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Abstract In an attempt to increase the stability and efficiency
of hemin-modified electrodes, the present work reports the
preparation of a new modified glassy carbon electrode obtain-
ed by immobilization of hemin (Hm) on the electrode surface
together with a new N-substituted melamine (2,4,6-triamino-
1,3,5-triazine) based G-2 dendrimer comprising p-
aminophenol as peripheral unit (Den) or with one of its ana-
logues, a melamine G-0 dimer (Dim). Basic structural fea-
tures, able to determine intimate relationships between Hm
and Dim (or Den) at room temperature in solid state, were
evidenced with the use of vibrational analysis carried out by
FT-IR. This method revealed contacts between Hm and Dim
or Den respectively as H-bond interactions, proton-inter-
change, and 7t-7t stacking interactions. The new modified elec-
trodes were characterized by cyclic voltammetry and electro-
chemical impedance spectroscopy and tested for amperomet-
ric detection of H,O,. In this purpose, GC/Hm-Dim electrode
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exhibited better catalytic properties than GC/Hm-Den elec-
trode, but lower stability.
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Introduction

The detection of low levels of hydrogen peroxide (H,O5) is of
particular interest for modern medicine, environmental con-
trol, and various branches of industry. Among the catalysts
used for H,O, detection, hemin (Hm) is efficient as mediator
based on the reversible Fe(IlT)/Fe(IT) redox couple present in
its structure.

This functionality makes this minizyme very attractive for
bioelectronic and bioelectrochemical sensors applications
[1-3].

Hemin is a well-known protoporphyrin IX containing a
ferric iron ion (heme B) with a chloride ligand. However,
the direct use of hemin as a redox catalyst in aqueous media
is still a challenging task because of its aggregation leading to
inactive dimers [4]. As a consequence, the electrochemical
stability of hemin modified electrodes is, usually, unsatisfac-
tory [1]. Therefore, in order to ensure good sensing perfor-
mances of the electrodes, a smart immobilization of hemin on
substrates is necessary.

Various methods have been used to realize hemin-modified
electrodes, such as entrapment in a polymeric matrix [5, 6],
adsorption on different carbon nanomaterials [3, 7], drop cast-
ing [1], layer-by-layer deposition [8], incorporation in carbon
paste [9], etc. Nevertheless, other new alternatives should be
investigated in order to increase the performances of the
hemin-based electrodes.
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Dendrimers are attracting increased attention nowadays be-
cause of their unique structures and properties [10].
Dendrimers are branched macromolecules with a fractal struc-
ture that exhibit a high degree of constitutional order, with the
possibility of containing selected chemical units at
predetermined sites of their molecules [11]. The dendritic ar-
chitecture can serve as a versatile platform for host-guest in-
teractions, e.g., in the design of novel encapsulation agents
[12], and/or surface interactions with oppositely charged mol-
ecules [13]. Dendrimer-modified surfaces can potentially be
applied as catalysts with multiple redox reaction centers [14],
being well suited to modify electrode surfaces and to support
charge-transfer mediators [15]. On the other hand, except our
previous reports [16, 17], so far almost no attention was paid
to dendritic melamines’ electrochemical behavior.

In this context, aiming at increasing the stability and effi-
ciency of hemin-modified electrodes, the present work reports
the preparation of a new glassy carbon electrode modified by
hemin immobilized on the electrode surface together with a
new N-substituted melamine (2,4,6-triamino-1,3,5-triazine)
based G-2 dendrimer comprising p-aminophenol as peripheral
unit or with one of its analogues, a melamine G-0 dimer.

By enhancing the hydrophobic nature of the electrode-
solution interface and by stabilizing and concentrating the
mediator (hemin), the use of two new N-substituted mela-
mines (a dimeric G-0 dendron and a G-2 dendrimer) compris-
ing p-aminophenol as peripheral unit aims at improving the
electrochemical and electroanalytical properties of the hemin
modified electrodes. The new modified electrodes were char-
acterized with the use of cyclic voltammetry and electrochem-
ical impedance spectroscopy and tested for amperometric de-
tection of H,O,. Moreover, a better understanding of the inti-
mate interactions between the different organic molecules
present on the electrode surface was also acquired.

Experimental
Reagents

The 98 % purity iron(IlI) protoporphyrin IX chloride (Hemin,
Hm), having the formula presented in Scheme 1, was pur-
chased from Fluka, Switzerland.

The compounds used in this study to immobilize Hemin
(Hm) on the surface of the GC electrode were a Dimeric
melamine G-0 dendron (Dim) and a G-2 melamine
Dendrimer (Den) (Scheme 2) [17] (for the present work, see
Supplementary material their NMR and HRMS
characterization).

Hydrogen peroxide, (H,0,), Na,HPO4-2H,0, and
NaH,PO,4-H,O were obtained from Merck (Darmstadt,
Germany). All reagents were of analytical grade and used as
received. The supporting electrolyte for electrodes testing was
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Hemin (Hm)
[Chloro(protoporphyrinato)iron
Ferriprotoporphyrin IX chloride
Iron(l1l) protoporphyrin chloride]

Scheme 1 Structural formula of hemin

0.1 M phosphate buffer solution (pH 7) obtained by mixing
appropriate solutions of Na,HPO4-2H,0O and NaH,PO4 -H,O.
A solution of 0.1 M KCI containing 0.05 M K;[Fe(CN)gl/
K4[Fe(CN)g] was prepared by dissolving an appropriate
weight of salts supplied by Aldrich-Sigma in distilled water
and used to investigate the accessibility of the electrode’s
surface.

DMSO (Merck, Darmstadt, Germany) was used as solvent
for the melamine compounds.

Apparatus and methods

Voltammetric measurements were performed using a
PGSTAT 12/100, Booster 20A, electrochemical station
(AUTOLAB, The Netherlands). A pH-meter (MV 870
PRACITRONIC, Germany) equipped with a combined glass
electrode was used to measure the pH of solutions. For shak-
ing the solutions, a vortex mixer (100-3000 rpm from Falc
Instruments) was used. A three-electrode electrochemical cell
consisting of a working electrode (glassy carbon) with inner
diameter of 3 mm, a Pt counter electrode, and an Ag/AgCl/
KClg, reference electrode has been used for all experimental
measurements.

Amperometric measurements were performed at applied
potential of—0.35 V versus Ag/AgCl, KCl,,, under continuous
stirring of electrolyte, by repetitive addition of 50 puL from a
102 M H,0, stock solution in 10 mL buffer solution.

The ac impedance analysis was carried out in a frequency
range from 10 kHz to 0.01 Hz at room temperature, by im-
mersion of GC/Hm, GC/Dim, GC/Dim-Hm, GC/Den, and
GC/Den-Hm modified electrodes in 0.1 M KCI containing
0.05 M [Fe(CN)g]> /[Fe(CN)s]*". The EIS spectra were re-
corded at 10 points per hertz decade with an AC voltage am-
plitude of £10 mV. The applicability of the models used for
the fitting procedure of the spectra was confirmed by the chi-
square (%) values that were typically lower than 107>,

For vibrational analysis, two DMSO solutions, containing
mixtures Hm-Dim or Hm-Den in 5:1 molar ratio, respective-
ly, were lyophilized. The resulted solids were analyzed by FT-
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Scheme 2 Structural formula of the melaminic dimer (a) and dendrimer (b)

IR spectroscopy carried out on a FT-IR Bruker Vektor 22
spectrometer.

Preparation of the modified electrodes

Before modification, the glassy carbon (BAS Inc., USA)
working electrode was wet polished to a mirror-like finish
on wet fine (grit 1200 and 2000) emery paper and felt with
alumina slurry (Buehler, Lake Bluff, IL, USA), and then son-
icated for 30 min.

Stock solutions of 10> M of Dim, Den, and Hm were each
prepared by dissolving appropriate amounts into DMSO.
Standard solution of 5 mM Hm-Dim and Hm-Den were pre-
pared by dissolving the appropriate amount of hemin in the
stock solution of melamine compounds. The surface of the
glassy carbon electrode was then modified with 10 uL of the
abovementioned liquid mixture and dried in hot air. Then, the
electrode was ready to use, without any further electrochem-
ical or chemical pre-treatment.

Results and discussion
Structural data of dendritic melamines Dim and Den

According to DFT optimization at M06-2X/def2-TZV
level of theory [18], in strong hydrogen bond acceptor

solvents [19] such as DMSO, Dim and Den revealed a
unique and regular peripheral shape consisting of the
“parallel” anti(|)-anti(]) (Scheme 2) [19] orientation of
the two C-4, -6 p-hydroxyphenyl units against the third
s-triazine N-ligand linked at C-2, 4,4"-bipiperidin-1-yl (in
Dim) or piperazin-1-yl (in Den). This assignment origi-
nates from the well-documented character of the bonds
CP?(s-triazine)-N(exocyclic) as partial double, due to the
IpN(exocyclic) — m(s-triazine) conjugation [20-24].
Therefore, it was expected that the same anti-anti periph-
eral arrangement of the p-hydroxyphenyl units in Dim
and Den remained unchanged in solid state, as in the
case of other reported N-substituted amino-s-triazines
[24].

Compound Dim had an almost planar structure due
to the “chair to chair” anancomeric [25] (rigid)1 confor-
mation of the central linker, 4.4'bipiperdine. By contrast,
piperazine, the internal linker in Den, was chair 2 chair
flipping, in solution. In spite of this flexibility, the DFT
optimization at M06-2X/def2-TZV level of theory of
G-2 melamine dendrimer predicted a global vaulted
shape in DMSO to be kept as well in solid state

(Fig. 1).

! According to the definition from Ref.[25], rigid is “fixed in a single
conformation either by geometric constraints or because of an over-
whelmingly one-sided conformational equilibrium.”
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Fig. 1 The optimized geometry structure of compound Den obtained at
MO06-2X/def2-TZV level of theory (the H atoms were omitted for reasons
of simplicity) [18]

FT-IR analysis

The FT-IR spectra obtained for solid mixtures containing
Hm-Dim or Hm-Den in 5:1 molar ratio were compared
with those of pure compounds Dim, Den, and Hm
(Fig. 2). The vibrational analysis revealed intermolecular
interactions, in solid state, between Hm and Dim or
Den, respectively. They can be grouped as (a) intermo-
lecular H-bond interactions, (b) proton-interchange, and
(¢) m-7t stacking relationship.

As expected, the H-bond interactions involved, pri-
marily, the OH phenolic groups of Dim and Den. In pure
Dim and Den, these groups exhibited large stretch bands,
around 3400 cm !, consistent with the existence of com-
pounds, in solid state, as polymeric Ar-O(H)...H...O-Ar,
i.e., (anti-anti),, networks. Addition of a 400 % molar
excess of Hm promoted a significant shifting upfield of
the voy absorptions (about 100 cm ') due, most likely,
to the in-between intercalation of the Hm peripheral car-
boxyl groups as H-bond donor-acceptor competitors (see
later discussion). This shifting was more important if the
melamine was planar (Hm-Dim vs. Dim, Fig. 2a) rather
than vaulted (Hm-Den vs. Den, Fig. 2b). Here, we note
the position of the NH stretching band, around
3300 cm ', in agreement with the intramolecular IpN(s-
triazine)...H...N(exocyclic) association [20-24], hence
irrelevant for the present discussion.

According to literature [26], the Hm sharp strong band
located at 1700 cm™ ' were attributed, classically, to the C=0
stretch in the carboxylic acid groups. After the 400 % molar
excess mixing of Hm with dimeric melamine G-0 dendron
Dim, this band was shifted at 1706 cm ' (still strong) and
partially split into additional two weaker bands, at 1737 and
1651 cm ™' (Fig. 2a). A similar but complete splitting was
previously noticed and assigned by Tom and Pradeep [27,
28] in the case of IR spectra of Hm (KBr matrix) immobilized
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on Au and Ag nanoparticles.” Following this example, the
band at 1737 cm ' were assigned to C=O stretch of the H-
bonded free carboxylic acid group [27]; meanwhile, the band
at 1651 cm ' disclosed the same C=O stretch in carboxyl
groups bounded to Dim, as carboxylate anion [26] (reported
pK, of Hm = 6.63 [29], 4.8-5.7 [30]). Surprisingly, the above
splitting was re-found more important in the IR spectrum of
mixture Hm-Den because veo (1700 cm ', strong in pure
Hm) was shifted to 1703 cm ™' and divided as 1736 and
1652 cm ' in Hm-Den. One can easily observe that all three
Vc—o normalized absorbance in Hm-Den were about four
times weaker in comparison with that in pure Hm. That is,
the proton interchange was, by far, significant in Hm-Den
mixture with respect to that revealed by Hm-Dim one. The
major structural differences between melamines Dim and Den
consisted mainly on their size (Scheme 2) and global shape,
planar against vaulted, respectively; at this stage of our
knowledge, we hypothesized a partial encapsulation of planar
Hm (an already published [31-34] aptitude of this metalo-
porphyrine) by a multi-branched structure [31] such as Den,
creating a new potential metal-organic framework (MOF)
[32-34].

The nature of 7t-7t stacking relationships in metalo-
porphyrines is very well documented [35]. In the case of
Hm-Dim and Hm-Den mixtures (Fig. 2), important normal-
ized absorbance changes and shifting were observed in the IR
region 800-1600 cm ', suggesting 7-7 stacking interactions
between Hm and melamine partners. They implied, simply,
the m-excessive pyrrole units (in Hm) as donors against 7-
deficient s-triazines (in Dim or Den) as acceptors. If so, this
assignment completes those above, namely H-bond and pro-
ton interchange.

Cyclic voltammetry

First, the electrochemical behavior of glassy carbon electrodes
modified with the abovementioned compounds was investi-
gated by cyclic voltammetry. Figure 3 shows the cyclic volt-
ammograms recorded in phosphate buffer (pH 7.0) at GC/
Dim and GC/Den modified electrodes. For a comparative
study, the voltammogram recorded at the unmodified glassy
carbon (GC) electrode are also presented.

In the absence of hemin (Hm), no redox peaks were of
notice over the entire investigated potential domain.
Addition of hemin determined the appearance of a clear pair
of redox peaks which can be attributed to the Fe(Il)/Fe(III)
redox couple existent inside the hemin molecule, i.e., a typical
behavior for a porphyrinic structure.

It should be emphasized that the formal potentials of the
Fe(I)/Fe(III) redox couple (E®, estimated as the average value

2 Voo 1700 em ™! (in free Hm) but 1713 and 1664 cm™' in Hm
immobilized on Au, Ag(l), and Ag(Il) nanoparticles [27, 28].
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Fig. 2 Comparative FT-IR spec-
tra (KBr) of compounds Dim,
Hm against their 5:1 molar mix-

ture Hm-Dim (a); Den, Hm
against their 5:1 molar mixture
Hm-Den (b)
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of the anodic and cathodic peak potentials) is influenced by
the immobilization matrix (Table 1). The different formal po-
tentials of the redox couple noticed in the case of GC/Hm-
Den and GC/Hm-Dim electrode (£ =-0.271 and —0.340 V,
respectively) reflect the matrix-dependent behavior of Hm,
caused by (1) the different orientations of the immobilized
mixture of molecules on the electrode surface and (2) by in-
teractions occurring between Hm and Dim or Den molecules,
as revealed by FT-IR data. Thus, the communication between
Fe(II)/Fe(Ill) redox centers of immobilized hemin and the
electrode material took place differently.

T
3600

—T
3300

' 77 1 v I N

T T
3000 2700 1800 1500 1200 900 600

-1
Wavenumbers (cm )

The dependence of the anodic and cathodic peak currents
on the scan rate was also investigated (Fig. 4) in a large range
of scan potentials (10-1000 mV sfl).

The peak potential difference AE, ¢, at GC/Hm-Dim and
GC/Hm-Den was smaller than at GC/Hm, indicating that the
redox reaction has an improved reversibility in the first two
cases. In the absence of melamine species, used as immobili-
zation matrix for Hm, the slope values of log / versus log v
plot were close to 0.5, indicating a diffusion-controlled pro-
cess. As expected, for GC/Hm-Dim and GC/Hm-Den, the
dependence / versus v plots was linear (Fig. 4b) and the slope

@ Springer
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Fig. 3 a Cyclic voltammograms (2nd cycle) at GC, GC-Hm, GC/Dim,
GC/Hm-Dim and b cyclic voltammograms at GC, GC-Hm, GC/Den,
GC/Hm-Den, respectively. Experimental conditions: electrolyte, 0.1 M,
phosphate buffer (pH 7); scan rate: 50 mV s '; starting potential, 0.2 V

values of log [ versus log v plots were close to 1 (Table 1),
symptomatic of the presence of a surface-confined redox cou-
ple. Deviations observed in the case of anodic peak corre-
sponding to GC/Hm-Den electrodes could be due to a certain

Table 1  Parameters of the log-log linear regressions corresponding to
the peak current (A) dependencies on the potential scan rate (V s ') for
GC/Hm/Dim and GC/Hm/Den eclectrodes (experimental conditions—
see Fig. 4)

Electrode Slope R/n

Oxidation Reduction Oxidation Reduction
GC/Hm 0.515+£0.006 0.779+0.044 0.9995/9  0.9905/8
GC/Hm-Dim 0.915+0.022 0.994+0.025 0.9955/9  0.9951/9
GC/Hm-Den 0.723+£0.052 0.936+0.020 0.9996/9  0.9964/9
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Fig. 4 The cyclic voltammograms of GC/Hm/Dim electrode at different
scan rates (a) and the corresponding influence of scan rate on the current
intensity (b) for GC/Hm, GC-Hm-Dim, and GC/Hm-Den electrodes.
Experimental conditions: electrolyte, 0.1 M, phosphate buffer (pH 7);
scan rates, see inset; starting potential, 0.2 V vs. Ag/AgCl, KClg,

contribution of the diffusion to the voltammetric response,
especially at high scan rates.

The values of | 7,/I.| ratio were also close to 1, indicating
that the electrochemical process taking place at the electrodes
was quasi-reversible (Table 2). This fact was confirmed as
well by the relatively small variation of AE,., with the scan
rate (results not shown).

From data listed in Table 2, one can see that the surface
coverage was larger than the value corresponding to a hemin
monolayer (7.5 x 10" mol cm ™) [3] indicating the formation
of more than one monolayer of hemin. However, this value
was in agreement with those already reported in the literature
for hemin modified surfaces [36].
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Table 2 Electrochemical parameters of voltammetric response for GC/Hm, GC/Hm-Dim, and GC/Hm-Den modified electrodes (experimental

conditions—see Fig. 3)

Electrode AEpcar (V) Erwiam (V) | Ia/Icl Surface coverage® (mol cm )
(V/Ag/AgCIKCI)
Anodic Cathodic Anodic Cathodic
GC/Hm 0.194 0.235 0.173 -0.350 1.870 2.83x107° 9.15x10°1°
GC/Hm-Dim 0.140 0.169 0.128 —0.349 1.189 127x107° 7.66x 10710
GC/Hm-Den 0.177 0.117 0210 -0.271 0.933 321%107° 230%107°

Speak

# Calculated from under the peak areas recorded during the CV measurements at (50 mV s 1) scan rate, using the equation I” = %4 [Speax = under peak
area (C); A = geometric electrode surface; z = number of transferred electrons; F' = Faraday’s constant (C mol ! )]

The peak width at half peak height (Erwn) was found to
be higher than that corresponding to the ideal case (Erpwm =
90.6/n mV), proving the existence of repulsive interactions
between the surface-confined redox species.

Rate constants for the heterogeneous electron transfer pro-
cess (ky, s 1) corresponding to the Fe(IIT)/Fe(Il) redox couple
of Hm at GC/Hm-Dim and GC/Hm-Den eclectrodes were
estimated using Laviron’s treatment for the voltammetric re-
sponse of adsorbed species when AL, <200/n mVand o =
0.5 [37].

Thus, the average electron transfer constants for GC/Hm-
Dim and GC/Hm-Den electrodes were 0.556 £0.270 s~ ' and
0.334+0.103 s, respectively. These values were lower than
those for other hemin-modified electrodes such as hemin
immobilized on MCWT [38] or on glassy carbon modified
with PAMAM and MWCNT [39], probably due to the differ-
ent orientation of hemin molecules on the electrode surface
which influences the charge transfer rate [7]. Due to the same
reason, the electrode reaction was faster when Hm was
immobilized with Dim than with Den layer. In spite of this,
the lower activity of our modified electrodes GC/Hm-Dim
and GC/Hm-Den was compensated by their good stability.

Thus, the electrochemical stability of GC/Hm-Dim and
GC/Hm-Den electrodes, evaluated under potentiodynamic
conditions by repetitive cyclic voltammetry measurements
(50 cycles), was investigated in phosphate buffer solutions
of pH 7, at 50 mV s~ potential scan rate. For both GC/Hm-
Dim and GC/Hm-Den clectrodes, the shape of the voltam-
mograms remained invariant during cycling, proving a very
good stability and a small variation of surface concentration,
as illustrated in Fig. 5 for GC/Hm-Den electrodes. The cur-
rent of the 50th cycle represented 84 % from the anodic cur-
rent and 95 % from the cathodic current recorded in the first
cycle, respectively.

The electrode deactivation process obeyed zero-order ki-
netics as confirmed by the /¢ dependence analysis, observed
in the time range 0-2500 s. The low values of the deactivation
rate constants of GC/Hm-Dim and GC/Hm-Den electrodes
[(kdeac) GCHmDim = 1.7 X 10 12 £0.360 x 103 mol cm 25",
R/n=0.8855/8; (kgeact)GC/Hm/Den = 1.17 x 10713 £0.360 x

10 ¥ molem 2s !, Rin= 0.7721/9], estimated from the ca-
thodic peak currents, proved a better chemical stability as
compared with GC/Hm electrode [(kgeact)Ge/Hm = 9-44 %
107°+0.380 x 10" mol cm > s™'; R/n=0.9788/30]. The
better stability can be assigned as due to the presence of the
melamines Dim and Den, which contribute to a better immo-
bilization on the GC surface through intermolecular interac-
tions in solid state between Hm and these compounds (H-
bond interactions, proton-interchange, and 7-7t stacking inter-
actions). As expected, due to the stronger interactions between
Hm and Den, evidenced by FT-IR analysis, the stability of the
GC/Hm-Den was slightly higher than that of GC/Hm-Dim
electrode.

Electrochemical impedance measurements

With the aim of assessing electrode activity, Nyquist imped-
ance diagrams were also recorded at the different modified
electrodes in the presence of [Fe(CN)]® /[Fe(CN)g]* redox
probe in solution (Fig. 6).

In order to obtain the steady-state potential values neces-
sary for the EIS measurements, prior to the recording of

3.6 4

1.8 1

0.0+

17 uA

-1.8 1

8

s mol cm™2

0.000———r——+—
0 800 1600

time /s
08 06 -04 02 00 02 04

E /V, Ag/AgCl, KCI
Fig. 5 The stability of GC/Hm/Den reflected in repetitive
voltammograms (a) and in the variation of peak currents in time (b).

Experimental conditions: electrolyte, 0.1 M, phosphate buffer (pH 7),
scan rate, 50 mV s~ '; starting potential, 0.2 V vs. Ag/AgCl, KCly,
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Z" | ohmcm

Z'/ ohm ¢:mz

Fig. 6 Nyquist impedance diagrams for GC (0), GC/Dim (o), GC/Hm-
Dim (A), GC/Den (v), and GC/Hm-Den () modified electrodes record-
ed at the open circuit potential after immersion in 0.1 M KCI+ 0.05 mM
[Fe(CN)f,]}/[Fe(CN)d4 “ solution. /nset: equivalent electric circuit type
R(Q(RW)), used for the modeling of un/modified electrodes.

impedance spectra, open circuit potential (OCP) versus time
measurements were performed.

One can observe that the system exhibited diffusion-
like behavior dominant at low frequencies.
Unsurprisingly, the presence of compounds Dim and
Den on the electrode surface brought a significant in-
crease of both the real and the imaginary component of
the impedance to suggest that the melamine derivatives
adsorbed on the electrode surface hindered the penetration
of [Fe(CN)¢]* /[Fe(CN)s]*™ redox couple. On the other
hand, due to its low conductivity, the adsorbed hemin
contributed as well to the impedance increase [40].

The impedance spectra were analyzed by considering
the equivalent circuit (R(Q(RW))), widely used in the lit-
erature to describe the processes taking place at modified
electrode surfaces, shown in the inset of Fig. 6 [41]. The
circuit contains information about the charge transfer step
and the diffusion taking place at the electrode interface. It
includes two resistances (Ry and R.) and one constant
phase element (CPE) in combination with Warburg im-
pedance (Zyw). Rq is the uncompensated solution resis-
tance, while R, provides the value of the charge transfer
resistance, corresponding to the [Fe(CN)g]**/[Fe(CN)s]**
redox couple.

The EIS spectra were modeled by fitting the experimental
data with the ZSimpWin 3.21 software, and the estimated
values listed in Table 3 had an error distribution less than
15 %. The Q value was modeled as a non-ideal capacitor of
capacitance C with an exponent #, which equals 1 for an ideal
capacitor [42]:

c Q]/n( RoR )(l_n>/"

R.Q + Rct
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As shown in Table 3, the GC/Hm electrode exhibited the
Rq value of 4640 Q cm?. The relatively high value was due
mainly to the insulating character of the hemin [40]. R, de-
creased when single melamines Dim or Den covered the GC
surface, suggesting their aptitude as better electron conductor
than hemin. At the same time, the increase of the charge trans-
fer resistance of the redox probe in the presence of hemin
incorporating melamines Dim or Den against that of GC/
Den and GC/Dim electrodes could be due to a blocking of
an electrode part of the surface by the insulating Hm, formerly
available for the [Fe(CN)s]> /[Fe(CN)g]*~ couple. The charge
transfer resistance (R.;) values were higher in the presence of
Den than in the presence of Dim on the GC surface, suggest-
ing that the Dim molecules’ arrangement on the electrode
surface was less compact than in the other case due to their
smaller dimensions and the more convenient (plane) geometry
favoring the electron transfer. The n values associated to CPE
were also different in the two cases, which can be explained as
well by a change in film morphology and roughness. These
last ones deviate from the perfect capacitor behavior (corre-
sponding to n=1).

The results also indicate that both melamine films act as
physical barriers which hindered the penetration of
[Fe(CN)é]3 -/ [Fe(CN)6]47 redox couple towards the electrode
surface (see the Zy values related to the diffusion limited
processes).

Electrocatalytic activity toward H,0, reduction

In order to check the electrocatalytic activity of GC/Hm-Dim
and GC/Hm-Den electrodes towards H,O, reduction, their
cyclic voltammetric responses were recorded in the absence
and in the presence of 5 x 107° M H,0, (Fig. 7).

It can be observed that there is a strong increase of the
cathodic current at GC/Hm-Dim and GC/Hm-Den electrodes
as compared with the bare GC and CG/Dim or CG/Den elec-
trodes, proving the electrocatalytic effect of the modified
electrodes.

The below possible mechanism for the observed electro-
chemical catalytic reaction was inspired by the known behav-
ior of other Fe®* containing proteins [43]:

Hemin(Fe”) + HY+ ¢ —>Hemin(Fez+)
Hemin(Fe”) + H,0, + 2H" + ¢ —>Hemin(Fe3+)

The catalytic efficiency of the modified electrodes [calcu-
lated as CE (%) = (pc, 11202 — Ipe,0)/Ipc,0, Where I o is the ca-
thodic peak current recorded in the absence of H,O, and
Iy 202 is the cathodic peak current recorded in the presence
of H,0,, respectively] was 77.66 % for GC/Hm-Dim and
64.98 % for GC/Hm-Den. The magnitude of these values
revealed that hemin had good catalytic and intrinsic
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Table 3  Electrochemical impedance spectroscopy data of GC, GC/Dim, GC/Hm-Dim, GC/Den, and GC/Hm-Den modified electrodes after
immersion in [Fe(CN)s]>*/[Fe(CN)¢J*, using a R(Q(RW)) equivalent electric circuit (experimental conditions—see Fig. 6)

Electrode ocCP Ro (Q cm?) oW !s" cm %) Ry (Q cm?) W " " em?) C (uF cm %) Xz
Vvs.RE

GC/Hm 0.091 8.82+2.65 7.01107°+4.34 0.819 4640+11.34 15.34 10 °+3.55 13.68 0.00360

GC/Dim 0.128 7.67+3.11 4.7310°+5.17 0.806 1845 +7.480 2271 107°+2.17 7.02 0.00272

GC/Hm-Dim 0.023 14.88£2.02 11.53 105 +4.98 0.766 3409+17.35 15.40 10°+3.27 16.46 0.00237

GC/Den 0.153 551+1593 277107°+7.43 0.727 2541+4.95 48.6110°+4.43 1.02 0.00690

GC/Hm-Den 0.081 11.02+6.53 7.1710°+£4.77 0.616 4747+10.59 12.3510°+3.15 0.83 0.00166

The RSD for each parameter is expressed in %; W is the reciprocal Warburg coefficient

peroxidase-like activity that can facilitate the reduction of
Hzoz.

In what the reproducibility of these results is concerned, the
cyclic voltammograms, recorded in 0.1 M phosphate buffer
(pH 7) containing 0.8 uM H,0, at three different GC/Hm-
Den electrodes, provided, for the H,O, cathodic peak poten-
tial, an average value of —0.423 +0.006 V versus Ag/AgCl,

1.54(A)

08 06 -04 -02 00 02
E /V, Ag/AgCl, KCI

11 A

08 06 -04 -02 00 02
E/V, Ag/AgCI, KCI

Fig.7 Cyclic voltammograms of 0.05 mM H,O, at GC (a, b, solid line),
GC/Dim (a, dash line), GC/Den (b, dash line), GC/Hm-Dim (a, dash-
dot-dot line), and GC/Hm-Den (b, dash-dot-dot line) electrodes. The
dash-dot lines correspond to GC/Hm-Dim (a) and GC/Hm-Den (b)
electrodes in the absence of H,O,. Experimental conditions: electrolyte,
0.1 M, phosphate buffer (pH 7); scan rate, 50 mV st starting potential,
0.2 V vs. Ag/AgCl, KClgy

KClgy (RSD =1.32 %) and, for the cathodic peak current, an
average value of 1.048£0.156 pA (RSD=14.9 %). These
values recommend the GC/Hm-Den modified electrode as a
valuable sensor for the voltammetric detection of H,O,.

Amperometry

Amperometric measurements allowed the determination of
the electroanalytical parameters of the modified electrodes.
Figure 8 shows the typical calibration curves obtained by
amperometry at an applied potential of —0.35 V versus Ag/
AgCl, KClg, for successive injections of H,O,. The substrate
concentrations were changed by stepwise addition of a con-
centrated solution to a stirred buffer, allowing steady-state
current responses which are very stable and fast, having a 20
s response time (fys¢). In Fig. 8, I. is the cathodic current
measured at each concentration after stabilization of the cur-
rent and I, is the cathodic current in the absence of H,O,.

3.0
o GC
€ GC/Hm
2.54 O GC/Dim
O GC/Hm-Dim
® GC/Den
< 2.0 ® GC/Hm-Den PR *
=3 <
= *
— 154 ¢ o
\0 ’ [ )
LS ° O
-~ O
— 1.0 . e o
o o
[ ] o O
os{ & % o
® 5,0 00
o) 00000
0.0 .QQOOO!..’..OQQ
n T
0

. T T
0.00 0.15 0.30 0.45 .60 0.75

[H,0,]/ mM

Fig. 8 Calibration curves for H,O, detection at GC (a, b, 0), GC/Hm (a,
b, m), GC/Dim (a, o), GC/Den (b, o), GC/Hm-Dim (a, A), and GC/
Hm-Den (b, A) modified electrodes. Experimental conditions:
electrolyte, 0.1 M, phosphate buffer (pH 7); applied potential, —0.35 V
vs. Ag/AgCl, KClg,; stock H,O, concentration, 102 M; continuous
stirring
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Table 4  The analytical parameters for H,O, detection at GC/Hm-Den
and GC/Hm-Dim (experimental conditions—see Fig. 6)

Electrode Sensitivity Detection ~ Linear range R/n
(mA/M) limit* (uM)  (uM)

GC 0.257+0.016 53.9 0476 0.9654/11
GC/Hm 8.190+£0.715 31.6 0-170 0.9888/5
GC/Dim 0.820+0.046 25.0 0-250 0.9937/6
GC/Den 0.224+0.035 20.9 0-566 0.9977/13
GC/Hm-Dim 1.909+0.032 11.9 0-400 0.9979/9
GC/Hm-Den 2.762+0.090 22.0 0-400 0.9964/9

# Calculated as 3s,/b, where s, is the standard deviation of the intercept of
the calibration curve /=a + b[H,0;] and b is the slope of the calibration
curves [46]

The analytical parameters of the GC/Hm-Den and GC/
Hm-Dim modified electrodes are presented in Table 4.

The evaluation of the analytical parameters of the studied
electrodes reveals that the presence of Hm in the composite
matrix on the electrode surface enhanced the sensitivity and
decreased the detection limit for H,O,, if compared with the
unmodified GC, GC/Den, or GC/Dim. Moreover, the mela-
mine compounds alone also had a beneficial effect on the GC
electrode activity. Best electroanalytical parameters were ob-
tained in the case of GC/Hm-Dim electrode, probably due to
the more convenient steric orientation of the hemin units
against the electrode surface, which allow a better communi-
cation between its redox centers and the glassy carbon sub-
strate. A certain contribution to the catalytic behavior could
have the dimer itself, which was proven to be electroactive in
DMSO due to the peripheral phenolic groups present in its
structure [17].

The analytical parameters for H,O, detection at GC/Dim-
Hm and GC/Den-Hm are in accordance with other values
previously reported in literature [7].

In what the selectivity of the electrode is concerned, the
study of common interferents such as uric acid and ascorbic
acid by analyzing the amperometric response to successive
spikes of 500 L from a 10~ M solution of these interferents
in 10 mL buffer solution, at an applied potential of —0.35 V,
showed no significant alteration of the current signal (see Fig.
SM-9 in the supplementary material).

Conclusions

We reported the use of two new N-substituted melamines as
matrices for the immobilization of hemin on glassy carbon
substrate: a new G-2 melamine dendrimer (2,4,6-triamino-
1,3,5-triazine) comprising p-aminophenol as peripheral unit
(Den) and one of its analogues, a melamine G-0 dimer
(Dim). In solid state, FT-IR analysis revealed intermolecular
interactions between Hm mixed with Dim or Den which

@ Springer

could support the different behavior of GC-modified elec-
trodes based on different combinations of these compounds.

Measurements carried out by cyclic voltammetry and elec-
trochemical impedance spectroscopy allowed the estimation
of electrochemical parameters of GC/Hm, GC/Hm-Dim, and
GC/Hm-Den electrodes. For the redox process taking place at
these electrodes, the heterogeneous electron-transfer rate con-
stants (ks, s ') were estimated using the Laviron treatment.

Both modified electrodes exhibited good stability and cat-
alytic activity toward H,O, reduction. Amperometric mea-
surements allowed determining the electroanalytical parame-
ters of the modified electrodes. The GC/Hm-Dim electrode
exhibited higher catalytic properties than GC/Hm-Den elec-
trode, but lower stability.
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