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Abstract: In this article, the possibility for ibotenic acid and muscimol electrochemical determination
on the electrode, modified by nano-CuS/conducting polymer composite, is theoretically described. The
analytical signal is based on the reaction of the copper (I11) sulfohydroxide with both of the analytes,
and the reaction is realized by two parallel scenarios. The analysis of the correspondent model confirms
the possibility of the oscillatory behavior caused by DEL influence of the electrochemical stage and
chemical stage involving ibotenic acid. The chemical stages involving muscimol do not participate in
the oscillatory behavior. The stability analysis confirms the easy realization of the linear dependence
between the electrochemical parameter and concentration and, therefore, the facility in analytical signal
interpretation.

Keywords: Amanita muscaria; ibotenic acid; muscimol; electrochemical sensor; conducting polymer;
copper (1) sulfide; stable steady-state.
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1. Introduction

Fly agaric, also known as Amanita muscaria [1-4], is one of the most widespread
poisonous mushrooms in subtropical and moderate countries. It also becomes widespread in
subequatorial and equatorial countries such as Panama, Colombia, and Venezuela [4]. Its
poison is highly toxic, causing grave central nervous system disorders [5]. Nevertheless, it is
still used in some alcoholic drinks in Russia, Finland, and Norway [6,7]. In Middle Ages, the
vikings ate fly agaric into mushroom broth in order to enhance the spirit.

The fly agaric toxicity is generally caused by the presence of ibotenic acid [8-11] and
their derivatives — muscimol and muscazone in the mushroom pulp (Figure 1).
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Figure 1. Ibotenic acid, muscimol and muscazone.

Being muscimol is the most dangerous among the three [12—14]. Moreover, being a
biogenic amine, it stimulates the nervous system, causing the false happiness feeling and giving
the reforce to the action of two other toxins. As for muscazone, a product of ibotenic acid
photoisomerization, its action is less intensive but longer and somehow more intense (including
partial blindness due to the methanol formation in its metabolism).

Considering the structure of all three compounds, we may conclude that cathodic
reduction is the best strategy to detect all of the compounds electrochemically. Nevertheless,
anodic oxidation may also be used. Muscimol will be oxidized at lower potentials than ibotenic
acid and muscazone. For this purpose, chemically modified electrodes containing strong
oxidants may be used [15-18].

Therefore, the composite material of CuS nanoparticles with a conducting polymer, in
which the polymer is a mediator and stabilizer, and the CusS is the starting material for in situ
anodic synthesis of trivalent copper as copper (I11) sulfohydroxide by reaction (1):

CuS + OH" - e = CuS(OH) 1)

would be an interesting option. Such hybrid materials have already been used in
electroanalytic[19-22] in either cathodic or anodic processes. Nevertheless, the
electrochemical instabilities, typical for similar electroanalytical and electro synthetical
processes [22—-26], may impede the easy interpretation of the analytical signal or even lead to
the electrochemical equipment breaking down. On the other hand, the electrochemical
instabilities may reveal the presence of a substance or a specific reaction involving the
electroactive compound.

The analysis of the theoretical and experimental data shows that the electrochemical
instabilities in non-autocatalytic electrochemical systems are caused by the influences of

https://nanobioletters.com/ 20f7


https://doi.org/10.33263/LIANBS131.037
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS131.037

chemical and electrochemical processes on the double electric layer (DEL) ionic force,
capacity, and conductivity, like also the electrode surface material impedance.

Therefore, the theoretical a priori investigation of the system’s behavior, capable of
detecting the conditions of the most effective sensing interpretation, like also the conditions of
the electrochemical instabilities, is an important stage for the development of new
electrochemical sensors, especially for new compounds and involving new electrode modifiers.
Also, this investigation, involving the development and analysis of a mathematical model,
permits to compare the similar electroanalytical systems. Therefore, the aim of this work is to
investigate, from the mechanistic theoretical point of view, the possibility of ibotenic acid and
muscimol electrochemical determination on nano-CuS/conducting polymer composite. It
involves the mechanism suggestion and mathematical model analysis and interpretation,
including the comparison of this system's behavior with that of similar ones [27,28].

2. Materials and Methods

Copper (I11) sulfohydroxide, a product of copper (1) sulfide in situ electrooxidation by
reaction (1), is an aggressive oxidant, oxidizing both ibotenic acid and muscimol by two
parallel scenarios:

- yielding an N-oxide;
- oxidizing amino group to imine.

Considering the absence of highly accepting carboxyl in muscimol, its oxidation will
be given more easily and on lower anodic potential values (Figure 2).
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Figure 2. The scheme for the electroanalytical process.

Taking this into account and taking some assumptions [27,28], we describe the behavior
of this system by a trivariant balance differential equation-set (2):
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dm1 _ 2 M1
== (7 (mw —-my) =Ty — T12)

dt 1)
dm 2 (M

dtz =3 (?2 (Mmyo —my) — 19 — 7”22) 2)

dc

s %(Tn + 712+ 1o + 1o — 1)

Herein, m; and m, are correspondently ibotenic acid and muscimol concentrations in
the pre-surface layer, ¢ is the diffusion thickness, c is the copper sulfide matrix coverage
degree, M and M are ibotenic acids and muscimol diffusion coefficients, m,, and m,, stand
for the bulk concentration of each of the analytes, C is the copper sulfide maximal matrix
concentration, and the parameters r stand for the correspondent reaction rates, calculated as:

T = kgamy (1 — C)z exp(—ac) (3)
T12 = kipmy (1 — C)Z exp(—ac) (4)
721 = kaymy(1 — C)Z (%)
T2 = Koomap (1 — C)Z (6)
r, = kycexp (%) @)

Herein the parameters k correspond to the reaction rate constants, a is the parameter
describing the influence of ionic forms transformations on DEL electrophysical properties, F =
Nye is the Faraday constant, ¢, stands for zero-charge-related potential slope in DEL, R is the
universal gas constant, and T is the absolute temperature.

In this system, the oscillatory behavior on the chemical stage may be caused by the
DEL impact of only one of two analytes analyte. Therefore, the electroanalytical process will
be more stable and efficient than for ibotenic acid and muscazone, as shown below.

3. Results and Discussion

We investigate the behavior of the system with ibotenic acid and muscimol
determination over CuS/conducting polymer composite by means of the linear stability theory,
describing the steady-state Jacobian members as (8):

ai; A1z 413
<a21 az; a23) (8)

az1 dzz dsz

In which:

a1 = %(_% — k11 (1 = c)* exp(—ac) + akyym; (1 — c)? exp(—ac) — ky,(1 —

c)? exp(—ac) + ak;m (1 — ¢)? exp(—ac)) 9)

a, =0 (10)

a3 = %(Zklzml(l —c) exp(—ac) + 2k,,m; (1 — ¢) exp(—ac)) (11)

a;; =0 (12)

A2 = %(—% — ka1 (1 =) = kpp(1 - C)z) (13)

Az3 = %(2k21m2(1 — ) + 2ky;my(1 —¢)) (14)

az, = %(kll(l —c¢)?exp(—ac) — ak;ymy(1 — c)? exp(—ac) + k(1 — ¢)? exp(—ac) —
kizmyi(1 = ¢)* exp(—ac)) (15)
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1
azz =7 (ka1 (1= ¢)? + kz2(1 = ©)?) (16)
a33 = %(—Zklzml(l —c) exp(—ac) — 2ky,m; (1 — ¢) exp(—ac) — 2k,ym,(1 —¢) —
2ky,m,(1 —¢) — ky exp (n:;’f") + jkicexp (%)) 7)

Taking into account the Jacobian main diagonal elements (6), (10), and (14), it is
possible to conclude that, as this diagonal contains the elements capable of being positive, the
positive callback may be characteristic of this electrochemical process. Therefore, the Hopf
bifurcation, correspondent to the oscillatory behavior, becomes possible.

In this system, the oscillatory behavior is caused by the (co)action of two factors, such
as in [27 - 28]. Besides the factor of the influence of the electrochemical stage on the surface

and pre-surface layer electrophysical properties (ionic force, conductivity, and capacitance),

Fgo
RT

will also be caused by ionic form transformation on the chemical stage, described by the
positivity of the elements  ak,;;m;(1 — c)?exp(—ac) and ak;,m;(1 — c)? exp(—ac),
involving the reactions of the ibotenate-ion.

It’s important to mention that in neutral and mildly alkaline mediums, the second
analyte, muscimol, isn’t ionized. Therefore, in this system, the oscillatory behavior will be
defined by the chemical transformation of only one analyte — ibotenic acid in the form of
ibotenate-ion.

As for the steady-state stability, its topological region is more narrow than in the
simplest case but wider than in the case of two ionizing analytes. Applying the Routh-Hurwitz
criterion, we rewrite the Jacobian matrix as (18):

described by the positivity of the element jk,c exp (n ) > 0, if j>0, the oscillatory behavior

. —K—F 0 pA
52c 0 —1—-A T (18)
) A —X-T-0

Introducing new variables in order to avoid cumbersome expressions.

Opening the straight brackets and resolving the inequation Det J<O, salient from the
criterion, and changing the signs to the opposite, we obtain the necessary requisite for steady-
state stability (19):

KAZ+ AT+ A2+ AL+ AD) + EQAT + A2+ A2) >0  (19)

This inequity describes an efficient electroanalytical process, which is both diffusion
and kinetically controlled. Moreover, taking into account the absence of side reactions,
compromising the analyte and modifier stability, it will depend on linear dependence between
the analytes concentration and electrochemical parameter (current and(or) potential).

As for the detection limit, it will correspond to the monotonic instability, depicting the
margin between the stable steady-state and unstable state. Its condition may be exposed as Det
J=0or (19):

KAZ+ AT+ A2+ AL+ AD) + EAT + A2 + A2) =0 (20)

A similar scenario will be given in the case of muscimol and muscazone
electrochemical determination. Nevertheless, it will be simplified for muscazone due to only
one oxidation possibility against two for muscimol and ibotenic acid. This behavior is
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characteristic till a certain pH value, at which the amido ester group in muscazone is
hydrolyzed. The behavior of this system will be described in one of our next works.

4. Conclusions

From the analysis of the system with ibotenic acid and muscimol determination on

CuS/Conducting Polymer composite, it is possible to conclude that the mentioned composite
is an efficient electrode modifier for ibotenic acid and muscimol determination. The
electroanalytical process is both diffusion and kinetically controlled, being less stable than for
the simplest case but more stable than for two ionizing analytes. As for the oscillatory behavior,
its probability is high but lower than for the case of ibotenic acid and muscazone.

Funding

This research received no external funding.

Acknowledgments

Volodymyr V. Tkach acknowledges the Engineering Faculty of the University of Porto and the
University of Tras-os-Montes and Alto Douro for their support during these difficult times for
Ukraine and its research.

Conflicts of Interest

The authors declare no conflict of interest.

References

1.

2.

10.

11.

Rampoll, F.I.; Kamler, P; Carlino, C.C.; Bedussi, F. The Deceptive Mushroom: Accidental Amanita
muscaria Poisoning. Eur. J. Case Rep. Int. Med. 2021, 8, https://doi.org/10.12890/2021_002212.

Carboue, Q.; Lépez, M. Amanita muscaria: Ecology, Chemistry, Myths. Encyclopedia 2021, 1, 905-914,
https://doi.org/10.3390/encyclopedial030069.

Ittiyavirah, S.P.; Ramalingam, K.; Sathyan, A.; Rajasree, R.S.; Kuruniyan, M.S.; Quadri, S.A.; Elayadeth-
Meethal, M.; Naseef, P.P. Thymoquinone-Rich Black Cumin Oilk Attenuates Ibotenic Acid Induced
Excitotoxicity Through Glutamate Receptors in Wistar Rats. Saudi Pharm J. 2022, 30, 1781-1790,
https://doi.org/10.1016/j.jsps.2022.10.007.

Vargas, N.; Gongalves, S.C.; Franco-Molano, A.E.; Restrepo, S.; Pringle, A. In Colombia the Eurasian
fungus Amanita muscaria is expanding its range into native, tropical Quercus humboldtii forests. Mycologia
2019, 111, 758771, https://doi.org/10.1080/00275514.2019.1636608.

Gao, J.; Xie, R.; Wang, N.; Zhang, J.; Sun, X.; Wang, H.; Tan, J.; Chen, A. Rapid identification of Amanita
citrinoannulata poisoning using colorimetric and real-time fluorescence and loop-mediated isothermal
amplification (LAMP) based on the nuclear ITS region. Food Chemistry: Molecular Sciences 2022, 4,
https://doi.org/10.1016/j.fochms.2022.100082.

Winkelman, M.J. Amanita muscaria: Fly Agaric History, Mythodology and Pharmacology. J. Psychedel.
Stud. 2022, 6, 1-4, https://doi.org/10.1556/2054.2022.00216.

Housecroft, C.E. The fungus Amanita Muscaria. From Neutoroxin to Vanadium Accumulation. Chimia
2019, 73, 96-97, https://doi.org/10.2533/chimia.2019.96.

Modaberi, S; Shahbazi, M.; Naghdi, N; Bagherzadeh, F. Effects of bilateral microinjections of ibotenic acid
into neostriatal region and forced exercise on spatial learning and memory and anthropometric characteristics
of male rats. Koomesh 2021, 23, 654-664, https://doi.org/10.52547/koomesh.23.5.654.

Rostampour, M.; Tehrani, B.S.; Babaei, P. Effect of ibotenic acid and colchicine infusion into the rat
hippocampus in passive avoidance learning. Pathobiol. Res. 2021, 24, 37-43.

Li, H.; Zhang, H.; Zhang, Y.; Zhang, K.; Zhou, J.; Yin, Y.; Jiang, S.; Ma, P.; He, Q.; Zhang, Y. Mushroom
poisoning outbreaks—China, 2019. China CDC Weekly 2020, 2, https://doi.org/10.46234/ccdcw2020.005.
Sasaki, T.; Saito, H.; Hiradate, Y.; Hara, K.; Tanemura, K. Behavioural effects in mice orally exposed to
domoic acid or ibotenic acid are influenced by developmental stages and sex differences. Biochemical and
Biophysical Research Communications 2021, 558, 175-182, https://doi.org/10.1016/j.bbrc.2021.04.080.

https://nanobioletters.com/ 6 of 7


https://doi.org/10.33263/LIANBS131.037
https://nanobioletters.com/
https://doi.org/10.12890/2021_002212
https://doi.org/10.3390/encyclopedia1030069
https://doi.org/10.1016/j.jsps.2022.10.007
https://doi.org/10.1080/00275514.2019.1636608
https://doi.org/10.1016/j.fochms.2022.100082
https://doi.org/10.1556/2054.2022.00216
https://doi.org/10.2533/chimia.2019.96
https://doi.org/10.52547/koomesh.23.5.654
https://doi.org/10.46234/ccdcw2020.005
https://doi.org/10.1016/j.bbrc.2021.04.080

https://doi.org/10.33263/LIANBS131.037

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Lemercier, C.E.; Garenne, A.; Poulletier de Gannes, F.; El Khoueiry, C.; Arnaud-Cormos, D.; Levéque, P.;
Lagroye, l.; Percherancier, Y.; Lewis, N. Comparative Study Between Radiofrequency-Induced and
Muscimol-Induced Inhibition of Cultured Networks of Cortical Neuron. PLoS One 2022, 17
https://doi.org/10.1371/journal.pone.0268605.

Kim, E.-J.; Kwon, O.-S.; Hur, C.-G.; Nyiramana, M.M.; Lee, D.-K.; Hong, S.-G.; Han, J.; Kang, D.
Muscimol Directly Activates the TREK-2 Channel Expressed in GABAergic Neurons through Its N-
Terminus. International Journal of Molecular Sciences 2021, 22, https://doi.org/10.3390/ijms22179320.
Sawangjit, A.; Harkotte, M.; Oyanedel, C.N.; Niethard, N.; Born, J.; Inostroza, M. Two Distinct Ways to
Form Long-Term Object Recognition Memory During Sleep and Wakefulness. Psych. Cogn. Sci.
Neuroscience 2022, 119, e2203165119, https://doi.org/10.1073.pnas.2203165119.

Obermaier, S; Mdller, M. Ibotenic Acid Biosynthesis in the Fly Agaric is Initiated by Glutamate
Hydroxylation. Angew. Chem. Int. Ed. 2020, 59, 12432-12435, https://doi.org/10.1002/anie.202001870.
Lee, S.,; Yu, Y.S; Lee, S.R.; Kim, K.H. Non-peptide secondary metabolites from poisonous mushrooms:
overview of chemistry, bioactivity, and biosynthesis. Nat. Prod. Rep. 2022, 39, 512-559,
https://doi.org/10.1039/D1NP00049G.

Poliwoda, A; Zielinska, K; Halama, M; Wieczorek, P. Determination of muscimol and ibotenic acid in
mushrooms of Amanitaceae by capillary electrophoresis.  Electrophoresis, 2014, 35,
http://dx.doi.org/10.1002/elps.201400104.

Joshi, N.C.; Malik, S.; Gururani, P. Utilization of Polypyrrole/ZnO Nanocomposite in the Adsorptive
Removal of Cu 2*, Pb 2" and Cd 2* lons from Wastewater. Letters in Applied NanoBioScience 2021, 10,
2339-2351, https://doi.org/10.33263/LIANBS103.23392351.

Santos de Oliveira, R.W.; Barros Gomes, P.R.; Ribeiro, J.D.; Batista Reis, J.; Alves Fontenele, M.; Oliveira
Everton, G.; da Silva Lyra, W.; Costa Louzeiro, H.; Livramento de Paula, M.d.; Mouchrek Filho, V.E.
Determinagdo Espectrofotométrica de Cobre (1) em Aguardente de Mandioca (Tiquira) (in Portuguese).
Rev. Colomb. Cien. Quim. Farm. 2020, 49, 353-371, https://doi.org/10.15446/rcciquifa.v49n2.89507.
Debbarma, J.; Debnath, R.; Saha, M. Graphene from Sugarcane Bagasse for Nonenzymatic Electrochemical
Determination of Glucose. Lett. Appl. NanoBioSci. 2023, 10, https://doi.org/10.33263/LIANBS124.115.
Zou, X.; Deng, Z.; Chen, H.; Zheng, Z.; Ji, L.; Chen, Y.; Sun, M.; Ouyang, S.; Yuan, Z.; Zhao, P.; Tao, J.
Dual-Signal Colorimetric and Electrochemical Sensor of Dopamine Based on Nanocomposite of Cobalt
Oxyhydroxide/Carbon Black. J. Electrochem. Soc. 2023, 170, https://doi.org/10.1149/1945-7111/ach237.
Bialas, K.; Moschou, D.; Marken F.; Estrela, P. Electrochemical Sensors Based on Metal Nanoparticles with
Biocatalytic Activity. Microchim. Acta. 2022, 189, https://doi.org/10.1007/s00604-022-05252-2

Holze, R. Overoxidation of Intrinsically Conducting Polymers. Polymers 2022, 14,
https://doi.org/10.3390/polym14081584.

Thadathil, A.; Pradeep, H.; Joshy, D.; Ismail, Y.A.; Periyat, P. Polyindole and Polypyrrole as a Sustainable
Platform for Environmental Remediation and Sensor Applications. Mater Adv. 2022, 3, 2990-3022,
https://doi.org/10.1039/D2MAO00022A.

Das, I.; Goel, N.; Agrawal, N.R.; Gupta, S.K. Growth Patterns of Dendrimers and Electric Potential
Oscillations during Electropolymerization of Pyrrole using Mono- and Mixed Surfactants. The Journal of
Physical Chemistry B 2010, 114, 12888-12896, https://doi.org/10.1021/jp105183q.

Das, I.; Goel, N.; Gupta, S.K.; Agrawal, N.R. Electropolymerization of pyrrole: Dendrimers, nano-sized
patterns and oscillations in potential in presence of aromatic and aliphatic surfactants. Journal of
Electroanalytical Chemistry 2012, 670, 1-10, https://doi.org/10.1016/j.jelechem.2012.01.023.

Tkach, V.; Kushnir, M.; de Oliveira, S.; Salomova, H.; Jalilov, F.; Jalilova, F.; Musayeva, D.; Niyazov, L.;
Ivanushko, Y.; Ahafonova, O.; Mytchenok, M.; Yagodynets”, P.; Kormosh, Z.; Reis, L.; Palytsia, Y. The
Theoretical Description for Fluoxetine Electrochemical Determination, Assisted by CoO(OH)-
Nanoparticles, Deposited Over the Squaraine Dye. Orbital - The Electronic Journal of Chemistry 2021, 13,
53-57.

Tkach, V.V.; Kushnir, M.V.; Kopiika, V.V.; Luganska, O.V.; Omelyanchik, L.O.; Kormosh, Z.0.;
Mytchenok, M.P.; Garcia, J.R.; Palamarek, K.V.; Bagrii, K.L. Theoretical Description for Ibotenic Acid and
Muscazone Determination in Mushroom Pulp and Biological Liquids over Conducting Polymer-Modified
Electrode. Biointerface Res. Appl. Chem. 2023, 13, https://doi.org/10.33263/BRIAC133.275.

https://nanobioletters.com/ 70f7


https://doi.org/10.33263/LIANBS131.037
https://nanobioletters.com/
https://doi.org/10.1371/journal.pone.0268605
https://doi.org/10.3390/ijms22179320
https://doi.org/10.1073.pnas.2203165119
https://doi.org/10.1002/anie.202001870
https://doi.org/10.1039/D1NP00049G
http://dx.doi.org/10.1002/elps.201400104
https://doi.org/10.33263/LIANBS103.23392351
https://doi.org/10.15446/rcciquifa.v49n2.89507
https://doi.org/10.33263/LIANBS124.115
https://doi.org/10.1149/1945-7111/acb237
https://doi.org/10.1007/s00604-022-05252-2
https://doi.org/10.3390/polym14081584
https://doi.org/10.1039/D2MA00022A
https://doi.org/10.1021/jp105183q
https://doi.org/10.1016/j.jelechem.2012.01.023
https://doi.org/10.33263/BRIAC133.275

