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biosensors for food safety monitoring. For the equilibrium

earlier work K ~2.5x10° [1] confirms a strong Hm-Ni(II) affinity; this value

is not re-derived here but is used as established context. The specific contri-
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agreement between an independent numerical model and the experimental

kinetics is the central new result of this study, and provides a validated com-

ment being further improved after a 25% thin-layer volume correction. This

putational framework for future refinement of K from potential-shift data,
and for the design of nickel-based electrocatalytic sensors for histamine de-
tection in fish.
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1. Introduction

Histamine, a biogenic amine formed by the enzymatic decarboxylation of histi-
dine, is a critical indicator of fish freshness and a potent health hazard when con-
centrations exceed 500 - 1000 mg/kg in seafood [2]-[4]. Elevated histamine levels
cause scombroid poisoning, with symptoms ranging from headaches and nausea
to severe cardiovascular complications. Regulatory limits vary internationally: the
EU, Codex Alimentarius, Australia and New Zealand set a maximum of 200
mg/kg in raw fish, the FDA 50 mg/kg, and the Russian Federation 100 mg/kg for
salmon, herring, tuna, and mackerel [5]-[7]. Rapid, accurate, and accessible de-
tection methods are therefore essential for food safety and regulatory compliance.

Traditional analytical techniques (fluorimetry, HPLC, GC) require derivatiza-
tion, sophisticated instrumentation, and long analysis times (1 - 24 h), limiting
their use for routine monitoring [8]-[10]. Electrochemical methods offer a faster,
simpler, and field-deployable alternative [11]-[13]. Among these, the electrocata-
Iytic oxidation of histamine mediated by nickel is particularly attractive, since Ni
species form complexes with histamine (Hm-Ni(II)) that lower the oxidation
overpotential and enhance the electrochemical signal [14]-[16]. This complexa-

tion is governed by the equilibrium:
Ni(OH), + Hm = Hm-Ni(II)+20H +2H" (1)

where Kis the complexation constant, a parameter that governs the sensitivity of
the electrocatalytic response. Its strong affinity for Ni** has been confirmed inde-
pendently by several groups working with related nickel-histamine systems [17]-
[20], but a direct, quantitative link between the electrochemically measured kinet-
ics and a theoretical (simulated) description of the same system has, to our
knowledge, not been established.

This study builds directly on our earlier work [1], where the Hm-Ni(II) com-
plex was first identified electrochemically and by NMR, and where the kinetics of
its decomposition were characterized by thin-layer voltammetry. The specific, in-
cremental contribution of the present study is to test whether an independent,
first-principles MATLAB simulation of the same thin-layer electrochemical-
chemical (EC) system can reproduce that previously measured kinetic behavior,
and to quantify the agreement between the two approaches. This computational
validation is a necessary step distinct from the determination of K itself, which
remains a value carried over from our first article and is not re-derived here, be-
fore the framework can be used to extract K from potential-shift data in future

work.

2. Experimental Part

The experimental setup, reagents, and procedure are identical to those described
in detail in our earlier work [1] (Study of the histamine electrochemical oxidation
catalyzed by nickel sulfate, Electroanalysis, 2014); only a brief summary and the
parameters specific to this study are given here.
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Solutions were prepared in double-distilled water using KCl (Acros Organics),
trichloroacetic acid (Prolabo), histamine dihydrochloride, NiSO4-6H,O, HClOs,
and NaOH (Sigma-Aldrich), all >99% purity.

Measurements used the classical thin-layer three-electrode cell described in our
first article [1]: a platinum-grid working electrode sandwiched between two glass
microscope slides (thin-layer volume 10 - 50 uL, thickness 100 - 500 um), a plati-
num-grid auxiliary electrode, and a saturated calomel reference electrode, con-
trolled by a PGZ 100-Voltalab potentiostat/galvanostat with VoltaMaster 4 soft-
ware. Full construction details (electrode burning protocol, calliper-based thick-
ness measurement, micropipette filling) are given in our first article [1] and are
not repeated here.

Supporting electrolyte was KCI (0.2 M), with NaOH added to fix pH at 12.6;
measurements were carried out at 19°C - 22°C under aerated conditions, as in our
first article [1]. For the present study, voltammograms were recorded at a fixed
Ni(II) concentration of 1 mmol-L}, while histamine concentration was varied
over 1 - 7 mmol-L™}, a concentration range not covered in our first article [1].
Histamine extraction from sun-exposed fish muscle followed the salting-out/tri-
chloroacetic-acid protocols of Lerke and Bell [21] and Aoua et al [8], as previously

applied in our first article [1].

3. Results and Discussion

3.1. Experimental Determination of the Kinetic Behavior of the
Hm-Ni(II) System
1) Qualitative evidence of the complexation reaction
Figure 1 below shows the Intensity/Potential curves obtained in a thin layer on

platinum with the different reagents.

4_
34
= 21
E_ 4
<
=
2
< 11
0 ——
300 500 700 900

E/mV versus SCE

Figure 1. Current potential curves obtained by thin-layer electrochemistry on a platinum
anode, with the various reagents involved in this study. KCl = 0.2 M; r= 0.3 mV/s; pH =
12.6. 1): Residual current (Blank). The same curve (as (1)) is obtained in the presence of
Hm 1073 M; 2): Solution of curve (1) without Hm + NiSO4-6H>O 1073 M; 3): Solution of
curve (2) + Hm 1073 M; 4): Curve resulting from the subtraction of curve (1) from curve

3).
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This figure shows the current-potential curves obtained in thin-layer configu-
ration on platinum with the various reagents (residual electrolyte, Ni(II) alone,
and Ni(II) + histamine). As already established in [1], the electrolyte and hista-
mine alone give only the platinum-oxidation signal near 0.55 - 0.9 V; adding
Ni(II) produces the Ni(II)/Ni(III) and PtO signals together (0.6 - 1 V); and the
ternary mixture (KCI + Ni(II) + histamine) generates an additional, lower-poten-
tial signal (0.4 - 0.6 V) that is absent from either reagent alone.

Subtracting the blank from the ternary-mixture curve (curve 4) isolates this sig-
nal, which we assign, as in [1], to the oxidation of the Hm-Ni(II) adduct formed
via equilibrium (1). This qualitative assignment, together with the complementary
NMR evidence, was established and discussed in detail in [1] and is not repeated
here.

2) Kinetic rate constant of the Ni(III)-HmP decomposition step

In this section, voltammograms were recorded at increasing histamine concen-
trations (1, 3, 5, and 7 mmol-L™?) at fixed Ni(II) (1 mmol-L!). The voltammo-

grams obtained are shown in Figure 2.

I/VrL [BA/pL]

200 300 400 500 600 700
E/mV

Figure 2. Voltammograms obtained in thin film on a platinum elec-
trode. KCl = 0.2 mol-L™; r= 0.3 mV/s; pH = 12.6; [NiSO4-6H,0] =1
mmol-L7%. (1) & (4): [Histamine] respectivement 107 M, 3-107 M,
5-10° M et 7-107* M.

The Ni(II)-Hm oxidation signal becomes clearly resolved for [Hm] = 3 mmol-L™
and shifts slightly to lower potential with increasing histamine, consistent with the
progressive stabilisation of the complex.

The mass balance for the Ni(III)-HmP species in the thin layer, and its resolu-
tion using the pseudo-first-order approximation (NaOH in large excess, so [OH"]
is effectively constant), follows exactly the treatment derived and justified in our
first work [1] (their Equations (11)-(14)); we do not re-derive it here. Applying

that treatment to the present voltammograms gives an apparent rate constant
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k=(2+1)x10°s™", k'=4.5x10" m*-mol™'-s™ ie, the same order of magni-
tude reported for this decomposition step in our first article [1]. We report this
value here explicitly as a consistency check, as it reproduces, rather than newly
discovers, the kinetics of the chemical step and is used as the calibration point
against which the independent MATLAB simulation is tested in our first studies.

Applying that treatment point by point to the four voltammograms of Figure 2
([Hm] =1, 3, 5, 7 mmol-L™) gives a set of independent local estimates of the ap-
parent rate constant, k=(2+1)x10™ s™' (mean + range), the spread reflecting
both the expected [Hm]-independence of this pseudo-first-order constant and the
peak-current reproducibility of the technique Alpic < 5%, (three replicate traces
per condition) [1]; a further systematic uncertainty of comparable order (~20 -
25%) arises from the thin-layer volume VTL, which enters the underlying mass
balance (Equation (10) of our first article) [1], as a direct scaling factor and was
itself found to require a 25% correction to reconcile the simulated and experi-
mental current-potential responses.

3) Value of the complexation constant X

The complexation constant K of equilibrium (1) is a distinct physical quantity
from the kinetic rate constant & discussed above: K describes the position of the
Hm-Ni(II) complexation equilibrium, whereas & describes the rate at which the
resulting Ni(III)-HmP adduct subsequently decomposes. The two should not be
compared directly and are addressed separately here.

An estimate of K for this equilibrium was obtained in our earlier work [1] from
a mass-balance analysis at a histamine-to-nickel ratio of 10:1 (1 mmol-L™' Hm, 0.1
mmol-L™ Ni(II)), a condition for which the mixture is fully clear (complete disso-
lution and complexation of Ni(II)). Using the free Ni** concentration set by the
solubility of Ni(OH), at pH 12.6 (Ksp = 107'*7, giving [Ni**] = 1.3 x 107> mol-L™"),
this analysis gives: K= 2.5 x 10, a value corroborated independently, in the same
earlier work, by the =0.4 V lowering of the oxidation peak potential between free
Ni(II) (=0.9 V) and the Hm-Ni(II) complex (=0.5 V), which gives exp(F-AE/RT)
~ 5 x 105, the same order of magnitude. Both estimates indicate a strong Hm-Ni(II)
affinity. We report this value here as established context from first works [1] ra-
ther than as a new result of the present study.

At the working pH of 12.6, Ni(II) is present predominantly as solid/colloidal
Ni(OH), in the absence of histamine, with a residual free-Ni** concentration of
~107'2 mol-L! set by the solubility product [1]; this precipitate dissolves progres-
sively as the histamine-to-nickel ratio increases, becoming fully dissolved and
complexed for [Hm|] / [Ni(ll)] >10 [1]. Histamine, whose amine pKa values
(=5.8 and =~9.4) [22]-[24] lie well below the working pH, is essentially fully depro-
tonated under these conditions. These assumptions justify treating the Hm-Ni(II)
complexation equilibrium (1) as essentially complete at high [Hm]/[Ni(II)] ratios
and neglecting the free-Ni** contribution in the kinetic mass balance of Section
IIL.B.

A more rigorous, concentration-resolved determination of K specific to the
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conditions of Figure 2 (1 mmol-L™" Ni(II), 1-7 mmol-L™' Hm) could be obtained
from the dependence of the complex oxidation peak potential Ep on log[Hm],

using the Lingane-type relation:

Ep([Hm]) = Ep(0)—(2.303RT/nF )log K —(2.303 pRT /nF )log[Hm]

where the slope of Ep vs. log[Hm] gives the Hm:Ni stoichiometry p, and the in-
tercept gives K.

This refinement is left for future work, pending tabulation of the four Ep values
of Figure 2 (currently described only qualitatively in the text); it would be ex-
pected, given the same underlying equilibrium, to yield a value consistent with the
~10° order of magnitude established in our first study [1].

3.2. Theoretical (MATLAB) Determination of the Kinetic Behavior

To test independently whether the kinetics established in our first article [1] are
compatible with a first-principles description of the coupled electrochemical-
chemical (EC) process, the governing differential equation for the Ni(III)-HmP

concentration was solved numerically:

dC

I k, (CO - C)exp(k2 (ky+ rt)) —k,C with & - & composite constants
derived from the independently known physicochemical parameters of the system
(see Table 1 below), integrated with the ODE45 solver in MATLAB. Simulations
were run over a range of trial values of the chemical rate constant 4 until the sim-
ulated current matched the experimental voltammetric response (Figure 3).

The composite parameters are k, = S-kO/VTL (s“l) , k= an,imF/(RT)(V_l) ,

ky=E" —E,_,(mV),and k,=k (s’l) , the scanned chemical rate constant, where

E,_, istheinitial potential of the voltammetric sweep, chosen experimentally low
enough that the Faradaic current is essentially zero at £= 0. For the base-case pa-
rameters of Table 1 (EO' =600mV, E,_, =225mV,n=3,a=0.24, T=25°C),
k =1.0352x10°s™", k,=28.0575V"', k,=375mV . The model was inte-
grated with the initial condition C(¢=0) =0, ¢’ =5 mM, scan rate r=0.3 mV-s™,
and V7 = 25 uL (base case; corrected by 25% for Figure 5), over the potential
window plotted in Figure 3 (200 - 1000 mV, Ze. £€ [0, 2667 s] at r= 0.3 mV-s™),
using MATLAB’s ODEA45 solver (variable-step Runge-Kutta 4(5)) with RelTol = 1
x 107%and AbsTol =1 x 10~° (mM), tightened from the ODE45 defaults to resolve
the sharp, exponentially amplified peak in G — (4 and confirmed by a tolerance-
halving convergence check.

Among the trial values of k explored, ksim was selected as the value for which
the simulated C,—C curve reached the maximum expected conversion
(C,—C =5mM) within the timescale of the potential sweep; the resulting cur-
rent-potential response was then compared, as an independent check, with the
experimental voltammogram (Figure 4 and Figure 5).

Here, ({?) denotes the concentration of Ni(II)-bound histamine not yet con-

verted through the coupled electrochemical-chemical cycle, G = 5 mM is the total
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Table 1. Experimental data.

initial concentration engaged in the cycle (Table 1), and C,—C is the cumula-
tive concentration of histamine consumed; complete conversion therefore corre-

spondsto C —>0.

" (mM) E” (mV)

Ero (mV) N a ki (s7h) ke (VY ks (mV)  k(mol/m*s) Vi (uL)

5 600

225 3 0.24 10352.10°° 28,0575 375 ? 25 uL

The principal objective is to determine the value of the rate constant 4 for which
complete depletion of histamine is achieved, Ze., when the concentration of hista-
mine reaches C =0, correspondingto C,—C=5mM.

The variable Cused above to denote the Ni(III)-HmP adduct concentration in
this single-step mass balance is distinct from the cumulative histamine-conver-

sion variable Cintroduced in Section III.B.

Histamine cousumed, CO — C (mM)

k=2.810%

4 - k=2-10%
k=1510%

5 Ok=110°

600 800
E(mV)/ECS

Figure 3. Theoretical concentration curves of C,—C for histamine obtained from
MATLAB simulations.

The best agreement, corresponding to complete histamine consumption over
the timescale of the experiment, was obtained for: ksim = 2.8 x 107°.

This value is of the same order of magnitude as, and within experimental un-
certainty of, the k=(2+1)x10°s™, obtained independently by thin-layer volt-
ammetry in [1]. This numerical reproduction of an experimentally established
rate constant, from a first-principles kinetic model built independently of the volt-
ammetric fitting procedure of our first work [1], is the principal new result of this

study.

3.3. Comparison between Experimental and Simulated
Current-Potential Responses

Using ksim =2.8x107°, the current 7 was recalculated from the electrochemical
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rate expression.

I =nFSk°C’ exp (%jx(E o —E” +rt) and compared to the experi-

mental voltammogram (Figure 4 below).

2.5
—+— Simulation results
2 -~ Experimental data
3
E 1.5
<
S 1
0.5 -
0 = T T
200 400 600 800 1000

E(mV)/ECS

Figure 4. Comparison of the experimental results with the theoretical results

obtained from the simulation for £ =2.8x107°.

The two curves agree well overall, but with a = 100 mV shift in peak potential

and a slightly higher experimental peak current, attributable to the sensitivity of

thin-layer measurements to small volumetric uncertainties, and to a likely over-

estimation of the effective thin-layer volume in the model. Correcting this volume

by 25% substantially improves the agreement (Figure 5 below), supporting the

validity of the simulation for describing histamine oxidation kinetics under these

conditions.

—@- Experimental data

2 1 —4— Simulation results

I(nA)/V(uL)

L

—

0.5

200 400 600 800 1000
E(mV)/ECS

Figure 5. Comparison of the experimental results with the theoretical results
obtained from the simulation for k=2.8x107, with correction of the thin-
layer volume.
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4. Conclusions

This study reproduces, by an independent MATLAB kinetic simulation, the rate
constant governing the decomposition of the Ni(IIT)-HmP adduct that we first

measured electrochemically in our first article [1] (& = (2i1)><10’6 s

experi-
mentally, ksim=2.8x10"° from simulation), with good agreement after a 25%
thin-layer volume correction. This computational validation provides a tested nu-
merical framework for the coupled electrochemical-chemical kinetics of hista-
mine oxidation by nickel.

The complexation constant K of equilibrium, a separate thermodynamic quan-
tity from the kinetic rate constant &, was estimated in our earlier work [1] at
K ~2.5x10° (mass-balance analysis, corroborated by an independent peak-po-
tential estimate), confirming a strong Hm-Ni(II) affinity; refining this value spe-
cifically for the conditions of Figure 2, via the peak-potential/log [Hm] (Lingane)
treatment is identified as a direct next step. Together, these results strengthen the
case for nickel-based electrochemical biosensors for histamine detection in food

safety applications.
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