-
(@ chemosensors

Article

Prospects of Application of Ultramicroelectrode Ensembles for
Voltammetric Determination of Compounds with Close
Standard Electrode Potentials and Different

Diffusion Coefficients

1,%

Andrey Yu. Arbenin

, Alexey A. Petrov !, Denis V. Nazarov
Sergey O. Kirichenko 107, Petr S. Vlasov 1), Elena G. Zemtsova

1
1

, Evgeny Serebryakov 109,

, Vladimir M. Smirnov 1, Elena E. Danilova 1,

Sergey S. Ermakov {7, Alexander Vorobyov 27, Mikhail S. Mukhin 3 and Alexey M. Mozharov 2

check for
updates

Citation: Arbenin, A.Y.; Petrov, A.A.;
Nazarov, D.V.; Serebryakov, E.;
Kirichenko, S.O.; Vlasov, P.S.;
Zemtsova, E.G.; Smirnov, V.M.;
Danilova, E.E.; Ermakov, S.S.; et al.
Prospects of Application of
Ultramicroelectrode Ensembles for
Voltammetric Determination of
Compounds with Close Standard
Electrode Potentials and Different
Diffusion Coefficients. Chemosensors
2022, 10, 433. https://doi.org/
10.3390/ chemosensors10100433

Academic Editors: Hnin Nyein and
Li-Chia Jerry Tai

Received: 12 September 2022
Accepted: 14 October 2022
Published: 19 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Chemistry, St. Petersburg State University, 7/9 Universitetskaya nab.,

199034 Saint Petersburg, Russia

Renewable Energy Laboratory, Alferov University, Khlopina 8/3, 194021 Saint Petersburg, Russia
Department of Informatics, National Research University Higher School of Economics, Kantemirovskaya 34,
194100 Saint Petersburg, Russia

*  Correspondence: auad7@yandex.ru

Abstract: The spherical diffusion that occurs when using ultramicroelectrodes (i.e., electrodes with a
characteristic size of 1-10 um) contributes to a higher mass transfer rate. This leads to equalization of
the depletion rates of the near-electrode layer due to the electrochemical reaction and to the supply
of the product from the solution depth. This is the reason why, for ultramicroelectrodes, a limiting
size of the spherical layer exists in which the concentration gradient is localized (diffusion layer).
Thus, a stationary mass transfer mode is achieved, which is expressed in the sigmoidal CV curve’s
shape. In ultramicroelectrode arrays, when the diffusion hemispheres are separated, a steady-state
diffusion is realized. However, with a decrease in the interelectrode distance, which leads to the
diffusion spheres intersection, a mixed regime arises, which is not fully time-independent. The
resulting voltammogram’s shape change can serve as an analytical signal in the study of substances
with differing diffusion coefficients, since the diffusion layer growth rate and, consequently, the
area of intersection of neighboring spheres, depends on it. This work shows the applicability of
voltammetry using ensembles of ultramicroelectrodes operating in the transient mode for the analysis
of mixtures of electrochemically active compounds with close electrode reaction parameters, such as
exchange currents and electrode potential. Ferrocenemethanol esters are used as an example. The
applicability of cyclic voltammetry on the UME array for analysis of mixtures was illustrated by
means of finite element modelling. The reliability of the modelling results was experimentally proved
for ferrocenemethanol esters with glycine and triglycine.

Keywords: ultramicroelectrode; electrochemical sensors; peptide; voltammetry; ultramicroelectrode
array; diffusion mode; peptide derivatization

1. Introduction

The use of a few microns-sized electrodes makes it possible, due to purely diffusion-
based processes, to achieve a stationary CV response without special hydrodynamic con-
ditions [1-11]. This is achieved due to the presence of the contribution of the radial
components of diffusion, when, as the distance from the geometric center of the electrode
increases, the volume of the layer of equal thickness (and, hence, the amount of the sub-
stance per this layer) increases. The area of the equidistant surface also increases. This
prevents depletion of analyte in layers far from the electrode surface. In addition to the
stationary response, ultramicroelectrodes are also characterized by a high ratio of the main
(Faradaic) signal to the capacitive one, since their area is small, and the discharge current
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density of electroactive particles, on the contrary, acquires large values [12,13]. The station-
ary response itself is interesting due to the fact that the current in this mode is a function of
the potential, and the time dependence obtained in the experiment can be considered as
parametric. As a result, sensors that are extremely convenient in chronoamperometry can
be fabricated on the basis of ultramicroelectrodes [14]. Despite the high current density,
due to the small area, a single ultramicroelectrode has a rather low total current, which led
to the beginning of an active study of ultramicroelectrode arrays, often made in the form of
small sensors. To take into account the interaction of electrodes with each other, a theory
of the electrochemical behavior of ensembles of ultramicroelectrodes is developed, since
the overlapping of the diffusion regions of individual electrodes leads to a change in the
form of the Fick’s second law equation and the method of setting its boundary conditions.
In the general case, Fick’s law equalizes the time derivative of the concentration and the
product of the diffusion coefficient and the result of the action of the Laplace operator on
the concentration function (Equation (1)).

aC
=, = DAC )

The most widely used method for modeling an ensemble of ultramicroelectrodes is
to allocate, for each microelectrode, a prism of semi-infinite height, the base of which is
limited by a polygon formed by the intersection of the midperpendiculars of the segments
connecting its center with the centers of neighboring microelectrodes (Figure 1) [15-17].

Z = No flux

== Electrode surface

Rb ‘ r

Figure 1. Geometric formulation of the boundary conditions for the model of a hexagonally ordered
ensemble of disk ultramicroelectrodes.

The flow in the system depends solely on the depletion of the near-electrode space
as a result of the electrochemical process, which in turn leads to a concentration gradient
(Equation (2)):

J=-DxvC @

No-flux boundary condition (Equation (3)):
vC(z,r)=0 (3)
Boundary condition of the electrode reaction (Butler—Volmer equation (4)):
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Here, k is the exchange constant of the electrode reaction, and 7 is overstrain.
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For hexagonally packed ultramicroelectrodes, the effective cylinder radius is (Equation (5)):

L /33
Ro=2\ 2+ ®)

The prism is approximated by a cylinder of equivalent cross-sectional area, which
allows us to go from the Laplacian of a three-dimensional rectangular Cartesian coordinate
system (Equation (6)) to the Laplacian, the form of which is presented in Equation (7):
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Equation (5) is much simpler to solve, but even in this form, mathematical modeling
of the response of such an ensemble using numerical methods for integrating differential
equations turns out to be much less labor-intensive.

The contribution of overlapping diffusion regions is expressed in a change in the
nature of the CV response, namely, in an increase in the time dependence contribution,
which can be visually observed by changing the shape of the curves from a sigmoidal
stationary to a wave-like dependence with a peak. Basically, the problem of modeling
the current-voltage response of ensembles is associated with the need to find optimal
conditions in terms of increasing the ratio of the Faradaic current to the capacitive one [13]
or in terms of obtaining conditions for a stationary response [15]. In fact, not only these
parameters can be optimized at the simulation stage.

Since the rate of growth of the diffusion region and the distribution of concentrations
in it depend on the diffusion coefficient, it is possible to put forward a hypothesis about
the different shape of the current-voltage curve of an ensemble of ultramicroelectrodes
with overlapping diffusion layers for substances with different coefficients, since the region
and the degree of overlap for them will be different. If this hypothesis is correct, the CV
response dependence on the diffusion coefficient can be used to separate the responses of
substances whose electrochemical potentials and exchange currents are close, but whose
diffusion coefficients are different (e.g., cysteine and glutathione, electrochemically active
polypeptides with different chain lengths). The present work is devoted to theoretical and
practical testing of this hypothesis.

A CV study of compounds using microelectrode arrays is of interest for the analysis of
electroactive oligomers, since different chain length in this case provides a significant differ-
ence in the diffusion coefficient [18]. Of particular interest is the analysis of oligopeptides
obtained by chemical assembly [19], since multistage synthesis in the case of incomplete
substitution of functional groups leads to the formation of side products with a shorter
chain length. The deviation of the oligopeptide composition is very critical for such areas
as pharmaceuticals, medicine, biology, and control methods, which are very expensive—
these are mainly HPLC and MS. Electrochemical analysis is simpler and does not require
expensive equipment. A number of oligopeptides, such as glutathione [20], carnosine [21],
and felipressin [22], are studied by voltammetry, which indicates the possibility of CV
studies using microelectrodes, but the use of intrinsic redox transitions does not make the
analysis universal. To unify the method, it is possible to introduce electroactive labels into
the oligopeptide molecule, for example, osmium complexes [23].

In the present study, transient behavior models were constructed based on data on
the behavior of microelectrode ensembles: the difference in the voltampere curves can
serve as an analytical signal to identify compounds with the same redox potential but
different diffusion coefficients. In proof of this assumption, a series of experiments was
performed to record voltammograms of electroactive derivatives on photolithographic-
derived ensembles of microelectrodes.
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2. Materials and Methods
2.1. Reagents

Wang resin, 1.1 mmol/g (Sigma-Aldrich, St. Louis, MO, USA), FMOC-glycine, >98%
(Sigma-Aldrich), N,N,N’ N'-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophos-
phate, >99% (Carl Roth GmbH, Karlsruhe, Germany), N,N'-Dicyclohexylcarbodiimide, >99%
(Ferak, Berlin, Germany), 4-(Dimethylamino)pyridine, >99% (Sigma-Aldrich), Dimethyl-
formamide, >99% (JSC LenReactiv, Moscow, Russia), Ferrocenemethanol, >97% (Sigma-
Aldrich), Trifluoroacetic acid, >99% (Sigma-Aldrich), Diethyl ether, >99% (LLC Vekton, Saint
Petersburg, Russia), Sodium nitrate, >99% (LLC Vekton), Sodium phosphate monobasic,
>99% (LLC Vekton), Sodium phosphate dibasic, >99% (LLC Vekton), photoresist AZ MIR
701 (AZ Electronic Materials, Luxembourg), and photoresist developer AZ MIF 726 (AZ
Electronic Materials).

2.2. Lithographic Production of Ultramicroelectrodes

The structures for the study were fabricated using deposition by vacuum evaporation
of metals and optical lithography. The scheme is shown in Figure 2.

Gold evaporation

Silicon wafer \

Photoresist coating Lithography Developing

- s . — _—
- N -

Figure 2. Scheme for obtaining microelectrode ensembles.

First, chromium and gold adhesive layers with thicknesses of 5 nm and 200 nm,
respectively, were deposited on a one-sided polished single-crystal silicon wafer. We used
thermal evaporation to deposit metal layers. At the next stage, point contacts’ arrays
were fabricated using optical lithography. The substrate was spin-coated with an AZ
MIR 701 photoresist layer. Then, a hexagonally ordered array of circles was deposited on
this layer using a maskless photolithographic system Heidelberg DWL 66FS. Next, the
photoresist layer was processed with a AZ 726MIF developer, which led to the opening
of circular metal contacts. The interelectrode distances were determined based on the
simulation and amounted to 10, 20, 50, and 100 um. The remaining photoresist provided
the dielectric layer for further electrical measurements.

2.3. Triglycine Synthesis

Oligopeptides were synthesized by the Merrifield method. Wang resin [24] was used
as a solid-phase support, to which FMOC-protected glycine [25] was covalently attached by
esterification. Esterification was carried out by carbodiimide activation of the COOH group
of the amino acid (its interaction with DMAP and DCC in DMF with stirring in dry argon
for 10 min at 0 °C). The solution with activated amino acid was poured into a container
with Wang resin (previously swollen in DMF for 1 day) at the rate of 1.1 mmol of amino
acid per 1 g of dry Wang resin. The reaction was shaken for 1 hour. Subsequent chain
elongation was carried out in an Endeavor AAPTEC peptide synthesizer by removing the
Fmoc protection (using methylpiperidine) from glycine and sequentially adding each next
amino acid fragment catalyzed by HBTU (hexafluorophosphate benzotriazole tetramethyl
uronium) in the presence of DIEA. All operations in the synthesizer involve washing the
amino acids-modified resin with solutions of the corresponding substances in DMF: HBTU
0.4M, DIEA 1M, MPiP 20%. The synthesis scheme is shown in Figure 3.
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Figure 3. Scheme of solid phase synthesis of triglycine.

2.4. Synthesis of Glycine and Triglycine Esters of Ferrocenemethanol

Synthesis of electroactive derivatives was carried out by carbodiimide esterification
between ferrocenemethanol and FMOC-protected glycine/triglycine (Figure 4).

@ o 0 Fmoc
ch + H JK/N 'l“
H 0 H

bDCC
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: |
! NH
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n

Figure 4. Synthesis of ferrocenemethanol esters by the carbodiimide method.

Protection was removed in the same way as in the course of peptide synthesis.

2.5. Recording Cyclic Voltammograms

Cyclic voltammograms were recorded at sweep rates of 10, 20, 50, 100, 200, 500, and
1000 mV/s using an Elins potentiostat—galvanostat for ferrocenemethanol and electro-
chemically equivalent modified ferrocenes with an increased characteristic molecular size
(glycine—ferrocenemethanol). The studied ultramicroelectrode ensembles were used as the
working electrode, AgCl as the reference electrode, and a glassy carbon as the auxiliary
electrode. We used solutions of electroactive peptides in 0.01 M phosphate buffer with the
addition of 0.2 M sodium nitrate as a supporting electrolyte. The concentration of the main
substanceis 1 x 1074 M.

2.6. Modeling Cyclic Voltammograms

To simulate the response of an ensemble of ultramicroelectrodes, the software package
COMSOL® Multiphysics was used. A method was used that involves limiting the diffusion
region of the components by a cylindrical surface that is not limited in height. The base area
of the cylinder is equal to the area of the polygon constructed on the median perpendiculars
of the segments connecting adjacent ultramicroelectrodes.

A triangular mesh of finite element integration with automatic generation of elements
was used; in the area close to the electrode surface, the grid density was increased (Figure 5).
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Figure 5. Dividing the working area of the model into a finite element mesh.

3. Results
3.1. Microscopic Study of Microelectrode Arrays
Micrographs of the prepared microelectrode arrays confirm the correspondence of

the resulting interelectrode distances to those established as optimal during modeling
(Figure 6).

10.00 ym

Figure 6. Electron micrographs of the microelectrode ensembles.

The interelectrode distance, estimated from the image in Figure 5, corresponds to 10,
20, 50, and 100 pm, declared when setting the parameters of the photomask for lithography.
The surface of the photoresist is smooth except for those areas where it is contaminated
with mechanical impurities. The diameter of the perforations in the photoresist layer is
2.5 um. These perforations free the gold surface, thus producing ultramicroelectrodes.
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3.2. Determination of the Structure of Ferrocenemethanol Esters of Glycine and Triglycine

To study the esterification products of ferrocenemethanol and Fmoc-triglycine and fer-
rocenemethanol and Fmoc-glycine, high-resolution ESI MS(+) mass spectra were recorded
on a Shimadzu LCMS-9030 Q-TOF mass spectrometer. In the MS! spectrum (Figure 7)
of the first compound, a molecular ion peak [M]+ with m/z 609.1557 (calculated value—
609.1557) was observed, which corresponded to the formula C3;H31N3OgFe. The exact
mass and isotopic distribution are in good agreement with the calculated spectra. MS?
spectra can be interpreted as the spectra of the expected ions of the products with the
proposed structure. In the MS! spectrum (Figure 8) of the second compound, we observed
a molecular ion peak [M]* with m/z 495.1130 (calculated—495.1128), corresponding to the
formula CpgHysNO4Fe. The exact mass and isotopic distribution are in good agreement
with the calculated spectra. MS? spectra can be interpreted as the spectra of the expected
ions of the products with the proposed structure.

6081557
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Figure 7. ESI MS of triglycine ferrocenemethanol ether.
Ml RT: 107028 59901
4951130
10*
"
10
61182
1x10*
I - ‘ At
. W 1209, 451500 posaen  asssons | w255 T | 4T3 4381196 4092386
L]
v as41207 ssa1207
1174 e
~10°
851159
o
£ 495128
i 320 25 a0 5 aa40 s 4350 55 60 4365 70 4975 4380 4985 4390 7

C28 H25 N O4 Fel»

Figure 8. ESI MS glycyl ferrocenemethanol.

Thus, the study of electroactive peptide derivatives confirmed that the esterification
products were Fmoc-protected glycyl ferrocenemethanol and triglycyl ferrocenemethanol.

3.3. Registration of Voltammograms and Comparison of the Obtained Results with Theory

A series of cyclic voltammograms for a model compound (ferrocenemethanol, equilib-
rium potential 275 mV, diffusion coefficient 0.74 x 10~ m?/s) was constructed at various
sweep rates, and a comparison was made of the voltammetric curves of substances with a
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diffusion coefficient that differs by an order of magnitude at different values of the distance
between individual UMEs. As a measure of the transition from the nonstationary to the
stationary mode, the value of the oxidation peak potential displacement was chosen; in the
case of equilibrium electrode process, it does not depend on the sweep rate, which means

that it can characterize changes associated with differences in the diffusion parameters.

Figure 9 shows a series of current-voltage curves for various distances between the
electrodes and various diffusion coefficients.

6 -
504 _— L=10}lm - - L= ].Ol.lm
o] T L=20um N —— L=20pm
‘e — L=50um £ 4 — L=50pm
E 30 A L=100pum E 5 L=100pm
% 204 BN
S 10+ L
-2
8 &
= 0 ._.__\E'L o4
-10 - 1]
-20 - T T T T T T 1 -2 4
0.1 0.0 01 0.2 0.3 0.4 0.5 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
EV EV
(B)
6
- L= 10le ’;_’-;,-:.-_—‘f-""'"""' me—
1  ——L=20um /
= e 4] ——L=50um
< < L=100um
e £ 3
@ 2 ]
= "'--.\L“’l 04
_1 -5
-2 T T T T T T 1
-0.1 0.0 0.1 0.2 0.3 0.4 0.5
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Figure 9. Series of current-voltage curves at different distances between the electrodes in the ensemble
and different diffusion coefficients of analytes. (A,C): D = 7.4-10~7; (B,D): D = 7.4-10~10. (A,B): scan
rate 10 mV/s; (C,D): scan rate 100 mV /s.

It can be noted from the Figure 10 that the most noticeable discrepancy in the shape of
the curves is observed at a distance of 20 um and 100 pm, but increasing of the distance
results is observed in the decreasing of the integral current of ensemble; therefore, the main
significant results are presented for ensembles with interelectrode distance 20 um. For

this ensemble, the calculated dependence of the stationarity parameter on the diffusion
coefficient was constructed (Figure 11).
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Figure 10. Values of the stationarity parameters of curves with different interelectrode distances in
the ensemble.
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Figure 11. Dependence of the potential shift on the diffusion coefficient for an ensemble with an
interelectrode distance of 20 um and a sweep rate of 1000 mV/s.
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As can be seen from the graph, there is a significant relationship between the diffu-
sion coefficient and the stationarity parameter, associated with a change in the degree of
overlapping of the diffusion regions of neighboring ultramicroelectrodes. In addition, it
quite accurately fits a linear dependence in log-logarithmic coordinates (or power-law in
linear ones) with the coefficients indicated on the graph, which theoretically could be used
to separate the signals of substances with different diffusion coefficients.

In addition, model cyclic voltammograms of ferrocenemethanol were built on an
ensemble with a distance of 20 um at various sweep rates for subsequent comparison with
experimental data (Figure 12).
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Figure 12. CV of an ensemble with an interelectrode distance of 20 um at various sweep rates.

Based on the results of the mathematical modeling, it was decided to produce 4 sets of
microelectrode ensembles with interelectrode distances of 10, 20, 50, and 100 microns. The
first one is convenient from the point of view of a larger area and, consequently, a larger
value of the recorded signal, which will be used in the experimental verification of the
simulation results; the second one has the optimal geometry in terms of constructing
dependences on the diffusion coefficient. An electrode with a distance of 100 pm is
guaranteed to have a stationary current-voltage response, which will be used to determine
the diffusion coefficient.

Next, we proceeded to study the experimental dependences of the electrochemical
parameters on the chain length. Initially, to confirm the convergence of model and experi-
mental data, CV curves were recorded for the established effective interelectrode distance
of 20 pm as applied to the ferrocenemethanol/ferroceniummethanol redox system. Various
sweep rates from 10 to 1000 mV /s were tested (Figure 13):

09 — —10mv/s
—— 20 mV/s
30
—— 50 mV/s
20 —— 100 mV/s
17 — 200 mV/s
< —— 500 mV/s
g 7 —— 1000 mV/s

-0.1 0.0 0.1 0.2 0.3 0.4 0.5

Figure 13. Experimental current-voltage curves of ferrocenemethanol.
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For comparison, we also present, on the same graph, calculated and experimental CV
curves for a sweep rate of 100 mV /s (Figure 14).

1.2 4

Experimental
—— Theoretical

1.0

0.8 4

0.6 4

0.4

0.2 4

‘[]Ipaek

0.0 +
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-0.6

-0.8 T T T T T T T T T T T T T 1
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

E-E,N
Figure 14. Theoretical and experimental CV curves of ferrocenemethanol.

The standard deviation in the area of the oxidation peak (—0.5-0.2 V) is within
5 x 107* in relative units (the current to peak current ratio), which can be considered
a satisfactory result in terms of the predictive potential of the model.

It should be noted that large discrepancies in the reduction potential range are due to
easy oxidation of ferrocenemethanol in air, which can be seen visually during long-term
storage of the solution: its color changes from yellow to blue. For this reason, the oxidation
peak of the reduced form was used as a characteristic peak.

In addition, dependences of the peak potential shift on the sweep rate for experimental
and theoretical data were plotted (Figure 15), which demonstrate a fairly high convergence
(standard deviation within 2 mV, which also confirms the accuracy of the model).

0.13 1
Theory
s @
0.12 4 ¢ Experimental °
> 3
& 011
& 8
® 0.10-
S 3
% 0.09 -
Y 8
?3 0.08 -
ol
0.074
18
0.06 -4 T T T T T T T T T T
0 200 400 600 800 1000

Scan Rate, mV/s

Figure 15. Comparison of experimental data on the shift of the ferrocenemethanol peak potential
with a sweep rate change.
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The next step involved the construction of CV curves for ferrocenemethanol modified
with peptide fragments (monoglycine and triglycine). As a result, similar series of curves
were recorded and graphs of the dependence of the peak potential shift on the sweep
rate were plotted. Figure 16 shows cyclic voltammograms for ferrocenemethanol, glycine—
ferrocenemethanol, and triglycine—ferrocenemethanol at various sweep rates.
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0.8 1 —— Gly,*Ferrocene-Methanol 0.8
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Figure 16. Experimentally obtained cyclic voltammograms of ferrocenemethanol and its esters with

glycine and triglycine.
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The given CV curves show that the peak potential is most significantly shifted relative
to the equilibrium one, which fully corresponds to the proposed model.

The dependences shown in Figure 17 unambiguously indicate that the nature of the
peak shift refers to the mass transfer and not to electrochemical polarization. In addition,
it is clearly seen that the shift of the peaks increases significantly as the length of the
peptide fragment increases, and, consequently, the diffusion coefficient decreases. For
a planar electrode, the peak potential shift is enormously smaller than for an array of
microelectrodes (Figure 18), while the value itself is comparable with the drift of the silver
chloride electrode. The difference between potential shifts obtained from the UME array
and planar electrode indicate that using the UME array is more preferable.
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Figure 17. Peak potential shift as a function of sweep rate for ferrocenemethanol and its esters with
glycine and triglycine.
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Figure 18. Peak potential shift of triglycine ferrocenemethanol ester calculated from CV measured in
the microelectrode ensemble (inter-electrode distance 20 um) and planar gold electrode.
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The above points to the possibility of using the difference in the shape of the voltam-
metric curves, in particular the shift of the peak potential, as an analytical signal for the
analysis of compounds with different diffusion coefficients and equal redox potentials.
Quantification of compounds in a mixture can be of practical interest for analytics. To
prove the applicability of the ultramicroelectrode ensemble to the analysis of oligopep-
tide mixtures, three-factor simulations of mixture systems were performed to study the
dependence of changes in the voltammetry peak potential on the concentration ratio of
model compounds, their diffusion coefficient ratios, and the potential sweep rate. Since, for
ferrocenemethanol and its derivatives, the interelectrode distance of 20 pm proved to be
the most advantageous, it was also used in the simulation of the mixture system.

The diffusion coefficient of ferrocenemethanol previously used as a model compound
was taken as a starting point: Decpetn = 0-74 X 107 m?/s. Other coefficients were counted
relative to it: D = x X DgecMetn. This was required to investigate the presence of a lower
molecular weight product (ferrocenemethanol) in a system with a major high molecular
weight product with a low diffusion coefficient. The behavior of mixtures containing a
high molecular weight product and ferrocenemethanol in ratios of 0.1to 1, 0.2 to 1, 0.5 to
1,07t01,09to1,1to1,2t0o1,5to1,7to1,9 to 1, and pure compounds was modeled.
Dependencies at sweep speeds of 10, 20, 50, 100, 200, 500, and 1000 mV /s were investigated.

The series of voltammetry diagrams of mixtures of substances with different diffusion
coefficients obtained by the calculation method show a regular course of the peak potential
shift from the ratio of low molecular- and high molecular-weight products (Figure 19).

1.2 —0.1-1
—0.2-1

1.0 1 —0.5-1

0.8 4
0.6

0.4

11

0.2
0.0
0.2
0.4 4

-0.6 4

-0.1 0.0 0.1 0.2 0.3 0.4 0.5
E,V

Figure 19. Cyclic voltammetry of mixtures with different ratios of substances with diffusion coeffi-
cients differing by a factor of 10. Ultramicroelectrode ensemble 20 um, sweep rate 10 mV/s.

Dependences of the peak position on the cyclic voltammetry program on the ratio of
concentrations of substances with different diffusion coefficients at different sweep speeds
were plotted using the model data (Figure 20).
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Figure 20. The dependence of the oxidation peak potential on the fraction of a high molecular weight
compound for different sweep rates: (A)—Dpmwc = 0.1 X Dpecmeth, (B)J—Duamwce = 0.2 X DpecMeth,
(©)—Drmwc = 0.5 X Drecmeth, (D)—Dramwc = 0.7 X DpecMmeth-

There is a clear shift of the oxidation peak potential toward higher values as the
voltammetric curve exhibits a form corresponding more to the stationary behavior. The
most dramatic change is characteristic of a system with a ten-fold difference in the diffusion
coefficient: as the low molecular weight product is added (i.e., moving from 1 to 0 on
the abscissa axis), the peak potential decreases dramatically. As the difference between
the diffusion coefficients decreases, the slope of the curves also decreases. Thus, it can
be assumed that the more different the diffusion coefficients are, the more obvious the
analytical response is when a low molecular weight product is added, and the easier it is
to detect.

In addition, we can note an interesting effect that is observed for the substance with
the lowest diffusion coefficient at a potential sweep rate of 1000 mV/s. As can be seen
from the graph, in this case, the type of dependence is inverted, which can be related to
the geometry of the ultramicroelectrode ensemble. Ultramicroelectrodes are formed due to
perforations in the resist layer, which leads to deepening of the current-exchange surface.
For the effect of the radial diffusion component to manifest itself, the diffusion layer must
advance a considerable distance into the space outside the recess. In the case of high sweep
speeds, such a situation may not be realized during the recording of the voltammetry
program. This assumption is confirmed by the color concentration diagrams constructed
by the COMSOL® program (Figure 21).
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(A) (B)

Figure 21. Color diagrams of the near-electrode area concentration at the moment of reaching the
end of the first branch of the voltammetric waveform for sweep speeds of 100 (A) and 1000 (B) mV/s.

It can be noted that the diffusion layer in the case of 1000 mV /s sweep rate is more
concentrated inside the perforation.

According to the data presented in Figure 20, it is clearly seen that the sweep speed
significantly affects the increment of the peak potential when the concentration ratio
changes. To quantify this influence, a value of the theoretical detection limit of the “low
molecular weight” substance was proposed, which was determined at the signal level equal
to the acceptable hourly shift of the potential of the silver chloride reference electrode. In
practice, when determining the shift of the peak potential compared to the equilibrium
potential, the effect of potential drift will be minimal; here, it was decided to use this value
as a conditional value. Its value is 0.12 mV. Dependencies of the theoretical detection
limit on the sweep rate for substances with different diffusion coefficients were plotted
(Figure 22).
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Figure 22. Dependence of the theoretical detection limit of a low molecular weight substance on the
sweep rate for pairs of substances with different diffusion coefficient ratios.

It can be noted that for all presented pairs of substances, the minimum of the detection
limit is in the area of the sweep rate of 50 mV/s. In addition, a tendency to a dramatic
increase in the detection limit as the diffusion coefficient of the high molecular weight
component increases is noticeable.
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For the optimal sweep rate of 50 mV/s, a plot of the dependence of the detection limit

on the diffusion coefficient was plotted Figure 23.
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Figure 23. The dependence of the theoretical detection limit of a low molecular weight product in a

mixture on the diffusion coefficient of a high molecular weight component.

As can be seen from the graph, the detection limit decreases as the difference in

diffusion coefficients increases.

To estimate the diffusion coefficients of mono- and triglycene-ferrocenemethanol,
cyclic voltammetry curves obtained on an ensemble of ultramicroelectrodes with a 100 pm
inter-electrode distance were used. The distance used is enough to provide a steady-state
voltammetry response. The CVs of the solutions of mono- and triglycene derivatives of

ferrocenemethanol, as well as of ferrocenemethanol itself, are shown in Figure 24.
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Figure 24. Cyclic voltammetry of ferrocenemethanol and its derivatives obtained with an ultramicro-

electrode ensemble with inter-electrode distance 100 um.

Considering that for ultramicroelectrodes functioning in the stationary mode, the
thickness of the diffusion layer does not depend on the diffusion coefficient, we can use
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the direct proportionality of the limiting diffusion current through the ensemble to the
diffusion coefficient (Equation (8)):

Lim = SumeNumenFCD/$ (8)

In this formula, J is the diffusion layer thickness, Sy is the area of the ultramicroelec-
trode, and Ny g is the number of ultramicroelectrodes. The multiplier can be estimated by
knowing the diffusion coefficient of ferrocenemethanol and considering the equality of ana-
lyte concentrations (all studied substances were used at a concentration of 1-10~* mol/L).
In this case, the following expression for the limiting diffusion current can be written for
the ensemble of the UME used (Equation (9)):

Ljm = 733.8 - D )

Now we can estimate, using this equation, the diffusion coefficients of derivatives.
For glycyl-ferrocenemethanol and triglycyl-ferrocenemethanol, they are 0.164-10~% and
0.046-10~7, respectively. Their ratio would be 0.28. Knowing the relationship between
the diffusion coefficients, we estimate the detection limit of glycyl-ferrocenemethanol in
triglycyl-ferrocenemethanol from the approximating curve in Figure 22, which is 3.8%.
Considering the decrease in the diffusion coefficient as the peptide chain grows, one can
assume lower values of the detection limit of the low molecular weight compound for
longer peptide chains.

From the above, the following conclusions can be drawn:

(1) Features of mass transfer in ultramicroelectrode ensembles significantly affect the
shape of the curves of substances with different diffusion coefficients.

(2) The smaller the diffusion coefficient, the greater the shift in the shape of the curve
towards stationary behavior.

(3) Voltammograms on arrays of ultramicroelectrodes can be used to create a new
method for analyzing the composition of mixtures of components with different diffu-
sion coefficients.

4. Conclusions

The proposed concept of the method for electrochemical analysis of oligopeptides by
analyzing the change in the course of voltammetric curves found computational and exper-
imental confirmation in the study of the ratio of peak potential shift data as a quantitative
indicator of curve shape change. The possibility of using ultramicroelectrode ensembles for
analyzing molecules with similar electrochemical properties but with different diffusion
coefficients was shown.

The method presented can be adapted for practically important groups of compounds by
means, for instance, of modification of active electrode surface with electrocatalytic compounds.

The estimated value of the detection limit of low molecular weight impurity proposed
in the work indicates that the method can be used to determine the amount of low molecular
weight product impurity, in particular, for solid-phase peptide synthesis. Considering the
small size of the ultramicroelectrode ensemble, as well as the successes widely reported in
the literature on the miniaturization of potentiostats required for voltammetric experiments,
it can be assumed that the equipment required for the method’s realization can be included
in the equipment for solid-phase peptide synthesis. Such a variant of application of the
method would allow a rapid analysis of the product for the presence of impurities.
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