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Abstract: A possibility of an economical and green conducting-polymer composite base chip for
Jamaican vomiting sickness diagnostics by hypoglycin electrochemical determination has been
evaluated. The correspondent mathematical model has been developed and analyzed by means of linear
stability theory and bifurcation analysis. It has been detected that the chip is efficient for either reduced
or semi-oxidized form determination in an efficient manner, so it may serve as a rapid hypoglycin
intoxication diagnostics tool. On the other hand, as all of the correspondent components possess amino
acid moieties, influencing the double electric layer ionic forces.
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1. Introduction

Jamaican vomiting sickness is considered one of the neglected tropical diseases (NTD),
characterized by multiple organism poisoning [1 — 4]. It is caused by consuming of immature
(unripe) tropical fruits (principally, ackee or litchi, growing mostly in Jamaica) and leads to the
multiple organism intoxication, the high-amplitude oscillation of carbohydrate concentration,
failures in fatty acid metabolism. In grave cases, coma and even death may occur. These effects

are caused by an aminoacid hypoglycin (Fig. 1):
O
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Figure 1. Hypoglycin.
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Technically, hypoglycin is an alanine derivative but much more active. It is considered
protoxin. In other words, it isn’t toxic by itself, but its metabolism path leads to highly toxic
products, as described below.

Possessing both cycloalkane and alkene fragment, hypoglycinis easily oxidized,
yielding a glycerine-like triol fragment [5 — 10], which interferes with the fatty acid
metabolism, esterifying them. Also, this triol is oxidized, yielding a diketoaldehyde and
diketoacids, possessing an active methylene group, which is also oxidized, yielding the tetrose-
like fragment, responsible for the carbohydrate-sensitive response. As the amino acid fragment
remains in all the mentioned forms, the protein biosynthesis remains affected by all the
metabolic forms, resulting in multiple intoxications, coma, and even death. As the
consequences of the action of hypoglycin are grave and dose-related, the development of a
rapid and efficient way for its determination remains actual [3 — 10].

As for now, no electrochemical method for hypoglycin determination has been
developed. Nevertheless, its chemical composition and behavior in the organism indicate that
it is electrochemically active. As both alkene and cycloalkane fragment are easily oxidized in
basic media, copper (1) sulfide, paired with copper (I11) sulfohydroxide [11 — 17], active in
this media, is preferred as an electrode modifier. It is a p-type semiconductor capable of
substituting titanium dioxide in sensors and other semiconducting apparels, but with more
flexible electrochemical behavior.

It is convenient to insert CusS into an organic oligo- (including a squaraine dye [18 —
23]) or polymeric [24 — 28] matrix. It implements both mediating and stabilizing function in
the electroanalytical system. The composite has the aim to reduce the oxidation overvoltage
and to catalyze the analyte oxidation.

Nevertheless, the use of novel electrode modifiers with novel analytes may be impeded by:
- the indecision concerning the exact mechanism of electrochemical reaction;
- the necessity of determination of the parameter region, correspondent to the most efficient
active substance and mediating action;
- the presence of electrochemical instabilities accompanying the electrochemical oxidation
of organic molecules (including electrochemical polymerization of heterocyclic compounds)
[29 - 32].

The mentioned problems may only be solved by means of an analysis of a mathematical
model capable of describing the hypoglycin hypoglycin-assisted electrochemical determination
adequately. Moreover, it is also capable compare the behavior of this system with that of similar
ones without any experimental essay.

So, the goal of this work is the mechanistic theoretic analysis of the hypoglycin
electrochemical determination, assisted by CuS — Conducting Polymer composite, providing
an economical and ecologically secure rapid diagnostic tool. In order to achieve it, we realize
the specific goals:

- asuggestion of the mechanism of the reaction consequence, leading to the appearance of an
analytical signal;

- development of the balance equation mathematical model, correspondent to the
electroanalytical system;

- analysis and interpretation of the model in terms of the electroanalytical use of the system;

- the seek for the possibility of electrochemical instabilities and for the factor causing them;

the comparison of the mentioned system’s behavior with similar ones [33 — 35].
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2. Materials and Methods
2.1. System and its modeling.

As a matter of fact, the mechanism of the hypoglycin CuS — assisted electrochemical
oxidation is mimicking its natural metabolism in the human body. In the first stage, the Wagner
reaction is realized (Fig. 2):

NH,
CuS(OH)
COOH
Ho [ OH
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NH,
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Figure 2. The reaction on the first chemical stage (slow).

As triol derivative is more readily oxidized by CuS(OH), the second stage, yielding the
tricarbonyl derivative, will be faster (Fig. 3):

CuS(OH)
NH

2
HO

COOH

Cus

COOH
Figure 3. The reaction on the second chemical stage (fast).

The electrochemical stage converts a less active CuS to a more active trivalent copper
form, according to the equation:
CuS + OH" - e > CuS(OH) Q)
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As for now, the behavior of the system with hypoglycin electrochemical determination,
assisted by CuS — Conducting Polymer composite, will be depicted by a classical trivariate
model, very similar to that described in [33 — 35] in our recent works, but a bit more dynamic.
The variables introduced to the system are:

h —hypoglycin concentration in the pre-surface layer;
h* - hypoglycin triol derivative concentration in the pre-surface layer;
¢ — copper (1) sulfide surface coverage degree.

To simplify the modeling, we suppose that the reactor is intensively stirred, so we can
neglect the convection flow. Also, we assume that the background electrolyte is in excess, so
we can neglect the migration flow. The diffusion layer is supposed to be of a constant thickness,
equal to 8, and the concentration profile in it is supposed to be linear.

It is possible to show that the electroanalytical process will be described by the three-
dimensional equation set, exposed as:

dh
at =3 (o= 1)
= 2(w — o) 0

| S=20w+r-m)

Herein, 4 is the diffusion coefficient, ho is the hypoglycin bulk concentration, C is the
maximal CuS surface concentration, rw is the Wagner reaction rate, ro is the triol oxidation
rate, and r1 is the electrochemical stage rate.

The correspondent reaction rates may be calculated as (2 — 4):

rw = kywh(1 — ¢)3 exp(—ah) (3)
19 = koh * (1 — ¢)® exp(—ah %) 4)
r =kicexp (%) )

in which the parameters k are the correspondent rate constants, a is the parameter relating the
chemical stages’ kinetics to double electric layer (DEL) ionic force, F is the Faraday number,
@, is the potential slope in DEL, related to the zero charge potential, R is the universal gas
constant and T is the absolute temperature. Herein, the elementary electrochemical act involves
a one-electron transfer, regenerating the highly energetic (and, correspondently, more active)
trivalent copper.

Although in alkaline media in this system the DEL influences of the chemical stages
are minimized, in strongly alkaline media, the enhancement in the number of active hydroxyl
groups will give much more impact to the DEL ionic force than for the simple case [33 — 35].
This impact will play an important part in the electrochemical behavior of the system, as
exposed below.

3. Results and Discussion

In order to describe the behavior of the system with hypoglycin electrochemical
determination, assisted by a composite CuS — Conducting polymer, we analyze the equation
set (1) by means of linear stability theory and bifurcation analysis. The steady-state Jacobian
matrix members will be exposed as:

a1 A2 Qg3
<a21 az2 a23> (6)
Q31 dzz 0az3
in which:

https://biointerfaceresearch.com/ 10320


https://doi.org/10.33263/BRIAC113.1031710324
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC113.1031710324

2

ary = 2(—2 — ky (1 - c)* exp(—ah) + akyh(1 - c)* exp(—ah))  (7)
a, =0 (8)

2

13 =5 (Bkw (1 — ¢)? exp(—ah)) ©)

Ay, = %(kw(l —¢)3 exp(—ah) — aky h(1 — )3 exp(—ah)) (10)

ayy = %(—ko * (1 —c)®exp(—ah *) + akoh * (1 — ¢)® exp(—ah *)) (11)
Ay = %(6k0h * (1 —c¢)®exp(—ah) — 3ky (1 — c)? exp(—ah %)) (12)

@31 = = (ky(1 = ©)* exp(—ah)) (13)

az; == (ko * (1= €)% exp(—ah »)) (14)

as; = ¢(~6koh * (1~ )% exp(~ah +) — Bk (1 — ©)? exp(~ah) — ky exp (2 +

jkicexp (%)) (15)

Taking into account that the amino acids are transformed, affecting neither amino nor
carboxylic groups, multiple ionic forms appear in DEL, cyclically augmenting and diminishing
its ionic forces. Therefore, the oscillatory behavior will be far more probable than in similar
systems [33 — 35].

Besides of the element jk,cexp (%) > 0, if j>0, defining the DEL and matrix
conductivity influences of the electrochemical stage, causing the oscillatory behavior,
characteristic to all similar systems [33 — 35], the positivity of the elements aky h(1 —
c)3 exp(—ah) and akyh * (1 — c)®exp(—ah ), if a>0, defines the oscillatory behavior
realization by a more dynamic and interesting mechanism.

In the first stage, the Wagner reaction realization puts to the molecule three hydroxyl
groups, which, in a strongly alkaline medium, are easily ionized, yielding a more ionic form
than the initial hypoglycin ion. Thus, the DEL ionic force and conductivity augment.
Afterward, as the alkoxyl ions are oxidized to a less ionic carbonyl forms, still attached to the
alanine fragment, the DEL ionic force and conductivity diminish, providing the cyclic changes
in the layer structure, capacitance, and conductivity.

These changes do not manifest themselves significantly within the detection limit but
may be easily represented far beyond it.

Yet if the mentioned elements remain negative, the steady-state stability is warranted.
Really, applying the Routh-Hurwitz criterion to the Jacobian matrix and introducing new
variables, having it rewritten as (16):

-k, —=F 0 Pl
-0 @ (16)
N -X-o-A
and opening the brackets and applying the condition Det J<0, salient from the criterion, we
obtain the steady-state stability requirement (14):

K QX +00)-EWNA-022)<0 (17)

which is readily satisfied in the case of the negativity of j and a. It defines a relatively vast
parameter region of the steady-state stability. From the electroanalytical point of view, it is
correspondent to the linear dependence between the electrochemical parameter and the
aminoacid concentrations, describing an efficient electroanalytical process, even more, stable
than in similar systems [33 — 35]. Therefore, the CuS — Conducting Polymer composite may
be readily used in the chips for diagnostics of Jamaican vomiting sickness.

4
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As the first chemical stage is slow, the system tends to be either diffusion or kinetically
controlled. The principal factor in systems with a large electrode and small concentration is
diffusion. Yet in the systems with a small electrode and concentrated solutions, the principal
factor is the Kkinetics of the first stage.

The detection limit is defined by the monotonic instability, depicting the margin
between the stable steady-states and unstable states. Its condition is Det J = 0, and, for this
system:

-k (R +0A0)-E0A-02X)=0 (18)

As a matter of fact, this chip is capable of detecting the Jamaican vomiting sickness in
particular and hypoglycin poisoning in general in an efficient manner. It may be used either in
vivo or in vitro, being capable of detecting hypoglycin in fruit samples, juices, nectars saliva,
blood, tears, and fat tissue (where either hypoglycin or its glycol derivative may be detected).
The peak separation with the main interferent compounds (ethanol, glycerol, glycine, and other
amino acids) is achieved by the difference in the kinetics of the interaction of the electrode
modifier with the analyte and the interfering compounds.

4. Conclusions

From the system with the electrochemical determination of hypoglycin on a CuS
composite with conducting polymer, it was possible to conclude that the mentioned composite
may be readily used in the chips for diagnostics of Jamaican vomiting sickness. This system
will be readily stable and electroanalytical efficient, being either diffusion or Kinetically
controlled. Yet the oscillatory behavior in this system is possible, as the amino acid ionic forms’
transformation is influencing the DEL ionic force, will be more probable than in similar
systems.
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