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Abstract: Bioinspired molecular complexes that mimic the enzymatic catalysis of redox
transformations offer a versatile platform for the development of non-enzymatic mediatorless
sensors with high sensitivity, selectivity, and robustness without the use of precious metals. The
aim of this study was to prepare and investigate biomimetic sensors based on the electrocatalytic
reduction of hydrogen peroxide and oxygen by a series of immobilized complexes of iron and
manganese with porphyrin macrocycles for the detection of hydrogen peroxide and glucose.
The influence of substitution of the macroheterocyclic ligand, composition of the adsorption
solution, Nafion membrane, and amino acids on the properties of the sensors was studied.
Optimized sensor function is based on the electrogenerated reduced form of Mn(Il) meso-
tetra(N-methyl-4-pyridyl) porphyrin as a catalyst and allows high sensitivity of the hydrogen
peroxide detection of 1.8 A M cm? and 0.071 A M cm™ to be achieved in the lower and
higher concentration ranges, respectively, with a low detection limit of 5-10”7 M at physiological
pH 7.4 and in the presence of oxygen. The MnTMPyP electrode was investigated as an
electrochemical transducer in the glucose-oxidase-based biosensor. The sensors were
successfully applied for the detection of hydrogen peroxide and glucose in human serum
samples. Along with a simple fabrication procedure and robustness of the sensor, the
biomimetic electrocatalytic properties of the MnTMPyP complex facilitate excellent
performance of the proposed sensors for hydrogen peroxide and glucose determination in
biological media, emphasizing the importance of bioinspired electrocatalytic metalloporphyrin

complexes for the development of sensors and point-of-care devices.
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1. Introduction.

Electrochemical sensors and systems with hydrogen peroxide are an important topic in
current scientific investigations because of the established role of hydrogen peroxide in diverse
fields. In biological systems, it is involved in redox signaling [1-3] and ROS-based medicine
[4]. In cells, where most hydrogen peroxide is generated through the dismutation of the
superoxide radical anion originating mainly from the electron transport chain of aerobic
respiration, it also contributes to oxidative stress conditions responsible for toxic effects, which
damage cell components, and is also involved in a number of diseases and pathologies [1].
Furthermore, hydrogen peroxide is a redox-active product of the metabolic redox reactions
catalyzed by oxidase enzymes (e.g., glucose oxidase, monoamine oxidase, glutamate oxidase).
Consequently, determination of hydrogen peroxide is a strategy for the determination of
glucose, monoamines, glutamate, lactate, and cholesterol. Along with its role in biological
processes, hydrogen peroxide is of great interest for industrial, ecological, and analytical
applications [5-8].

These topics have motivated significant research activity in the development of sensors
for hydrogen peroxide determination in various media [3, 9-18]. Electrochemical sensors based
on modified electrodes are often the method of choice due to their widely recognized
advantages such as accuracy, miniaturization potential, low costs, simple instrumentation and
utilization, portability, temporal resolution, and applicability for real-time measurements and
implantation. Modern electrochemical sensors for hydrogen peroxide rely on bio- and
electrocatalytic reactions on the electrode surfaces modified with peroxidase enzyme, smaller
biomolecular catalysts (e.g., cytochrome ¢, myoglobin) [10, 12, 19], noble metals, oxides, metal
and carbonaceous electrode nanomaterials [11, 13-15, 20-22], as well as their synergy [12, 23-
25]. Modifying the electrodes makes it possible to decrease the overpotential of the hydrogen
peroxide reduction or oxidation, increase currents, and improve the selectivity of the
determinations.

The development of non-enzymatic sensors based on biomimetic molecular complexes
is expected to make use of the synergic effect of the above-mentioned materials and combine
their advantages, while being at the same time more robust, flexible, easy-to-use, and not
consuming noble metals [9, 26-30]. In natural redox biological transformations, metalloproteins

with iron, copper, and Fe/Cu active site tetrapyrrolic complexes mediate oxygenation reactions



with oxygen and hydrogen peroxide terminal oxidants [31]. By analogy with natural systems,
a biomimetic electrocatalytic reduction of hydrogen peroxide using metal complexes with Nas-
macoheterocycles as electrocatalysts is a candidate for the development of electrochemical
sensors for hydrogen peroxide [9]. Along with the central metal of the complex, substituents of
the tetrapyrrolic macroheterocycle may contribute to the redox properties of the complex as
well as steric interactions and arrangements, which makes it possible to modify the sensor
properties with respect to detection limit, sensitivity, and selectivity [32]. As far as hydrogen
peroxide sensing is concerned, most work has been performed with iron porphyrin complexes,
since these macroheterocycles are direct analogues of the hemes in HRP, cyt ¢, and other redox
hemoproteins. There is also growing interest in manganese porphyrins as biomimetic
components and sensor materials in electrochemical and electrocatalytic systems because of the
essential role of manganese in redox biological processes in photosystem Il and non-heme
manganese catalase enzymes, the possibility of tuning the environment of the central metal ion,
the ability of the manganese ion to change oxidation states, and its interactions with various
oxygen-containing species such as oxygen, superoxide, and hydrogen peroxide [33, 34].
Moreover, manganese porphyrins may be advantageous in comparison with Fe and Cu
porphyrin complexes for the construction of in vivo sensors and with respect to applications in
biological systems, since Fe and Cu porphyrin complexes have been shown to participate in the
Fenton reaction, react with H.O> to form HO*, inducing cell death, being cytotoxic [35]. Unlike
Fe and Cu porphyrins, MnTMPyP does not participate in the Fenton reaction and does not
exhibit cytotoxicity. However, unlike the iron and cobalt complexes, only a few examples of
manganese macrocycles have been reported as catalysts of the molecular oxygen reduction
reaction, the epoxidation reaction, as well as the superoxide dismutase mimic, and as scavengers
of the reactive oxygen species [8, 35-39]. However, it has been assumed that biomimetic iron
and manganese complexes have similar intermediates in the reaction with oxygen and
incompletely reduced oxygen species [39]. It has been shown that manganese
tetrakis(sulphonatophenyl)porphyrin complex has a higher peroxidase-like activity in the
spectrophotometric determination of hydrogen peroxide than a number of Fe-, Co-, Cu- Zn-
and metal-free porphyrins [40].

Recently we performed an investigation on a series of water-soluble manganese
porphyrins in the electrocatalytic reduction of oxygen and hydrogen peroxide in aqueous
solutions, where the electrode support did not essentially influence the redox properties of the
complexes, and where we discussed possible intermediates and mechanisms of the reactions

[41]. This study revealed prospects of the Mn(l11) meso-tetra(N-methyl-4-pyridyl) porphyrin



complex for the biomimetic electrochemical sensing of hydrogen peroxide based on the
electrocatalytic reduction reaction. However, the distinction in the properties of metal
complexes with tetrapyrrolic ligands in the bulk dissolved and adsorbed states suggest a
difference in their electrocatalytic properties and is worth investigating [42-45]. To the best of
our knowledge, this is the first detailed study of the sensor based on the electrocatalytic
properties of the Mn porphyrin in reduction of hydrogen peroxide as applied for the analysis of
biological media. In this investigation, we study and compare the immobilization and
biomimetic sensor properties of complexes of Mn and Fe with porphyrin macrocycles for a
non-enzymatic selective electrocatalytic determination of hydrogen peroxide. Properties of the
modified electrode as an electrochemical transducer for the oxidase biosensor and an analysis
of biological media are also shown and discussed.

2. Experimental

2.1. Materials and solutions.

Mn(111) meso-tetraphenylporphine chloride, MnTPP, Mn(lll) meso-tetra(N-methyl-4-
pyridyl) porphine pentachloride, MnTMPyP, Fe(lll) meso-tetra(N-methyl-4-pyridyl) porphine
pentachloride, Fe(II1)TMPyP, and Fe(l1l) meso-tetraphenylporphine chloride, Fe (111)TPP with
a purity of >95 % were purchased from Frontiers Scientific Inc., Figure 1. All other chemicals
of analytical reagent grade, Nafion solution (5 wt. % in mixture of lower aliphatic alcohols and
water), glucose oxidase from Aspergillus niger (145200 U/g), and human serum were supplied
by SigmaAldrich. Solutions of the interfering species including ascorbic acid, uric acid,
glutamic acid, aminobutyric acid, glucose, and dopamine in phosphate buffer (pH 7.4, 0.1 M)
were prepared before use. Glucose solution was allowed to mutarotate overnight at room
temperature before use. Glucose solutions were then stored at 4 C°. The 0.1 M phosphate buffer
solutions, PBS, were prepared from NaH2PO4 and Na2HPO4. The pH was controlled by the
laboratory pH meter 765 (Knick GmbH). All aqueous solutions were prepared using deionized

water.
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Fig. 1. Metalloporphyrin complexes, M: Fe(lll) and Mn(lll). L may denote the aqua and

hydroxo-ligand as well as the GCE surface.

2.2. Electrode cleaning and functionalization.

The glassy carbon electrodes were polished by diamond (1 um particle size) and alumina
(0.05 um particle size) polishing suspensions. The polished electrodes were washed in ethanol
for 10 min and in pure water for 30 min. Then, the electrodes were treated by ultrasound for 10
seconds in water, washed and dried by a stream of air. After the cleaning procedure, the
electrodes were immersed into solutions of the metalloporphyrin complexes for 24 h and then
dried at room temperature. Subsequently, 10 puL of different concentrations of the Nafion
solution in DMF was dropped onto the surface of the electrodes and the electrodes were left to
dry at room temperature. The electrodes were stored at room temperature in dry conditions and
soaked in the PBS for 10 min before use.

Electrode functionalization with metalloporphyrin and glucose oxidase was performed
based on previous studies [24, 46] using two different procedures, which are described in the

supporting information, Section S2.

2.3. Electrode cleaning after immobilization.

A number of cleaning procedures were tested for the GCEs after immobilization of the
porphyrins, including various solvents such as DMF, chloroform, and 2 % Helmanex Ill. The
procedure finally established was as follows. First, the membrane was removed by washing
with ethanol and water, and using the filter paper. Then, the electrodes were washed in ethanol
for 15-20 min while the solvent was stirred followed by ultrasonication in ethanol for 8-10 s.
After that the electrodes were washed with ethanol and water. The electrodes were then washed

in 0.1 M HCI for 10-15 min while the solution was stirred followed by ultrasonication in 0.1 M



HCI for 8-10 s, and subsequently washed with water. The electrodes were then washed in
ethanol for 15-20 min with stirring, followed by water. After that, the electrodes were polished
with 1 pM and 0.05 pum diamond and alumina polishing suspensions, respectively,
ultrasonicated and washed with water. The electrodes were examined by cycling between -1.2
and 1.2 V. Before immobilization the electrodes were freshly polished as described in Section
2.2.

2.4. Devices and measurements.

All electrochemical measurements were performed using an Autolab potentiostat
(PGGSTAT-302) controlled by Nova 2.1 software. The 0.1 M PBS solution was used as a
supporting electrolyte in a three-electrode cell configuration. The Pt coil counter electrode and
a double junction Ag/AgCl reference electrode, Ag | AgCl | KCI 3 M::0.5 M KCI, (Metrohm,
Switzerland), were used. Electroactive surface coverage of the porphyrins on the GCE was
found using the following formula [47]: T = A/nFAv, where T is the surface coverage of a
porphyrin on the GCE surface, A is the surface area of an electrode, A is the redox peak area, n
is the number of electrons transferred (n=1), and F is the Faraday constant. Unless otherwise
state, the measurements were performed at a physiological pH of 7.4. The experiments with
glucose oxidase were performed at pH 7.0. For measurements in deoxygenated conditions, the
solutions were deaerated by bubbling Ar gas for 15 min prior to the electrochemical
measurements and a stream of argon was passed over the solutions during the experiments.
Unless otherwise stated the measurements were performed at ambient conditions.

All spectrophotometric measurements were performed using a PerkinElmer Lambda
900 spectrometer. The scanning electron microscopy (SEM) images were obtained using a
MagellanTM XHR SEM microscope.

3. Results and discussion.
3.1. Immobilization of manganese and iron porphyrin complexes on GCEs.

In a previous study, the higher electrocatalytic activity of manganese porphyrin
complexes with positively charged electron-withdrawing N-methyl-4-pyridyl meso-

substituents of the macrocycle in the biomimetic oxygen and hydrogen peroxide reduction

reactions in solutions was demonstrated [41] (additional information is provided in section S1



and Figure S1 in the supporting information). In the present study, the immobilization and
hydrogen peroxide sensing properties of the porphyrin complexes with positively charged
substituents of the macrocycle, MNTMPyP and FeTMPyP as well as MnTPP and FeTPP, Fig.
1, were studied and compared. Figure 2a shows cyclic voltammograms of the immobilized
MnTMPyYP in the deoxygenated buffer solutions with the electrochemical reduction and
oxidation of the central metal ion, Mn(111/11), in the coordination center of the metalloporphyrin,
which are important for the electrocatalytic conversion of hydrogen peroxide in subsequent
experiments. In the absence of oxygen, the immobilized MnTMPyP displays a pair of redox
peaks with the Mn(lIl)>Mn(Il) electrochemical reduction at about -0.230 V and
Mn(I1)—>Mn(l11) oxidation in a reverse scan at about -0.090 V, Fig. 2a and Table 1. The redox
potential values of the adsorbed porphyrin are slightly shifted in comparison with the redox
potential values observed for this porphyrin complex in solutions [37, 41, 44, 45]. The variation
can be explained by changing the environment and orientation of the metal ions in the
metalloporphyrin complexes due to adsorption and confinement to the electrode surface, which
can play the role of an axial ligand. Similar effects have been reported in other studies,
suggesting a difference in the electrocatalysis by metalloporphyrins in the bulk dissolved and
immobilized adsorbed states [42-45, 48-50]. However, the adsorbed porphyrin was not stable
with the redox features disappearing during further electrochemical experiments. Electroactive
surface coverage of MNTMPYP on the GCE was found as described in the experimental section
2.4 and amounted to (1.7 + 0.4)-10* mol cm™. This value is in a good agreement with the
amount of adsorbed iron protoporphyrin IX (iron 3,7,12,17-tetramethyl-8,13-divinyl-2,18-
porphinedipropionic acid complex) on various surfaces reported in [50] and adsorbed iron

tetra(o-aminophenyl)porphyrin in [44].
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Fig. 2. CVs of the adsorbed MnTMPYP complex on a GCE recorded in a deaerated 0.1 M PBS,
pH 7.4: (a) without a Nafion membrane, (b) with a Nafion(0.3 %) membrane; inserts in (a) and



(b) show dependences of the peak currents on the scan rate with the coefficients of
determination [51] R?: (a) 0.9857, 0.9829, and (b) 0.9963, 0.9998.

The experiments showed that only the MnTMPyP complex was adsorbed on the
electrode surface in a quantity sufficient to observe the Mn(Il1I/I1) electrochemical redox
processes reproducibly. The electrodes with FeTMPyP, MnTPP, and FeTPP did not indicate

the metal ion redox reactions.

Table 1. Characterization of the metal ion redox process of the immobilized metalloporphyrin

complexes and electroactive surface concentration, I". !

Electrode composition Eme®, V Eme™, V | AEm™> V I', mol cm™
MnTMPyP -0.230 -0.090 0.140 (1.7+0.4)-10!
MnTMPyP, 0.3 % Nafion -0.269 -0.088 0.181 (3.4+0.5)-10!
MnTMPyP, 1.7 % Nafion -0.315 -0.132 0.183 (3.2+0.4)-10!
FeTMPyP, 1.7 % Nafion 0.048 0.108 0.060 (2.6+0.4)-10*
FeTPP, 0.3 % Nafion 0.140 0.180 0.040 (3.5+0.5)-10 !
FeTPP, 1.7 % Nafion 0.060 0.114 0.058 (2.2 £0.4)-10°1

1 adsorbed Fe(lI)TPP, Fe(lIDTMPyP without a Nafion membrane, and adsorbed
Fe(I1I)TMPyP with a Nafion(0.3 %) membrane could not be detected within the conditions of
the experiments, adsorption of Mn(111)TPP did not give positive results, n=3.

Different behavior of the metalloporphyrin complexes in the adsorption experiments
might be also explained by different interaction with the glassy carbon surface. This was
confirmed by the SEM experiments of the adsorbed porphyrins on the glassy carbon plates
using the same adsorption conditions as for the GC electrodes, Fig. 3. While only the
MnTMPyP complex tends to form more uniform layers on the GC surface, FeTMPyP forms
additionally crystals, which might be easily washed out from the surface. The FeTPP complex
shows high degree of agglomeration on the GC surface, and the MnTPP complex forms
agglomerated thick layers, which probably impedes the observation of the electron transfer
reaction in the latter case. Similar results were also obtained on the silicon oxide surfaces (not

shown here).



Fig. 3. SEM images of the details of the porphyrin complexes adsorbed on the GC surfaces: a
- MNTMPyP, b - MnTPP, ¢ - FeTMPyP, and d - FeTPP.

In the next series of experiments, a perfluorinated ionomer Nafion membrane was used
to obtain better stability of the immobilized porphyrin complexes. Nafion is employed in
electrochemical sensors and biosensors to achieve improved stability and selectivity. Nafion
membranes reject negatively charged anionic interferents (e.g., ascorbic acid, AA, and uric acid,
UA) and bulky interfering compounds due to the presence of negatively charged sulfonate
groups and the small channel size in the nm range, respectively. The results of these
experiments are presented and discussed in Section S2, Figures 2b, S2, S3, and Table 1.

Table 1 summarizes the electrochemical characterization of the adsorbed porphyrins.
The surface concentration of the electroactive porphyrin complex was typically about 2-10! to
3-10™ mol cm™. It was possible to achieve a surface concentration of the electroactive
porphyrin complex of up to about 10°° mol cm using the Nafion membrane. However, the
higher surface concentration resulted in wide redox peak separation or the appearance of a
second reduction peak. This can be explained by a non-uniform positioning of the porphyrin
molecules on the GCE surface with different distances and orientation, especially at a higher
surface coverage. Larger amounts of porphyrins deposited on the electrode surface by drop
casting additionally resulted in poor mechanical properties of the subsequently deposited
Nafion membrane and were not employed in further experiments. Moreover, it was found that
only the outmost layers of the multilayer deposited metallomacrocycles on the electrode
surfaces were electrocatalytically active in the electrochemical processes [42], which also
supported the use of the lower surface concentrations stated above. The diagnostic plots of the
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peak current vs. scan rate were linear indicating the surface-confined redox processes, as
expected for the adsorbed redox species, Figs. 2, S2, and S3.

The adsorption of porphyrins on the GCE was also performed from the DMF-water
mixtures to achieve higher concentrations of porphyrin complexes in the solutions for the
adsorption. However, the amount of immobilized porphyrin complexes was much lower in
comparison with immobilization from the DMF solutions, probably due to the less favorable
interactions of the complexes with the GCE surface in this case.

The quality of the Nafion coating was also examined by cyclovoltammetry. Figures 4
(ambient conditions) and S4 (deaerated solutions) show that no redox processes of the
negatively charged anion hexacyanoferrate, [Fe(CN)s]>”*", are observed on the electrodes

coated with the Nafion membrane in comparison with a bare GCE.
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Fig. 4. Cyclic voltammograms of 5-10™* M potassium hexacyanoferrate(l11) solution on a bare
GCE (black line) and GCE/MnTMPyP/Nafion(0.3%) electrode (blue line). Other conditions:
0.1 M PBS, pH 7.4, scan rate 0.05 V s,

Thus, in comparison with other porphyrins tested, the MNTMPyYP complex is easily
adsorbed on a GCE surface and can be immobilized on a GCE with a lower amount of Nafion,
while for the FeTMPyP complex a higher amount of Nafion is required to achieve a stable and
reproducibly modified electrode. The latter was found to be in agreement with the observations
of Su et al. [45], where the FeTMPyP complex was easily washed off with water from the

carbon surfaces.

3.2. Influence of amino acids.

Since natural enzyme catalysts with heme metal active centers involve proximal and

distal axial amino acids in biocatalytic reactions [39, 52, 53], we performed a series of
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experiments where amino acids were co-adsorbed with porphyrin complexes on a GCE using a
molar ratio of metalloporphyrin:amino acid of 1:1 and 1:2. In enzymatic catalysis, the axially
ligated amino acids may act as a proton source for the formation of water molecules or as a base
in the deprotonation step of hydrogen peroxide [53]. It was previously shown that the co-
adsorption of histidine with iron porphyrin complex improved performance of a biomimetic
sensor for the determination of phenolic compounds [52]. We examined the co-adsorption of
tyrosine and histidine amino acids, since these amino acids mostly occur in the heme metal
active centers of enzymes playing a significant role in enzymatic reactions [39, 53, 54]. In
particular, horseradish peroxidase oxidizes such substrates as aromatic amines and phenols
reducing hydrogen peroxide and involves histidine as a proximal ligand of a heme iron, while
catalase involves tyrosine as a proximal ligand catalyzing the disproportionation of hydrogen
peroxide to water and oxygen. In the case of the synthetic metalloporphyrin complexes, it was
shown that proximal ligands bearing oxygen groups reduced the oxygenase activity of the
metalloporphyrins in comparison with the complexes with nitrogen-containing axial ligands.
In the case of iron porphyrin complexes, the presence of the tyrosine and histidine amino
acids in adsorption solutions resulted in electrodes with no or extremely weak redox features of
the porphyrins under the conditions of experiments. Only immobilization of MnTMPYP with
tyrosine resulted in electrodes with electrochemical features of the MnP complex. However, we
observed that in the case of the co-adsorption of the manganese porphyrin complexes with
tyrosine and histidine, redox peaks in a positive voltage range at about 0.116 V emerged
reproducibly, as shown in Fig. 5 (marked with arrows). We assume that these peaks may
originate from changing the coordination of the manganese ions due to the presence of such
ideal coordinating ligands as histidine and tyrosine [55, 56]. Therefore, electrochemical
experiments were performed with the corresponding amino acids and manganese chloride.
While cyclic voltammograms of histidine did not reveal significant electrochemical redox
processes in a positive potential range, manganese chloride demonstrated reduction and
oxidation peak currents in the studied potential range at 0.08 V and 0.380 V, respectively, Fig.
5 b. In the case of tyrosine, an irreversible oxidation current can be observed starting, however,
at higher potential values of about 0.5 V, which is explained by its oxidation on a GCE [57,
58]. This confirms our hypothesis that the origin of the redox processes in a positive voltage
range is not in the redox processes of the amino acids themselves, but is due to variation of the
redox potentials of the adsorbed manganese complex because of partly changing the
coordination of the manganese ions due to the presence of histidine and tyrosine ligands. The
same phenomenon can also explain a poor adsorption of the porphyrin complexes on the GCE
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surface in the presence of amino acids, where the amino acids may compete with the GCE
surface for the axial ligand sites and should be generally taken into account when co-

immobilizing various sensor components.
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Fig. 5. Cyclic voltammograms of the GCE: (a) MnTMPYP co-adsorbed with tyrosine on the
GCE, GCE/MnTMPyP+Tyr/0.3 % Nafion, in a deaerated 0.1 M PBS, pH 7.4, arrows mark a
new pair of redox peaks, (b) amino acids histidine (blue line) and tyrosine (green line) in a
deaerated 0.1 M PBS, pH 7.4, and MnCl> (red line) in a deaerated 0.1 M KNOg, scan rate 0.005
Vst

3.3. Hydrogen peroxide sensor properties.

The electrodes which demonstrated the M""!" electrochemical reduction and oxidation
processes of the metalloporphyrin complexes adsorbed on the GCEs were further tested for
their hydrogen peroxide sensing properties at ambient conditions. Along with iron porphyrins,
manganese porphyrins have been proposed for enzyme mimetics, having the additional
advantage of not participating in the Fenton reaction in biological systems, which leads to
considerable interest in their sensor properties for ROS detection [9]. We previously performed
an investigation of a series of manganese porphyrins in the electrocatalytic reduction of
hydrogen peroxide in aqueous solutions [41] (additional supporting information is also
provided in Section 1 and Fig. S1). In the presence of oxygen and hydrogen peroxide,
electrochemical reduction and oxidation processes of the central metal ion, Me'""P, were not
observed in cyclic voltammograms, while the cathodic currents increased, Fig. 6a,b. These
characteristics are explained by the electrocatalytic effect of the manganese porphyrins in the
oxygen and hydrogen peroxide reduction processes according to a number of proposed
biomimetic mechanisms [41]. Electrocatalytic reduction of oxygen and hydrogen peroxide
starts at potentials close to the potential of the Me(I11/11) redox couple, Fig. S1. Accordingly,
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the electrochemically generated metal-reduced forms of the manganese porphyrins, Mn(I1)P,
are involved in the reaction with oxygen and hydrogen peroxide oxidants and are regenerated
due to electrocatalyst redox cycling [37, 41, 59], Scheme 1. Scheme 1 describes the biomimetic
response of the sensor based on MnTMPYP, while for the iron porphyrins a catalytic reaction
sequence has been discussed in detail [31]. It is assumed that the reaction proceeds via similar

metal-oxo intermediates [39].
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Fig. 6. Cyclic voltammograms in 0.1 M PBS, pH 7.4: (a) a bare GCE (black lines),
GCE/FeTMPyP/Nafion(1.7 %) (green lines), and GCE/MnTMPyP/Nafion(0.3%) (red lines)
with 0 M (dashed lines) and 1-10° M H20- (solid lines), (b) GCE/MnTMPyP/Nafion(0.3%)
with H02 from 0 to 1.10° M; (c) GCE/MnTMPyP+Tyr/Nafion(0.3%) with H,0 from 0 to
1-10° M; (d) dependence of the current on the concentration of hydrogen peroxide of a bare
GCE (black) at -0.5 V, GCE/FeTMPyP/Nafion(1.7%) (violet) at -05 'V,
GCE/MnTMPyP+Tyr/Nafion(0.3%) (dark yellow) at -0.5 V, and
GCE/MnTMPyP/Nafion(0.3%) at -0.5 V (blue) and -0.45 V (cyan). Other conditions: scan rate
0.05 V s, the measurements were performed at ambient conditions. Error bar represent the

confidence limits (p = 0.95, n = 5) at each concentration point.
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Scheme 1. Scheme of the electrocatalytic reduction of hydrogen peroxide on the electrode

modified by a manganese porphyrin complex.

Of all the compositions examined, electrodes with the immobilized Fe(I11)TMPyP and
Mn(IIDTMPyP complexes with Nafion membranes deposited from the 1.7 % and 0.3 %
solutions, respectively, had the highest sensitivity to hydrogen peroxide, Fig. 6a and d. The
GCE/MnTMPyP/Nafion(0.3%) electrodes demonstrated significantly better performance with
higher sensitivity and sensitivity in a lower concentration range of hydrogen peroxide than bare
GCE and GCE with the adsorbed Fe(111) TMPyP, as can be seen from Figure 6a,d. The observed
lower electrocatalytic activity of FeTMPyP in hydrogen peroxide electroreduction is in
agreement with a previously discussed preferable two-electron reduction of oxygen to hydrogen
peroxide by Fe porphyrins, but not of hydrogen peroxide to water [60]. Our results agree with
the higher peroxidase-like activity of the Mn porphyrin complex in comparison with Fe-, Co-,
Cu-, Zn-, and metal-free porphyrins immobilized on ion-exchange resin [40]. Co-adsorption of
MnTMPyP with tyrosine did not improve sensor performance in comparison with the
GCE/MnTMPYP sensor, Fig. 6¢,d. The response of the biomimetic sensor at the detection
potential of -0.45 V can be approximated by a linear range of 6-107 M to 4.10° M with a
sensitivity found from the linear regression equation of 1.8 A M cm (y=6.71-10° + 0.126x,
R?=0.6202) and 4-10° M to 1.10° M with a sensitivity of 0.071 A M cm? (y=9.19-10° +
4.94-103x, R?=0.9793). The dependence of the reduction current on the hydrogen peroxide
concentration is also observed at higher concentrations of hydrogen peroxide, but with lower
sensitivity, Fig. 6d. The detection limit was found based on the standard deviation of the
response and the slope according to the ICH recommendations [61] as 3.3-S/b, where S is the
standard deviation of the blank sample measurements and b is the slope of the calibration curve
in a low concentration range. The detection limit was as low as 5-107 M H,0.. According to
[61], the low limit of quantitation, LLOQ, was found as 10-S/b and equaled 1.5-10® M H,0x. It
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is important that hydrogen peroxide detection at the negative potential in our work can be
performed in the presence of oxygen, Fig. 6, which is essential for the analytical application of
the sensor [62], while some sensors can be applied only in the deoxygenated solutions. A
negative detection potential is favorable for achieving higher selectivity with respect to
oxidizable compounds, such as uric acid and ascorbate, since these electrochemical processes
do not proceed at negative potentials [63]. Table 2 compares characteristics of the sensor with
other recently reported electrochemical sensors for hydrogen peroxide detection based on the
metal complexes. As one can see from the table, a number of the reported sensors allow to
achieve low detection limits and reasonable sensitivities only in alkaline conditions, e.g.,
sensors based on metal-organic frameworks [64, 65], or in the absence of oxygen [66], which
is not favorable for their practical applications. Biomimetic sensor based on the immobilized
MnTMPyP complex proposed in the present work demonstrates a higher sensitivity in the low
concentration range of hydrogen peroxide than other proposed sensors based on metal
complexes, Table 1. The sensor is also characterized with a low detection limit and large
working range in comparison with other sensors based on metal complexes reported in literature
[10, 16, 64-67]. Thus, the table demonstrates that along with an easy fabrication procedure and
simple storage conditions, the biomimetic electrocatalytic properties of the MnTMPYP complex
facilitate excellent performance of the proposed sensor.

Previously, we found that in the presence of MnTMPyP in the solution the
electrocatalytic reduction currents were higher in the presence of oxygen than in the deaerated
conditions in the same concentration range of hydrogen peroxide [41]. The electrochemical
response of the GCE/MnTMPyP/Nafion(0.3%) sensors was also examined in the absence of
oxygen (in deaerated conditions), Fig. S5. In the case of the immobilized MnTMPyP catalyst,
the electrocatalytic reduction currents were higher at ambient conditions (in the presence of
oxygen), Fig. 6b, which is similar to the experiments with the MnTMPyP complex in the
solution. This behavior can be explained by a number of parallel processes with participation
of superoxide radical anion produced from the electrocatalytic reduction of oxygen [41] so that
due to the synergy of electrocatalytic effect of MNTMPYP complex and oxygen higher reduction
currents and higher sensitivity to hydrogen peroxide are observed at ambient conditions.

Selectivity of the GCE/MnTMPyP/Nafion for a number of interfering substances was
studied evaluating the effect of the electroactive species on the analytical signal of the
biomimetic sensors. Figure 7a demonstrates the sensor response to the consecutive addition of
H>0,, aminobutyric, ascorbic, glutamic acids, glucose, uric acid, and dopamine. The sensor is

characterized by high selectivity to the common interferents. The sensors can be easily stored
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in dry condition at room temperature. Stability of the sensor response over 10 days is shown in
Figure 7b. On days 7 and 10 under normal storage conditions, the sensor response to 10° M
H20> retained 94 % and 91 % of the initial value, respectively. The relative standard deviation
of five measurements within a day was between 4 % and 5 %. Thus, the characteristics of the
sensor such as low detection limit, high selectivity, stability, and precision [61, 68] are favorable

for its application.
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Fig. 7. (a) Selectivity studies of the GCE/MnTMPyP/Nafion(0.3 %) sensor in 0.1 M PBS, pH
7.4, applied potential is -0.45 V, (b) stability of the GCE/MnTMPyP/Nafion sensor response to

10° M H20,. The measurements were performed at ambient conditions.

Table 2. Comparison of the hydrogen peroxide electrochemical sensors for hydrogen peroxide
detection based on metal complexes.

Electrode Potenti pH Linear range (um) | LOD | Sensitiv | Ref.
al, vV (UM) | ity (mA

mM-?

cm)
GMCF/Hb/Nafion -0.5 7.0 8-210 2 1.4 [25]
GCE/ZnO-GNP-HRP- | -0.3 7.0 15-1.1.108 9 [67]

Nafion
GCE/Ni(I)MOF- +0.5 0.1M 10 - 51.6-103 2.1 0.12 [64]
CNT/Nafion NaOH

GCE/pFeMOF- -0.31 7.4 0.5-70.5, 0.45 0.96 [30]

OMC/Nafion 70.5-1830.5 0.32
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GCE/CoMOF/Nafion -0.4 0.1M 5-9.10° 3.76 | 0.083 [65]
NaOH
GCE/CoSn(OH)e- -0.6 | 7.0, No- 4 - 400 1 0.019 [66]
Nafion deoxyg
enated
Au/AuNW/HRP -0.07 6.8 18-500 5 0.031 [10]
GCE/f- +0.65 7.0 20 - 200 1 - [16]
MWCNT@Mn(bpy)2(
H202)./Nafion
GCE/MnTMPyP/Nafi | -0.45 7.4 0.6-40 0.5 1.8 this
on 40- 1000 0.071 | work

GMCF - graphene modified carbon fiber, Hb — hemoglobin, GCE — glassy carbon electrode,
MOF-metal-organic framework, GNP — gold nanoparticles, pFeMOF porphyrinic iron metal
organic framework; OMC — ordered mesoporous carbon, AUNW - gold nanowires, MWCNT —

multi walled carbon nanotubes

The pH dependence of the sensor response is shown in Figure 8. It is interesting that this
dependence differs from the pH dependence of the electrocatalytic properties of the MNnTMPyP
complex in hydrogen peroxide reduction the solutions [41]. In the latter case, the
electrocatalytic properties were higher in acidic and alkaline solutions. In alkaline solutions,
hydrogen peroxide starts to partially dissociate (pKa 11.6). As a result, the negatively charged
HO," anions do not reach the porphyrin active layer due to the negative ion repelling properties
of the Nafion membrane. Thus, the apparent concentration of the hydrogen peroxide is
diminished, which can explain the lower sensor sensitivity. A lower sensitivity of the sensor in

acidic solution might be influenced by a high proton conductivity of the Nafion membrane.
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Fig. 8. Sensor response to 9.6-10% M M H20- in buffer solutions with pH 4, 7.4, and 10.

3.4. Analytical application of the hydrogen peroxide sensors based on the MnTMPyP complex.

An analytical application of the biomimetic sensors based on the electrocatalytic
reduction of hydrogen peroxide with the immobilized MnTMPyP complex and the influence of
the biological matrix on the sensor response have been explored for the detection of hydrogen
peroxide and glucose in biological samples. UM concentration ranges of hydrogen peroxide in
biological systems have been reported such as hydrogen peroxide concentrations in human
blood from a possible low of 0.25 uM to a probable normal range of 1-5 uM, and a higher range
of 30-50 uM in diseased states or inflammation [69], as well as endogenous H-O: levels of 1-
50 uM in brain [70]. Figure 9 shows a sensor response in the heat inactivated human serum
diluted with 0.1 M PBS (pH 7.4) 1:2 v/v to the exogenous hydrogen peroxide. The sensitivity
of the sensor in the human serum diluted with PBS was found from the linear regression of the
experimental data and decreased slightly in comparison with that in PBS due to the influence
of the biological matrix. The sensitivity was 0.43 A M* cm? (R?=0.7839) in the lower
concentration range of 6:107 to 4.5-10° and 0.027 A M cm? (R?=0.9927) in the higher
concentration range of 4.5-10° to 1.7-10°° M. The sensitivity of the sensor in the human serum
diluted with PBS was found to be higher than in the human serum diluted with a borate buffer
of pH 10, which is in agreement with Fig. 8.

7.0x10%
= 5 0xic® y=3.15x10"6+1.86x10-3x 2
< 6.0x
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' 4.0x10°
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3.0x108 :

0.0000 0.0005 0.0010 0.0015 0.0020
CH202 (M)

Fig. 9. Dependence of the reduction current on the exogenous hydrogen peroxide of the
GCE/MnTMPyP/Nafion(0.3 %) sensor in the human serum diluted with 0.1 M PBS (pH 7.4)
1:2 viv at -0.45 V, with the linear regression equations and lines, scan rate 0.05 V s, the

measurements were performed at ambient conditions.
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The feasibility of the sensor for the practical analysis is further demonstrated in Table
2, which presents the results of the determination of the hydrogen peroxide in human serum
samples by a spike procedure in terms of apparent recovery, Ra, [68, 71]. Known amounts of
hydrogen peroxide were added to the diluted serum samples and the concentration of hydrogen
peroxide was determined using a calibration graph, Table 2. The values of bias [68] and
apparent percent recovery [68] by the assay of known added amount of hydrogen peroxide in
the sample which characterize the accuracy [61] indicate that the sensor can be used for the

determination of hydrogen peroxide in biological samples.

Table 3. Analysis of hydrogen peroxide in human serum samples using the biomimetic sensor.?

Hydrogen peroxide Hydrogen peroxide Bias, % Ra (n=3),

added, uM concentration found by %
the sensor, uMP®

3.2 3.310.2 3.1 103

7.8 7.6£0.4 2.6 97

16 15.620.6 2.5 98

& Concentration of hydrogen peroxide in the heat inactivated human serum sample was found
to be below 1 uM by spectrophotometric determination using horseradish peroxidase-coupled
oxidation of 4-aminoantipyrine and phenol as donor substrates according to procedure [72],
which is in accordance with the study of [73] for the standard serum preparation.

b confidence intervals are found for n=3 and confidence level p=0.95 [68, 74].

3.5. Glucose sensing properties of the sensor based on the MNTMPyYP complex.

The signal transducer properties of the modified GCE/MnTMPyP-GOx-Nafion
electrode were tested for glucose sensing. Glucose oxidase (beta-D-glucose: oxygen 1-
oxidoreductase, EC 1.1.3.4) selectively catalyzes the two-electron, two-proton oxidation of
glucose to gluconolactone by molecular oxygen with the hydrogen peroxide product of the
oxygen reduction according to the reaction:

glucose + O2 — gluconolactone + H>O>

The GCE/MnTMPyP-GOx-Nafion sensors were prepared as described in Sections 2.2.
and S3. When glucose was introduced into the solution with the GCE/MnTMPyP-GOx-Nafion
sensor, a reproducible decrease of the reduction currents was observed for the electrodes

prepared using both immobilization procedures of the glucose oxidase, as well as for the
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electrodes, where no MnTMPYP complex was co-immobilized (used for comparison), Fig. 10.
The decrease of the reduction current is due to oxygen consumption in the process of glucose
oxidation catalyzed by GOx. This behavior can probably be explained by a number of factors
such as particular orientation of the enzyme favoring consumption and depletion of oxygen in
the enzymatic reaction of glucose oxidation within the Nafion membrane and near the electrode
surface with the immobilized porphyrin. Additionally, diffusion and removal of hydrogen
peroxide from the electrode surface to the solution may contribute. It is worth noting that a
diminished response of the glucose sensor under depletion of oxygen has been previously
reported [46]. In this case, the electrocatalytic activity of MNTMPYP in oxygen reduction [41],
section S1 and Fig. S1, allows a high sensitivity of the sensor to be achieved, Fig. 10. Therefore,
it can be concluded that the mechanism of the sensor response with the immobilized MnTMPyP
complex corresponds to the mechanism of the first generation of enzyme sensors with O as a
natural mediator, where oxygen consumption by the enzyme-catalyzed reaction is monitored as

an analytical signal.

y=7.3x10"® - 0.0164 x

y=6.4x1076 - 2.24x1073 x
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Fig. 10. Dependence of the current on the concentration of glucose in 0.1 M PBS, pH 7.0, at -
0.45 V for the GCE/MnTMPyP-GluOx-Nafion sensor prepared by method 1 (blue symbols)
with the linear regression equations and lines (in red), R? is 0.9908 and 0.9962 for the lower
and higher glucose concentration ranges, respectively, and GCE/GluOx/Nafion electrode
(green symbols). Other conditions: scan rate 0.05 V s, n=3, solutions were stirred between

measurements to prevent formation of the oxygen depletion layer at the electrode surface.

Figure 10 demonstrates that due to the electrocatalytic properties of the electrode with
the immobilized MnTMPyP in the oxygen reduction reaction, this sensor has a high sensitivity
to glucose of 0.234 A Mt cm™ (0.9908) in a lower glucose concentration range of 0.01 mM -

0.1 mM and 0.032 A Mt cm™ (0.9962) in a higher glucose concentration range of 0.1 mM - 2
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mM and stability, Fig. S6. RSD% of five measurements within one day was about 4 %. The
detection limit and LLOQ were found as described in section 3.3 [61] and equaled 0.008 mM
and 0.024 mM glucose, respectively. Table 4 shows the results of the determination of glucose
in the human serum samples using a spike procedure in terms of bias and apparent recovery
[68, 71]. The accuracy reported as the percent bias and apparent recovery by the assay of known
amount of glucose in the sample [61] indicate that the sensor can be successfully used for the
analysis of the glucose level in serum samples. Moreover, the sensor does not relay on the use
of a mediator that should dissolve in the sample and it works at neutral pH at potentials far from
the oxidizing potentials of interferences, while many comparable sensors are working in
alkaline media, Table S1. These characteristics are advantageous for using the proposed sensor
in the analysis of glucose in biological samples and development of point-of-care devices.

Table 4. Analysis of glucose in serum samples using the biomimetic sensor based on the co-
immobilized Mn porphyrin and glucose oxidase.*®

Glucose in a Glucose Glucose Bias, % Ra (n=3), %

diluted serum | concentration | concentration

sample, mM ¢ | added, mM found, mMm¢
0.52 0.1 0.51+0.03 3.8 96
0.52 0.4 0.94 £ 0.04 2.2 102
0.52 0.8 1.29 £ 0.05 2.3 98
0.52 2 244+0.11 3.2 97

& Normal blood glucose level: 3.9 - 6.1 mM, the concentration range for the commercial blood
glucose monitors is 0.5 - 15 mM.

b Serum was diluted 1:9 v/v with 0.1 M PBS, pH 7.0.

¢ Determined independently by the spectrophotometric method as described for Table 3.

d Confidence intervals are found for n=3 and confidence level p=0.95 [68, 74].

Conclusions.

Non-enzymatic biomimetic sensors for hydrogen peroxide based on a series of
immobilized porphyrin complexes of iron and manganese were prepared and investigated. The
influence of the meso-substituents of the macroheterocyclic porphyrin ligand, composition of
the adsorption solution, Nafion membrane, and amino acids on the properties of the sensors
were studied. The MnTMPyP complex achieved the best sensor performance for the

determination of hydrogen peroxide in the presence of oxygen with a low detection limit of
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5107 M H202, high sensitivity to hydrogen peroxide of up to 1.8 A M* cm? in a low
concentration range, and high selectivity, which makes it possible to use it for the analysis of
biological media. It was shown that the sensors can be used for the determination of hydrogen
peroxide in human serum. Furthermore, the signal transducer properties of the adsorbed
MnTMPyP for oxidase-based biosensors were investigated and glucose in human serum
samples was determined. Along with a simple fabrication procedure and robustness of the
sensor, the biomimetic electrocatalytic properties of the MnTMPyP complex in hydrogen
peroxide and oxygen reduction allowed excellent performance of the proposed electrochemical
sensors to be achieved for hydrogen peroxide and glucose determination in biological media,
emphasizing a bright perspective of the biomimetic electrocatalytic metalloporphyrin

complexes in healthcare and bioenergetics.
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