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Abstract: The possibility of algal toxin and domoic acid determination in oyster products over an
undoped conducting polymer has been evaluated theoretically. Domoic acid admits various types of
conducting polymer chain doping, influencing the It is shown that the galvanostatic behavior of this
system becomes more dynamic than for the potentiostatic mode due to the influence of the reaction
kinetics of both of the electrochemical stages on the Faraday current. Nevertheless, the undoped
conducting polymer may be an optimal option for efficient domoic acid determination of domoic acid
in oyster products.

Keywords: oyster; domoic acid; conducting polymers; electrochemical determination;
electrochemical sensor; electrochemical oscillations; stable steady-state.
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1. Introduction

Being bivalves, oysters implement an important ecological function for marine
ecosystems [1-4]. They filter out great quantities of suspended material from the seawater and
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produce many important nutritive substances, which is why they form an important chain in
the marine food chains.

On the other hand, they consume some toxic organisms, like algae and cyanobacteria,
accumulating toxins in the body [5-10], provoking oyster poisoning, one of the most frequent
seafood intoxication. Depending on the symptoms, there are three to four oyster intoxication
syndromes, each one caused by a concrete substance.

Due to the trophic chains, these substances come to the oyster organism and accumulate
in it. Oyster consumes the toxic algae, accumulating their toxin, which thereby comes to the
humans, causing intoxication (Figure 1):

Figure 1. Scheme for oyster poisoning by algal toxins.

The symptoms of oyster intoxication depend on the substance taken by the oyster and,
thereby, by the human and the syndromes of amnestic, diarrheic, neurotoxic, and paralytic
oyster poisoning [11-14]. The first syndrome is caused by domoic acid (Figure 2), which was
used in Japan as an anthelmintic. It was first isolated from the red algae Chondria armata,
known in the Tokunoshima Japanese dialect as domoi.
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Figure 2. Domoic acid.

It may provoke ulcerogenesis, diarrhea, vomiting, and hemorrhagic gastritis first. More
severe symptoms, including headache, dizziness, disorientation, loss of short-term memory,
hicks, and even coma, come afterward [15-18]. In some cases, permanent short-term memory
loss and peripheric neuropathy may be observed. Lethal poisoning is possible due to kidney
failure in older adults, and the death incidence is in about one of every 27 intoxication cases.

For this and other reasons, the development of an efficient method capable of detecting
the presence of this acid in oyster products and, thereby, preventing the intoxication is really
actual [19-24], and the electrochemical methods, yet used for the detection of similar
biologically active substances [25-32], could be an efficient manner to detect it.

From the domoic acid chemical composition, it is possible to conclude that it may be
efficiently detected by either a cathodic or anodic process. On the other hand, considering it is
a tricarbonic acid, it can be intercalated as a domoate ion towards the conducting polymer
backbone [33-40]. In other words, the domoate will dope the conducting polymer, thereby
yielding a composite capable of being used in a green manner for anti-worm protection of
external surfaces.

Nevertheless, as domoic acid is a tricarbonic aminoacid, it may be intercalated towards
the polymer matrix in three or more different manners, which may influence the double electric
layer (DEL) conductivity and ionic force, leading to the instabilities, which may compromise
the sensor precision and facile analytical signal interpretation.
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Therefore, the development of an electrochemical sensor for domoic acid determination
in oyster products and biological liquids may be difficult without an a priori mechanistic
theoretical analysis, including the stability investigation, so this work is aimed to fulfill this
need and analysis for the first time, the possibility of domoic acid electrochemical
determination on an undoped conducting polymer in galvanostatic mode. This analysis will
also include comparing the behavior of this system with that of similar ones [41-49].

2. Materials and Methods

As a tricarbonic aminoacid, domoic acid may be ionized in different manners, yielding
three types of bipolar ions and tripolar cations and more than seven types of salts only by
carboxylic groups, which reason why it perturbs the electrolyte balance in the organism. For
the same reason, the doped polymer properties will become dependent on the manner by which
the domoic acid enters the matrix. Either way, independently of the dopant configuration, the
overall matrix domoate species will be oxidized by the Wagner reaction, yielding glycolic acid
and ketoacid derivatives, the reason why the lone variable will describe the overall
concentration of domoic acid forms.

Taking this into account, accepting some assumptions, and considering two types of
conducting polymer doping (as the rest of them will behave analogously), we describe the
galvanostatic behavior of this system as:

da 2 (A
EZE(E(QO_Q)_le_TdZ)
dp 1
— =3 (a1 + 742 —70) 1)
dg _ . .
k E—l lF

Herein, a is the domoic acid forms overall pre-surface concentration, ao is their overall
bulk concentration, § is the pre-surface layer thickness, p is the doped polymer surface
coverage degree, P is its maximal surface concentration, q is the anodic charge, i is the anodic
current density, ir is the Faradaic current, and the parameters r stand for the correspondent
reaction rates, calculated as:

rar = ka1 (1 — p)a* exp(—aa) exp ™22 ¥y

Taz = ka2(1— p)a” exp(—aa) exp "2 (3)
F

o = kop exp (%) (4)

Herein, the parameters k stand for the correspondent reaction rate constants, x and y are
domoic acid doping reaction orders, n and m are the number of electrons transferred during the
electrochemical doping, a is DEL-related parameter, describing the change of the domoate
ionic form concentrations, F is the Faraday number, ¢, is the zero-charge-related potential
slope, R is the universal gas constant, and T is the absolute temperature.

The overall Faradaic current for all the electrochemical stages may be calculated as
follows:

ip = NFrg+ mFryg, + zFry (5)

In galvanostatic mode, the system's behavior becomes more dynamic due to the
presence of many factors influencing the anode potential change. This augments the probability
of oscillatory and monotonic instabilities and makes the steady-state stability topological
parameter zone. Nevertheless, this system may be efficient for domoic acid determination and
domoate-doped conducting polymer synthesis, even in galvanostatic mode, as shown below.
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3. Results and Discussion

To investigate the stability of the domoic acid CP-assisted determination, we analyze
the equation-set (1) using linear stability theory and describe the functional Jacobian matrix as

(6):

a1 Aq2 di3

<a21 az; a23) (6)

az1 dzz dsz

In which:

ay = 3(=5 = xka1(1 = p)a* " exp(—aa) exp T2 + (a + gDk (1 —
p)a* exp(— aa)eXp——ykdz(l p)a¥~t exp(—aa) exp ™22 + (a + gkgp (1 -

p)a” exp(—aa) exp o ) (7

2
12 =3

p)a¥ exp(—aa) exp (po + kg1 (1 — p)a* exp(—aa) exp )) (8)

20— j (kaa (1 -

ays = %(l (kdl(l — p)a* exp(—aa) expv0 + kg (1 -

p)a” exp(—aa) exp %)) (9)
a1 = (xkdl(]- p)a* ! exp(—aa) exp —(a+ g)kd1(1 -
exp( aa) exp 2 — (a + Pk (1 —
p)a” exp(—aa) exp ?) (10)
ay, = %(— — kg,a” exp(—aa) exp m:;f’“ +j (kdz(l -

p)a” exp(—aa) exp—22 + kg (1 — ) — ko exp (%) +
Jkop exp ( RT )) (1)
Qg = = (l (kdl(l — p)a* exp(—aa) exp% + ka2 (1 -
) e (22) (1
az, = —F (nxkd1(1 —p)a* texp(—aa) exp—— (p" +nla+ g)kq (1 —

p)a? exp(—aa) exp =

p)a* exp(—aa) exp— — mykg, (1 —p)a¥ L exp(— aa) exp % +m(a+ g)kg(1 —
p)a¥ exp(—aa) exp ?) (13)
as, = —F (—nkdla" exp(—aa) exp % — mkg,a” exp(—aa) exp % +

-
. F

Yemen(e))

a3 = —F ((l (nkdl(l — p)a* exp(—aa) exp "2 + mkgy (1 -

220) + zkop exp (220 ))) (15)

ZF
zk exp ( R;’j

p)a? exp(—aa) exp —
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Considering the unequal Faraday current impact of each of the three electrochemical
stages, this system will somehow have a more dynamic behavior, even in terms of its function
in galvanostatic mode.

First of all, the oscillatory behavior in this system is more probable than similar ones
due to the positive callback, which may be caused by the DEL and surface ionic force (and
related parameters) impact by both of the electrochemical stages. Another possibility of
positive callback caused by DEL impacts the electrode potential and charge dynamics.

The positivity of the main diagonal elements describes this positive callback.

(a+ g)ky1(1 —p)a* exp(—aa) exp% >0, if a>0 and or ¢>0, (a+ g)kz;,(1—

p)a? exp(—aa) exp m}f;f"’ >0, under the same  conditions, j(kdz(l —
F F . F

p)a? exp(—aa) exp mR;po + kg1 (1 — p)a* exp(—aa) exp ano + jkop exp (%) >

0) Jifj>0 and l(nkdl(l —p)a* exp(—aa) exp% + mkg,(1 —

p)a” exp(—aa) exp %) + zkop exp (Zl;;’fo

Hopf bifurcation realization, resulting in oscillatory behavior, and these oscillations will be
dependent on background electrolyte composition and monomer nature, as they directly
influence the electrophysical and electrochemical properties of both DEL and polymer
backbone.

In order to analyze the Jacobian determinant without cumbersome expressions, we
introduce new variables and describe the determinant as (16):

) > 0, if I<0. This positivity is necessary for the

oF —-Kk—EF—A 2+T d+ A

5P Z+A —-X—-T-P —->—-A-10 (16)
-nZ—mA -n¥-—-mT —2zP -—nd®—mA-— 2z

Using the determinant properties, we rearrange the matrix to (17):

oF —K —-P -

e Z+ A -X—-T—-P - —-A-1 a7
—nZ—mA -—n¥-—mT—2zP —nd—mA-—2z)

And then (18):

—K —P -

g E+A ~Y—T—P —P—A—1

m—-—mA -2nX —(m+n)T—-(Z+n)P —-2nd—-—(m+n)A—(z+n)f2

(18)

Considering that:

_Det] {> 0, for steady — state stability

= (0 monotonic instability

Opening the brackets, applying the Det J<O requisite, salient from the criterion, and
changing the signs to the opposite, we rewrite the condition set as (20):

k2nZe +X(m+nmA+2z+n)Q+2nTe+Tm+n)A+T(z +n)2 +
2nll® + P(m +n)A + P(z + n)2) > E(ZnQZ' —(m+n)0T — (z+n)AP — P(2nd +
m+n)A+(z+ n).())) + A(Zn.()Z —(Mm+n)NT - (z+n)NP - P(2n® + (m+n)A +
(z+n)2)— (n—m)(P® + PA— 20 — ET)) (20)

Describing a purely kinetically controlled efficient electroanalytical system, the left
side of the inequity (20) generally obtains more positive values than the right side.
Nevertheless, the topological zone of the steady-state stability will be limited by far more
factors than in similar systems [40-49], thereby becoming far narrower. For this reason, the

(19)
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use of the potentiostatic mode in amperometric measurements of this system is recommended,
although the galvanostatic mode remains efficient. From the electroanalytical point of view,
the steady-state stability will correspond to the linear dependence between the anode potential
and domoate concentration. There are no side reactions capable of destabilizing the analyte or
the polymer in the system.

The condition Det J=0 corresponds to the detection limit, manifested by the monotonic
instability. It may be seen as an N-shaped part of the steady-state voltammogram, depicts the
margin between stable and unstable states, and corresponds to steady-state multiplicity. In other
words, multiple steady-states, each one unstable, coexist at this point.

In the specific case m=n=z, which is not necessarily equal to one but necessarily equal
to each other, the steady-state stability becomes more efficient, and the electroanalytical signal
becomes easier to interpret. Really, if we put m=n=z=N, the Jacobian determinant will be
rewritten as (21):

o= E-4 SHT @+ A
S| Z+4 S I —d—A—0 (21)
—NE—NA —NE—NT—NP —N&—NA—NQ

Using the determinant properties, we transform it into (22):

| r—E—4 54T D+ A
S| E+4 —I-T—-P —-@—A-10 (22)
—2NEZ — 2N/ 0 0

Opening the brackets, we obtain the steady-state stability condition for the specific case
of m=n=z=N as (23):

2N(E+ AD)(P® +PA—20—-TN) >0 (23)

The process remains kinetically controlled and becomes more stable and closer to
similar processes [41-49]. Analogously, the detection limit for this case will be conditioned to
(24):

2N(E+AD)(PP®+PA-20—-TNR) =0 (24)

Therefore, the amperometric mode becomes more efficient in the specific case of
n=m=z=N.

4. Conclusions

From the stability analysis of domoic acid determination over the undoped conducting
polymer, it was possible to conclude that the galvanostatic mode becomes more dynamic than
for similar systems, even in galvanostatic modes. The kinetically controlled electroanalytical
system is efficient, and the analytical signal is easy to interpret and becomes even more efficient
if the number of electrons transferred in all three electrochemical stages becomes equal.
Nevertheless, the use of potentiostatic mode is recommended to enhance the electrochemical
stability and precision of the electrochemical sensor.
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