV for ghe

_MO/NHOH mdor conple {peak pu/pesd of A" ar
bas ADD decrode (A) SW valiammegrms of dA™ 5 g
amplitnde 10, 30, 50, 70, 90, 110, 130, and 150 mV, and
. (B} dpendence of pmk bejght [ on amplimde A
mﬂqdmmﬂjml"mmbﬂnp}im
& Frequency | = 100 He, potental sep AF = SmV. (ther
[ ] eomdigons as in Fig. 5.

%o

and ¥ stands for the scan number, Fig. 4 E + FL Such behaviowr sug-
pests gradual exchange of the Inactive dA™ for active dA™2 4t the
alectrode surface and this proces to be dow, In agreement with a
stmarg adsorption of both species at the surface.

Analopois experiments were perfomed in an inverse arangement
Le., with dA™F pp ging pre-accumulated at the BDD electrode and the
dA™ in background electrolyte solution during the CV scans (red curves
in Flg. B). First seans revealed lower peak currents when compared to
values obtained in ex sime CV of dA™™ ™ measured in blank electrolyie
{e.g., by a factor of 1.7 for peak p, and 1 x 107 maol L~ " d4™ jn
sodut don) and during repeated OV scans the peak helght were decreasing
due to desorption of AA™ mduction products andsor thelr exchange
for dA™. However, significant differences between trends in the peak
Pay'Pez I, values versis number of CV scans (up 1o 10) obtained for
measuements in the absence and presence of dA™ In the solution
{compare pink amd blue symbols in Flg 4) were observed only for
1% 10 *molL™" dA™, suggesting that in the case of
2% 107 *mol L~ dA™ the major contribution to the observed I,
decrease came from desorption of dA™™ reductlon product s without
significant role of dA™ in solution (which preferentially socupled fres
siies the surface incompletely covered with dA™ ) On the other
Tsand, exchange of dA™ % reduction products for dA™ got imporiance
when concentmtlon of the fomer compound was Increased 1o
1% 10 *mol L™, resuliing in neady full coverage of ihe elecirode
with the pre-accumulated dA™" (308 Fig. 4). Momover, under the
latter conditions we observed remarkable shifis of potentals of all three
peaks in the directions of potential seans (Fig. & red curves), indicating
that in the presence of dA™ the comesponding redox processes became
mare difficult. Interestingly, no such effect was deterted in the op pogte
arangement, Le., with dA™ pre-adsorbed at the BDD electrode and
AA™* coming from the solution. Thiss it seems that durng exchange
of d4 ™ fgr dA ™ some rearrangement of the dA ™7 adsorbed layer
takes place, making the redox cenire les accesible for commundcating
with active sites at the BDD surface and sowing down the electron
trasfer kinetles (more experimental work will be needed to clarify
these plhenomena).

As It can be concheded from the above experdments, both dA™ 02

0.05

010 0.15
AlV

{and products of i primary redection) and dA™ exhibit comparable
adsorbability at the BDD electrode which is, paticulady at this type of
electrode, unuamlly strong Such strong adsorption can be related to
rather complex structure of the nuclesside conjugates composed of
densyribose, nscleobase and three sdm aromatic rings (see Fig. 1) The
high net adsorbability of the modified nucleosides can thus be aseribed
to cumulative (andfor coopermtive, see the S-shaped concentmtion
dependence, Flg. 7) contributlons of these modetles. In next experdments
we med simple aromatic ndiry compounds such as 2-nlironaphithalene
and 4-nitrophenyl acetylene (the latter representing a bu lding block of
dA™ and dC™Y, Importantly, none of these compounds gave
measurable sigmals of the nitro gronp or prodects of (s redection in the
ex gie mode of CV, suggesting their only weak Interaction of the

10} -

o
¢/ pumol L
Flg. 7. Concenmadon dependence of -NHOH/~NO (Pui/Pes) nedor couple of nedosed
AT pyainased froam ew sim SW ol mmnogramme: AA ™™ ey oy arcom nlased d 15 5
at the DD saarode atopen cinonit from s pporting deeralye, follwed by trander o
sup poating eleamlye, 2 5 redo ot on and ancdic SW ran fom - 0.8V o + 045 V. SNV

frequency 100 Hz, e 150 mY, powendal step 5mV. Supposing

elecmiye 02 mol L™ acefate boffer pH S0 The amor bars are corstocted as sandard
deviatons (m = 4
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Fig. 8. Cyelic voltam megrams for competition experimens of dA™™ and dA™ = AEDD
surfee Alack lines - CVs with dA™ ex sissacrnmuolated o the BDD elecinode, mesored

in supporting o ectrolyie contalning AT £ = 1 x 107" mal L™ '} Accomulation of
AA™ (2= 1 % 107" mal L™ ") for 15 5 Som suppormng elemalyte sohmion. Red |ines —
OV with AA™ oy pies geemmmlated ot the BDD electnde £ = 1 x 10" S mad L~ ¢,
fap = 155} d i iy b an™
fe=1x 10" *mal L~} Grem lnes - OVs of dA™ (= 1 x 10~ % mal L.~ '} in sop-
peoeming, el malyte o bare BDD damode. The fiest (nlid), the sarond {dashed), and the
emh (domed) seare are depleted Supposting elecvolyte 0.2moll”' acemte buffer
PHE0, wan rate 05 Vs~ ' Inithd poertial — 0.2 V, meiching poentiak - 08V md
+ 045 V. Specification of sigmals (po, Par. Pead In Fig 1. (For bnepreadon of S re-
ferences 1o eolowr in diks Agore kgend, Sie render b refered 1o the web version of Sk
asticle)

alecirpde which did not redst the med um exchange. When measured in
s (solld curves in Fig. 9) both of them yielded well-developed peak
Py e 00 nitm group reduction. On the other hand, the p,,/po par
was less well developed and showed remarkably higher AF, 027 V or
(.47 V for Z-ndtronaph thalene or 4-nltrophenyl acetylens, compared to
0.23V gbiained for dA™). Momeover, during 10 repeated CV scans
(Fig. 53 in Supplementary material) the peak po helght decreased with
increasing number of scans less steeply than observed dA™ ~ and
tended to stabilization at about 53% (2-nironaphithalens) and 42% (4
nitrophenyl acetylene) of values measured for the 1st scan. Helghts of
pedks P amd pee were ncreasing les significantly than observed for
dA™* particulady in the case of 4-nitropheny] acetylene for which
practieally no change in I, during the CV sanning was detected (Fig.
53). Taken together, these observations indicate a lack of (grong) ad-
sorption of these two compounds and thelr reduction prodects at the
BDD electrode.

Finally, we studied CV responses of Z-ndtronaphthalens or 4-nd-
trophenyl acetylene at BDD electmade covered with ex sy pre-aceu-
mulated dA™ (from s 1 x 107 mol L solution for fee = 2, 15 or
30 5). Already after 2-5 pre-accumulation of dA™, signals of both ana-
lytes exhibited E, shifis in the direction of potentlsl scans {dashed
curves in Fig. 9). While peak p_, remalned relatively well measurable
even when recorded at the dA™ modifled BDD electrde, the pa/pe
pair practically disappeared in the case of the 4-nitrophenyl acetylene
and was (besides further increase in the AF, valse) strongly suppresed
in the case of Z-nitmnapthalene Pmolonged accumulation of dA™
cawsed funher depresson of the aill measumble signals (Fg. 9, but the
magniiude of changes observed between 2 and 305 was much smaller
than the difference between signals measured ai bare BDD electrode
and those obtained after 2.5 dA™ accumulation. Thus, the elecirode
coverage by dA™ was almost complete after the shortest accumulation
tme The observed efferts suggest that while the reduction of ntro
goup can take place at the alectrode surface covered by the stongly
adsorbing inactive dA™ (albelt with ap parently slower elactron transfer
kinetics), redox processes of -NHOH/~NO comesponding to peaks p,, 7
Pz are under the same cond ons srongly suppressed. Interestingly, 2-
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Fig. 9. Cydic winmmograms for compedson of dA™ and (A) 2-aironaphtbalers and
(B} 4-niropheny] acetylen: at BDD surface Solid lnss be s cpelic volamm ograms of
(A} Zadtn and (B} 4ol (e=1x10" " mal =" of eack)
mesured xmmmehqmmmﬂsﬂmdﬂ"u“n
mulaied ai the BDD dlecirode d in (A} Zal

B4 =1x 10" *mall~" ofeach). dA™ was
aherbed at BDD surfare for 25 (dask), 153 o), 30 5 (dash dot) fom s solotion of &
(dA™) = 1 % 10" mol L~ " Seon raee 05 Vs~ 'in0 2mod L~ " aretase bofier pH 500
In inset — commesponding dependences of peakc py bedght I, on e time of aocuwmlation

0.0

£

nironaphthalene posessing two condensed aromatic rings appears 1o
be slightly more potent to break onto the electmde surface than 4-nd-
tropheny] acetylene with only one ammatic ring.

4. Conclusbon

P-Deoxyeytdine and T-deazsadencsine modified by 4-ndtoop hen i
trizole were studied by voltammetre techniques at boron doped dis-
mond elecimde in acetate buffer pH 50, Strong adsomption of these
confugates was revealed &t the alumina-polhed BDD surface, proved
by peak-shaped signals of nitro group reduction and adtroso,hydm-
xylaming quasireversible redox couple with remarkable stability under
repetitive cyeling, linear dependences of their peak currents on the scan
rate and even possibility of transfer of the labeled nucleoside ex sm
adsorbed at the BDD suface. The polentiaks of the well-developed CV
response of nitro group correspond or are slightly less negative than
those of other nlire aromatc compounds at BDD  electrodes
[46,49,51,53], the highly stable response of the — NHOH/-NO redox
couple with low peak potental difference of ca 0.2V has not been
virnsally reported vet and can be used for quantitation of d AT wsing
andic adsomptive transfer square wave woltammetry after ex dme ae-
cumulation of dA™ = at BDD surface. This approach is rather wnigue,
as up to now employment of transfer techndques with BDD elecirode
wias reporied only for phenolic compounds, mostly carboxylic aclds in
non-ionkzed form [14-16].

Further, we focised on adsorption/desorption studies to address the
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importance of the structure of nucleoside conjugates composed of
deoxyribose, nuclechase and three exim aromatlc rings with attached
niiro growp. Unusually strong and fast adsorpton was proved for all
three 7-deszaadenine conjugates axhibiting redox actvity (dA™,
dATNE A TR a1 pollshed BDD alectrode, as well & the nitro
group lacking, thus electrochemically inactive conjugate dA™. Simpler
ammate mire compounds  [(4-nltropheny]  aceiylene and  Z-nd-
tromaphihalens) do not strongly adsorb at the BDD swrface and the
electron transfer for all investigated processes is depressed when the
BDD surface is covered by dA™.

The simng adbedon of the tested strongly adsorbing mscleoside
conjugates o the BDD surface sugpest possiblitdes of thelr selective
determination in miztures with non-adsorbing or weakly adsorbing
spectes, taking advant of simple separation {and enrichment) at the
alecirode suface (in fact wing a principle of adsomtion chimmato-
graphy). Natwmally, applications in determination of 4-nitrophenyl
triszole necleosthide conjugates (or other electroactive stromgly ad-
sorbing derivatives) in reaction mixtures durng ensymatic procesing
of nuclele aclds (eg., thelr consumption during incorpomtion by DNA
polymermses or production during modified DNA ceavage with nu-
clenlytic enzymes) can be envisaged and will be elabomated in following
studies.
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