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Abstract:

In this work, the electrochemical description for metformin electrochemical determination, assisted by Ag202
composite with squaraine dye, is evaluated from the theoretical point of view. Metformin oxidation is realized via
assisted electrochemical 1,2,4-triazole formation, followed by its polymerization and N-oxidation. The
correspondent mathematical model has been developed and analyzed by means of linear stability theory and
bifurcation analysis. It has shown that the neutral and basic media are more efficient for metformin
electrochemical determination than acidic media, due to the absence of the influences of non-protonated
aminogroupsand, furtherly, pyridinic nitrogen atoms to double electric layer (DEL) ionic force, conductivity and
impedance. In these conditions, the electrochemical instabilities are less capable to realize and, therefore, the
linear dependence between the analyte concentration and the current of the system will be easier to obtain and
maintain, as no side reaction or additional process, capable to compromise the monomer and (or) modifier
stability is realized.
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1. Introduction

Type 2 diabetes comprises about 70 — 90 %
of all cases of diabetes, and approximately one
half of them remain undetected [1]. It has already
reached epidemic proportions, currently affecting
more than 200 million people worldwide. A
significant growth is predicted, generally in
developing countries of Asia, Africa and Latin
America. It is not a single disease, but a
heterogeneous collection of phenotypically and

genotypically different hyperglycemic syndromes.
Some 90% of cases have a multifactorial
pathogenesis due to unhealthy life-style habits
(overnutrition, lack of physical activities,
overconsumption of alcohol, sedentary life-style
etc) [2].

One of the the first-line medication for the
treatment of type 2 diabetes is metformin (Fig. 1)
[3-8]. It is also used in the treatment of
polycystic ovary syndrome.[9] Limited evidence
suggests  metformin  may prevent the
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cardiovascular disease and cancer complications
of diabetes [10-11]. It is not chemically or
pharmacologically related to any other classes of
oral antihyperglycemic agents [12-13].

NH NH

o,

Figure 1. Metformin.

Although metformin is generally well tolerated
[13], side effects are possible [14-17], including
diarrhea, nausea and abdominal pain, muscle
pain, decreased appetite and sleepiness. Lactic
acidosis and the vitamin B12 deficit are a
concern if the drug is prescribed inappropriately
and in overly large doses [18-20]. It should not
be used in those with significant liver disease or
kidney problems [21-22]. Thus, the development
of the efficient and rapid methods of its
quantification is really actual [23-25].

Many electrochemical techniques, involving
metformin electrochemical detection have been

developed [26-29]. They involve different
electrode modifiers for the electrochemical
determination of metformin by different

mechanism, dependent on the oxidation strength
and solution composition. They use a wide
variety of oxidants as electrode modifiers
including conducting polymers, graphene and
metal oxide networks. One of those modifiers
may be silver (I, 1ll) oxide. It is used as specific
oxidant in organic synthesis, electrocatalysis and
gas filtration [30], thus its use in electrochemistry
could be interesting.

On the other hand, its electroanalytic
properties” investigation has only begun, and an
Ag20:-assisted electrochemical oxidation may
confront the problems like:

- the indecision in the
mechanism of action;

modifier

- the compatibility of the modifier with the
tissue or biological object (some modifiers, used
in vitro may be non-compatible with in vivo
sensing);

- the presence of electrochemical

instabilities, accompanying both electrochemical
synthesis of cobalt (lll) oxyhydroxide [31-32], and
electrochemical oxidation and electrooxidative
polymerization of organic molecules [33-34].

The mentioned problems may only be
solved by means of an analysis of a
mathematical model, capable to describe
adequately the electroanalytical system. By
modeling it is also capable compare the behavior
of this system with that for the similar ones
without any experimental essay.

So, the goal of this work is the mechanistic
theoretic analysis of the possibility of metformin
electrochemical  quantification by  Ag20:2-
Squaraine Dye modified electrode. In order to
achieve it, we realize the specific goals:

- suggestion of the mechanism of the
electroanalytical reaction sequence, including the
participation of hydroxyl ions, leading to the
appearance of 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 the similar ones [35].

2. Materials and Methods

In this work, the dynamic electrochemical
system is evaluated as a set of state functions,
time change of which is described by balance
equations, derived from the physical laws
describing its behavior, taking into account the
chemical behavior of the described substances.

These equations form a set:

dA
2 = (48,0
dB

= 2(4B.C) (1)

dc
dc
— = f3(4,B,C)

dat
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permitting stable and unstable solutions. As even
the most stable steady-states permit fluctuations,
in the concrete point, the most stable state, in
other words, most susceptible to the fluctuations
is realized.

The steady-state stability is evaluated by
linear stability theory, investigating the behavior
of the system after the little perturbations of the
steady-state. The unstable states are considered
deviations, in relation on steady-states — the less
is the deviation from a steady-state, more stable
this state is. If we consider

A=Ass+ a; B=Bss +b; C= Csst+b (2-4)

where a, b and c are deviations from the stable
steady-state, the functions f1, f2 and fs may be
linearized, described as:

dA
E = a1a + alzb + a,3C

‘;—f = a21a + azzb + a23C (5)

dac
E = asz a + a32b + a,3C

Herein the elements ax are the
correspondent steady-state Jacobian matrix
members, calculated as the derivatives of the
functions f1, f2 and f3 on the variables A. B and C.

Due to the linearity, the equation-set (5)
permits the solutions, exposed as normal modes:

A=Aoe"t, B=Boe"t C=Coe" (6-8)

Imputing of them into the equation (5), we
obtain the linear equation system, related to the
coefficients Ao, Bo and Co, solution of which gives
the pass to characteristic equation, analysis of
which derives the stability and instability
requisites, as shown below. More developed
description for this methodology is given in [36].

2.1. System and its Modeling

Silver (I, lll) oxide oxidizes metformin by a

specific interesting mechanism. Firstly, two
protons leave the electronically rich imine part of
the guanidine group, being oxidized by the
oxygen atom, attached to the trivalent silver.
forcing its electrochemical heterocyclization. It
yields 3-amino-5-methylamino-1,2,4-triazole (Fig.
2):

N—N
/4 »\
N(CH,);~ N~ NH
H
Ag,0
l‘\‘lH NH
VAN
NN ONH,
‘ H
Ag,0,

Figure 2. The first stage of metformin Ag202-
assisted oxidation.

The formation of a stabilized cyclic aromatic
system from a less stable guanidic fragment is
favored by both kinetic and thermodynamic
properties of the system, yielding a triazole. The
triazolic derivative, possessing both cyclic
conjugated system and pyridinic nitrogen atoms
may be oxidized by two manners (Fig. 3).

As the silver (1, lll) oxide is a highly-energetic
oxidized form, it easily oxidized the pyridinic
nitrogen atoms to the correspondent N-oxide.
Also, it is capable to oxidize the electrophylic
centers of the triazole derivative (pyrrolic
nitrogen and aminogroup, like in polyaniline),
providing an efficient radical-cation formation
with further chain propagation by the modified

classical assisted electropolymerization
mechanism.
The initial (non-oxidized) metformin

participates in the polymerization reaction as a
dopant. The resulting polymer is highly
conducting and is also capable to be used for

electroanalytical processes as  electrode
modifier.
The squaraine dye matrix in the

electroanalytical process serves as both Ag20:
stabilizer and redox transfer mediator. Its
stabilization mechanism is based on its capability
to coordinate with silver.
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Figure 3. Triazolic product oxidation scheme.

So, this system will resemble that described
for isoproturon electrochemical determination
[35], and its behavior will be described by a
trivariant equation-set of the variables:

m — metformin concentration in the pre-
surface layer;

m* - monomer concentration in the pre-
surface layer;

s — silver (I) oxide matrix 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
0, and the concentration profile in it is supposed
to be linear.

It is possible to show that the behavior of the
system will obey the model, described by a

Herein,

a;; =

a

trivariant balance equation-set as:

d_m_Z(é( —m)—1, — )
- =5(Mmo—m)—7r -1
dmsx 2

i =5 —n)

$=§(T1+T2+TP—T3)

9)

Herein, 4 is the diffusion coefficient, m, is the
metformin bulk concentration, S is the silver (I)
oxide maximal matrix concentrations and the
parameters r stand for the correspondent
reaction rates, which may be calculated as:

r =km(l—ys) (10)
rp,=kmx(1—25) 11)

1, = kym +* m¥(1 — s5)* (12)
73 = k35 exp (2:?’) (13)
Herein, the parameters k are the

correspondent reaction rate constants, x, y
and z are the reaction orders in the
polymerization reactions, F is the Faraday
number, ¢, are the DEL potential slope,
related to the zero-charge potential, R is the
universal gas constant and T is the absolute
temperature.

In this case, the system’s behavior in
neutral and basic media, in which neither
guanidine moiety, nor triazolic derivative are
ionized, is evaluated. Therefore, the system
has to be relatively stable, as shown below.

3. Results and Discussion

In order to investigate the behavior of the

system with metformin electrochemical
determination on Ag202, we analyze the
equation-set (9), taking into account the

algebraic relations (10 — 13), by means of linear
stability theory. The steady-state Jacobian matrix
members may be described as:

a;1 A1 Qg3
(‘121 azz a23> (14)

az; Qzz dzz
2(-2- k(1 =) —ykym ¥’ (1= 5)*)  (15)
12 = %(—xkpm ¥~ mY (1 - 5)%) (16)
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a3 = %(klm +zm+* m¥ (1 —s)*™1)
az1 =2 (ky(1 = 5) = ykpm =¥ m? 71 (1 = 5)7)
a2 = g(_kz(l —5) = xkym +*"m¥(1-5)7)  (19)

(17)
(18)

Gz =2 (kym « +zm ¥ m? (1 - 5)*™) (20)

azq =§(k1(1 —5) + ykym +* m¥ (1 - 5)*) (21)
as; = < (ky(1 = $) + xkym +* "L m¥ (1 — 5)7) (22)
2 jsen(22) e

a3z = i(_kﬂn —kym* —zm +* m¥ (1 — s)*~" — kz exp (

Contrarily to the similar system [35], involving
the direct electrooxidation of isoproturon, the
oscillatory behavior is less probable in this
system, due to the indirect analyte and product
electrooxidation. The electrochemical stage on
double electric layer capacitance and
conductivity. It is described by the positivity of

F“’°)>o if j>0. The
RT

oscillations are expected to be frequent and of
small amplitude and are expected to be
observed beyond the detection limit.

the element jks;sexp (2

In order to investigate the steady-state
stability, we apply the Routh-Hurwitz stability
criterion to the equation-set (9). Avoiding the
cumbersome expressions, we introduce new
variables, rewriting the determinant as:

L, |Fe-E-4 -z P+r
| &-4 -x-T K+T
244 S+T —-K-P-T-Z

(24)

Opening the brackets and applying the Det
J<0 requisite, salient from the criterion, we obtain
the stability requisite exposed as:

—k(EP+TH + X5 +TE) — E(TH + X5 + TE +
YK —2TP —2TT + 5K + 25) — A(SP + TII +
SE+TE+IP+55)<0 (25)

It is correspondent to either diffusion or
kinetically controlled system, due to the high
contribution of both diffusion k¥ and kinetical
parameters (£ and A) with the presence of either
fast and slow chemical and electrochemical
stages. . In the case of the positivity of the
electrochemical parameter =, correspondent to
the fragility of DEL influences of the
electrochemical stages, the left side of the
inequation (25) is driven to more negative
values, corresponding to low exponential
deviations, related to the steady-states and,
therefore, to its stability. The condition (25) is

realized in large topological parameter region.

From the electroanalytical point of view, it is
correspondent to the linear relation between the
metformin concentration and the current,
providing a simple and exact analytical signal
interpretation, like also its quick appearance.

As for the detection limit, it is described by
monotonic instability, serving as margin between
the stable steady-states and unstable states. Its
condition is Det J=0. Or, for this system,

—k(EP+TH +X5+TE)—E(TH + X5+ TE +
YK —2TP —2TT + XK + X&) — A(P + TII +
SE+TE+IP+35)=0 (26)

This model describes metformin
electrochemical determination in neutral or basic
media. In acidic media, all of the compounds
appear in their ionized forms, contributing to DEL
ionic forces. Those ionic forms will give high
impact to DEL conductivity changes, which is
also responsible for the instabilities. Therefore,
the use of neutral and basic media in this
metformin determination is recommended.

4. Conclusions

From the theoretical analysis of Ag202-
squaraine dye-assisted metformin
electrochemical determination, it was possible to
conclude that it has to be an efficient diffusion-
and kinetically controlled system. The
dependence between the drug concentration and
the electrochemical parameter obeys the linear
relation in a vast region of parameter value. As
for the oscillatory behavior, it is of less
probability, due to the absence of the DEL-
affecting influences of the chemical stages in
neutral and basic media.

Orbital: Electron. J. Chem. 12 (4): 247-252, 2020
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