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ABSTRACT: Numerous analytical approaches have been developed to determine
histamine levels in food samples due to its health consequences. Consuming histamine
over the Food and Drug Administration (FDA)-regulated 50 mg kg−1 limit would result
in chronic toxicity. Consequently, the present study discusses a novel electrochemical
approach to evaluate histamine levels in fish products via a molecularly imprinted
polymer (MIP) on an electrode surface. The film was produced with electropolymerized
polyurethane (PU), which maintained the histamine compound. Fourier-transform
infrared (FTIR) spectroscopy was applied to verify the MIP manufactured in this study.
The capability of the polymer was measured by assessing its electron shifts with cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS). Differential
pulse voltammetry (DPV) was also employed to validate the sensing method. The MIP/
screen-printed electrode (SPE) and non-imprinted polymer (NIP)/SPE recorded a
linear response ranging from 1 to 1000 nmol L−1 at the 1.765 and 709 nmol L−1

detection limits. The sensing technique was subsequently utilized to determine the
histamine levels in selected samples at room temperature (25 °C). Generally, the sensor allowed the accurate and precise detection
of histamine in the fish samples. Furthermore, the approach could be categorized as a simple technique that is low-cost and suitable
for on-site detections.

1. INTRODUCTION
Food safety has become a pressing issue that must be
appropriately handled, given that food could be contaminated
easily.1 The World Health Organization (WHO) reported on
2000−2020 that one in 10 people suffers from food poisoning,
while almost half of a million have died from food poisoning.2

In Southeast Asia, particularly in Indonesia and Malaysia, food
poisoning has resulted in 22.8 million cases of diarrhea and
37,600 thousand fatalities. Consequently, food security and
monitoring are imperative.3

Aquatic foods have been most related to security issues
considering the massive consumption of aquatic food products
in Southeast Asia.4 Physicochemical reactions in food
commonly occur during storage. The reactions are influenced
by several factors, such as heat, light, packaging process, and
moisture. Furthermore, food adulteration might alter food
content, which might lead to health threats.5

Aquatic food products offer high nutritional values that
benefit humans. Nonetheless, aquatic nourishments contain
high oil and fat levels compared to land-dwelling animals,
which could lead to obesity, diabetes, and cardiovascular
problems.6 Consequently, nutrition experts suggested fish as
the best choice as it is low in fat and rich in protein. Moreover,
fish consumption serves various merits to the human body.7

Decarboxylation turns fish muscles into biogenic amines,
which is a concern. Histamine is the most popular biogenic
amine and thus has been the attention of numerous
researchers. The presence of histamine in the bloodstream
could result in several adverse effects, including histamine
poisoning, a type of food toxicity. The symptoms of histamine
poisoning range from mild to moderate to high risk and are
even life-threatening.8

Food poisoning from histamine is commonly related to
several aquatic animals, including sardines, mackerels, tunas,
anchovies, and herrings. Accordingly, several countries have
regulated the consumption of histamine-containing fish. For
example, the Food and Drug Administration (FDA) in the
United States of America (USA) only allowed 50 mg kg−1 of
histamine intake, whereas a limit of 100−200 mg kg−1 has been
set by the European Union (EU).9 Consequently, developing a
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cost-effective and fast technique for histamine detection is
critical.10

Various methods have been employed to analyze histamine
levels in food, where most are chromatography-based.
Nevertheless, the techniques require long analysis periods,
complex instruments, and derivatizing agents to procure
histamine and increase the sensitivity of high-performance
liquid chromatography (HPLC).11,12 Moreover, applying gas
chromatography (GC) is restricted to laboratory facilities. The
technique also involves complex preprocessing methods and
typically requires a derivatization process, which is unsuitable
for daily and on-site histamine detections.13 Enzyme-linked
immunosorbent assay (ELISA) offers a specific technique for
determining histamine levels. Nonetheless, the approach
necessitates a specific environment to maintain its detection
sensitivity and stability.14

Compared to conventional methods, colorimetric is a better
choice for histamine detection regarding its simplicity and
rapidity, attracting the attention of scientists.15 Nevertheless,
the approach has limitations, such as low accuracy, insufficient
extinction coefficient, and low color resolution, which leads to
estimation inaccuracies. Consequently, applying biosensors in
histamine detection offers an alternative that combines a bio-
receptor and a transduction scheme.16

Biosensors provide several advantages, including rapid
response, low cost, ease of operation, and high selectivity
and accuracy.17 Commonly, biosensors employ antibodies or
enzyme materials as bio-receptors due to their satisfactory
selectivity.18 Nonetheless, they are also costly and possess low
stability caused by several factors, such as temperature,
humidity, ionic content, and pH.19

Specific substances, such as molecularly imprinted material
(MIP) utilized as a recognition material solution, offer several
superiorities, including high accuracy and sensitivity, fast
analysis, and on-site applicability.20 The MIP is a synthetic
material produced by cross-linking monomers with polymer-
izing functions.21 The substance also provides satisfactory
stability, ease of production, cost-effectiveness, and robust-
ness.22

The electrical parameters of building electrochemical sensor
electrode surfaces require specific regulations that necessitate
fulfillment to obtain satisfactory and reproducible materials
and, hence, an adequate sensing instrument. Nevertheless, the
process would not be straightforward if the analytes are
oxidized below their potential values, particularly histamine.23

Currently, several MIP materials are available for detecting
histamine.24 Nonetheless, only few studies have reported the
manufacture of MIP through electropolymerization.25,26 The
present study is the first to combine MIP with electro-
polymerized polyurethane (PU), producing an electrochemical
sensor for on-site histamine assessments.
The PU is a unique polymer with several advantages,

including good stability, ease of production, low cost, and good
electrical properties, thus making it applicable for histamine
detections that utilize electrochemical sensors.27 The MIP film
in this study was acquired by choosing the best parameters to
develop a PU-based imprinted film. The electrochemical
sensor was also validated, verified, and subsequently employed
to analyze histamine in selected samples.

2. MATERIALS AND METHODS
2.1. Instruments. The electrochemical assessments in the

current study were performed on a Metrohm Autolab

Electrochemical Workstation provided by the Faculty of
Science and Technology, Universiti Kebangsaan Malaysia
(UKM). The screen-printed electrode (SPE), designed by
Nurlely et al.,28 was obtained by dropping argentum chloride
(AgCl) and argentum (Ag) inks printed on the surface of a
plastic sheet manufactured by Scrint Technology, Malaysia,
and UKM. The SPE consisted of a 12.57 mm2 active surface
area and a 4 mm electrode diameter. In this study, the SPE was
employed as the working electrode, while Ag/AgCl with a
double-junction system and platinum wire were the reference
and auxiliary electrodes, respectively.
2.2. Reagents. All reagents were applied in this study

without purification. The current study also employed
histamine (≥99%) purchased from Sigma Aldrich Sdn. Bhd.
Potassium hexacyanoferrate III (K3[Fe(CN6]) and potassium
hexacyanoferrate II-3-hydrate (K4[Fe(CN6] 3H2O) were
obtained from Merch Sdn. Bhd., sulfuric acid (H2SO4)
(≥97%) and lithium perchlorate were purchased from Sigma
Aldrich, and PU was produced according to the procedure
outlined by Munir et al.27 The present study acquired
phosphate buffer solution (PBS) by mixing sodium dihydrogen
phosphate (Na2H2PO4) and disodium hydrogen phosphate
(Na2HPO4), which were both purchased from Merck, Sdn.
Bhd. This study also utilized ultrapure Milli-Q water.
2.3. Histamine Isolation from Fish. The fish employed in

the present study was Rastrelliger kanagurta, a mackerel. The
fish was selected to determine the accuracy and precision of
the sensor manufactured in this study. The fish was bought
from a local market. The fish was stored in a 4 °C fridge for 1
day. In the first step of UAI, approximately 2 g of the fish
sample was dissolved in 10 mL of 2.5% trichloroacetic acid
(TCA) and homogenized with a centrifuge. Subsequently, the
homogenized samples were transferred into a 20 mL centrifuge
tube before adding another 10 mL of 2.5% TCA to degrade the
proteins.
The centrifuge tubes were placed in an ultrasonicator for 5

min at 50 °C to conduct the ultrasound-assisted isolation
(UAI) method. The tubes were then cooled and centrifuged
for 5 min at 2000 rpm. Finally, the mixture was filtered with a
0.45 μm membrane filter and diluted in PBS (100 mmol L−1)
before being analyzed with an electrochemical sensor, whereas
the detection using chromatography approaches has been
studied and published by Munir et al.4

2.4. Solutions. All solutions employed in this study were
prepared with ultrapure water and stored at 4 °C. The SPE was
cleansed with H2SO4 (0.1 M). The histamine (100 nmol L−1)
and PU (0.01 M) were combined with lithium perchlorate (0.1
M) to produce the MIP film that would be subjected to the
polymerization mixture. A control sample, or a non-imprinted
polymer (NIP), was obtained with PU (0.01 M) in lithium
perchlorate (0.1 M).
In this study, the behavior of histamine (100 nmol L−1) and

a combination of cadaverine, putrescine, and histamine in a
similar concentration (100 nmol L−1) was applied to assess the
sensitivity and selectivity of the established technique. The
calibration curves of standard histamine solutions in lithium
perchlorate (0.1 M) within the 1−1000 nmol L−1 range were
also obtained. The [Fe(CN)6]4− and [Fe(CN)6]3− solutions of
10 mM each were also incorporated into PBS (100 mmol L−1)
to establish their electrical changes.
2.5. Screen-Printed Electrode Preparation. The SPE,

which the current study employed as the working electrode,
was cleansed via electrochemical treatment with cyclic
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voltammetry (CV) within the −0.1 to +1 range at 1.5 and 0.05
V scan rates and in 10 cycles in H2SO4 (0.1 M). Subsequently,
ultrapure water was applied to clean the SPE surfaces.
The polymerization mixture and chronoamperometry

technique were applied at +0.70 V for 100 s to produce the
MIP. During the step, a metal-free photo atom transfer radical
polymerization (ATRP) grafting step was produced by
employing a pulsed UV laser as a light source to manufacture
a thin MIP film on the electrode surface.29 Last, the template
was expunged by incubating the film with ultrapure water (see
Figure 1).
2.6. FTIR Analysis. The FTIR analysis in the present study

was conducted with a PerkinElmer Spectrum BX with a
diamond attenuation total reflectance (DATR) approach to
verify the MIP and NIP structures, respectively. The

assessment was performed at 4000−600 cm−1 to verify the
essential peaks.30

2.7. MIP Morphological Analysis. The morphological
characteristics of the MIP and NIP films manufactured in this
study were evaluated with a field emission scanning electron
microscope (FESEM) (Gemini SEM microscope model 500-
7022). Before the assessment, the polymer was coated with a
thin layer of gold to enhance its conductivity by utilizing a
sputter-coater. The inspections were performed at 200 and
5000× magnifications and 10.00 kV electron high tension
(EHT).
2.8. Electrochemical Procedures. The electrochemical

measurements performed during this study were in six
replicates. The CV scanned potentials from −0.5 to +0.5 V
at 0.05 V s−1, which provided electrochemical reaction rates

Figure 1. MIP sensor for histamine detection fabrication schematic illustration.

Figure 2. (a) CV and (b) EIS of the unmodified screen-printed electrode in PBS (100 mmol L−1).
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and redox potential as the outcomes. The EIS was applied in
the present study to determine the conductivity of the MIP
obtained. The evaluation parameters were a sinusoidal wave
(0.01 V, amplitude) at an open circuit potential and 100 data
points within the 0.1−100000 Hz frequency range and
logarithmically distributed.
The EIS results were employed to establish the Randles

equivalent circuit and Nyquist plots. The conditions applied
reflected the kinetic reactions on the electrolyte−electrode
interface. The interface or the specific sections of the
impedance was addressed as resistance or Z′, and the
imaginary part or Z″. Furthermore, the Nyquist plot recorded
a semi-circle that could be utilized in charge-transfer resistance
(Rct) estimations.40 In this study, differential pulse voltamme-
try (DPV) was also conducted due to it is selectivity and
sensitivity over CV.31 The scanning potentials employed
during the DPV ranged from −0.1 to +0.9 V.
The redox probe solution response was obtained after

alterations had occurred at the sensing surface electrode linked
to electrical properties. The detection limit (DL) was acquired
from the linear response with the formula x + 3σ, where x is
the mean value of the blanks and σ is the standard deviation.
Since other biogenic amines are also commonly discovered in
fish products, biogenic amines, such as cadaverine and
putrescine, were also utilized to determine the selectivity and
sensitivity of the approach. Similar concentrations of
histamine, cadaverine, and putrescine were employed (100
nmol L−1). Furthermore, two approaches such as MIP/SPE
and NIP/SPE were employed to detect the histamine and
mixed biogenic amine solutions.

3. RESULTS AND DISCUSSION
3.1. Handling the SPE before Utilization. Cleaning the

SPE before employment is crucial to avoid interferences during
analysis. Accordingly, several cleaning techniques were
performed in this study to ascertain the reproducibility of
the sensors procured. The present study utilized 98% ethanol
to cleanse the electrode surfaces thrice. The electrode surfaces
were also purified thrice with 98% ethanol before cleaning the
CV with H2SO4 (0.1 N) solution. Another step was employing
only the CV with H2SO4 (0.1 N) during cleaning. Resultantly,
the ideal cleaning parameters were 10 cycles of −0.1 to 1.5 V
potential. The CV and EIS plots acquired under the optimal
parameters are presented in Figure 2.
The SPE in the current study was purified and modified to

produce an amine layer on its surface, thus generating the MIP.
The MIP film was stably attached to the SPE surface, although
the PU electropolymerization influenced the amine layer

production through its aromatic groups.32 Lithium perchlorate
was also incorporated at various concentrations (1, 2, 3, 4, and
5%), which increased the conductivity of the PU and Rct, as
expected (see Figure 3).
3.2. Polymerization Application of Electrochemical

Parameters. Electropolymerization refers to producing
radical species from polymers to obtain MIP layers by
employing particular electrical states on SPE surfaces. In this
study, the histamine structure was made sure to be unaffected
by the electrochemical conditions applied to avoid its
involvement during polymerization on the SPE. If the
histamine were affected, it would co-polymerize with PU and
bind to the polymeric layer, limiting the number of binding
sites formed.
The electrochemical characteristics of the PU and histamine

(50 nmol L−1) utilized in the present study were first examined
in single and mingled solutions to avoid limitations. The
evaluation ensured that the histamine and PU were electro-
active in PBS (100 mmol L−1) at identical potential ranges.
Subsequently, other media were employed to verify the
electrochemical condition where the histamine was inactive
while the PU was active at an identical potential range.
The histamine solution was dissolved in PBS (100 mmol

L−1) and lithium perchlorate (0.1 M) during the electro-
chemical analysis by employing the electrode, NIP, and MIP.
The outcomes are demonstrated in Figure 4. Lithium
perchlorate application influenced the electroactivity of
histamine, which was not detected at 0 to +0.6 V. Conversely,
the electroactivity of PU persisted under similar parameters.
The results indicated that the employment of lithium
perchlorate as media permitted PU film formation without
influencing the histamine structure on the electrode surface.

Figure 3. (a) CV and (b) EIS of unmodified and modified SPE with various concentrations of lithium perchlorate in PBS (100 mmol L−1).

Figure 4. Cyclic voltammograms of the modified electrode without
histamine (SPE + PU + Lit 5%) and modified electrode containing
histamine in detecting the potential applied of histamine in 100 mmol
L−1 PBS.
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3.3. Sensing Coating Installation. In this study,
electropolymerization was employed to produce the MIP
film. The film was obtained through bulk polymerization with
particular electrical parameters in a solution with histamine
and PU as the template and polymer. The procedure also
generated MIP for tiny-sized target analytes. The combination
of electropolymerization and bulk polymerization was a
practical technique considering the little reagent required.
Moreover, the technique allowed imprinted areas to be
attached to the outer layer of the electrochemical sensors as
opposed to the surfaces.23,33

The formation of PU and histamine in the current study
occurred in the pre-polymer arrangement owing to entangling
hydrogen bond interactions. The polymeric system was
subsequently shaped by radical reaction, which commenced
after adequate potential to produce oxidized PU radicals was
provided. Chronoamperometry was employed at +0.75 V for
100 s and validated.
A mixture of PU and histamine in lithium perchlorate was

acquired via electropolymerization, which generated a film over
the histamine. The NIP electrode, which was the control
(blank), was obtained by employing the PU and lithium
perchlorate, producing a film without histamine. The CV and
EIS data are illustrated in Figure 5.
Generally, the anodic current reduction emphasized the

polymeric reaction detected in CV (see Figure 5a). Moreover,
compared to the SPE surface, the Rct was increased in the
Nyquist plot (see Figure 5b). The histamine in the MIP
demonstrated a notable dissimilarity between the NIP and
MIP electrodes due to the single experimental differences in
the materials.
The SPE/MIP electrode CV measurements post chronoam-

perometry exhibited reduced anodic current and elevated peak
separation compared to the SPE/NIP electrode (see Figure 5).
Consequently, the presence of histamine in the polymeric
network was confirmed by the high Rct value in the MIP film.
The altered electrical properties on the surface caused by the
histamine also occurred when the polymer film grew. The

Figure 5. (a) Cyclic voltammograms of NIP/SPE and MIP/SPE with lithium perchlorates (5%) in 100 mmol L−1 PBS and (b) EIS spectra of NIP/
SPE and MIP/SPE in PBS (100 mmol L−1).

Figure 6. FTIR spectrum of the MIP film.

Figure 7. Micrograph of the MIP film observed through FESEM at 200−5000× magnifications.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00768
ACS Omega 2023, 8, 13352−13361

13356

https://pubs.acs.org/doi/10.1021/acsomega.3c00768?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00768?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00768?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00768?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00768?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00768?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00768?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00768?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00768?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00768?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00768?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00768?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


observation indicated that histamine was not a conductive
compound and that the PU possessed electrical features,
mainly owing to the conductivity of PU related to its
polymerization.34

In the first stage of MIP polymerization, the conductive
polymer layer produced resulted in fewer radicals per unit of

time production at the outer surface. The reproducibility of
electrodes was also determined in this study. The CV and EIS
analyses exhibited satisfactory reproducibility of the electro-
chemical approaches, taking into account the MIP and NIP
electrode applications.
3.4. Histamine Purification from the Sensing Layer.

Disposing of histamine from the polymer network was a crucial
and final step to completing the MIP installation. Histamine
was removed to increase the number of binding sites to specific
analytes that would be shaped inside the polymer during
detection.35 Water could dissolve histamine easily and was
employed to dispose of histamine molecules from the MIP
surfaces in the current study. The application of other solvents
was evaded given their possible harm to the PU layer.
The MIP and NIP films were incubated in water, and the

effectiveness of histamine removal from their surfaces by water
was determined. The NIP and MIP film Rct values escalated
based on the Nyquist plot, while the CV anodic peaks were
reduced. The results were due to the release of PU conductive
oligomeric structures from the polymeric network.
Histamine recorded a positive charge with the applied

parameters, thereby developing ionic interactions with the
negatively charged iron redox probe. Histamine also donated

Figure 8. DPV voltammograms of histamine at various concentrations in PBS (100 mmol L−1) at pH 7 on NIP/SPE/PU/LiClO4.

Figure 9. DPV voltammograms of histamine of varying concentrations in PBS (100 mmol L−1) at pH 7 on MIP/SPE/PU/LiClO4.

Figure 10. Voltage (μA) versus concentration (nmol L−1) of the
NIP/SPE/PU/LiClO4 and MIP/SPE/PU/LiClO4 calibration curves
in different histamine concentrations (1−50 nmol L−1).
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an electron to modify the charge-transfer properties at the SPE
surfaces. Generally, histamine disposal from the MIP and NIP
film surfaces was effective. Furthermore, the PU film
documented adequate stability when unwrapped from the
water.
3.5. Electrochemical Sensor Characterization. The

FTIR analysis was conducted in this study to verify the
structure of the MIP and NIP films procured (see Figure 6).
The MIP spectrum did not record the histamine structure,
indicating that the histamine removal steps were complete and
successful. Furthermore, the FESEM micrograph in Figure 7
demonstrates the formation of an MIP film post electro-
polymerization. The magnification applied to observe the MIP
film surface was 200−5000×. Resultantly, electropolymeriza-
tion ensured a successful MIP reaction, which was verified by
the wavelengths in the FTIR spectra.
3.6. Analytical Approach Employing the Electro-

chemical Sensor. The determination of analyte depends on
the sample treatment. The sample treatment is a crucial and
fundamental step in ensuring that the desired analytes were
isolated and interferences were expunged. Fish products are
very complex and contain several major substances, such as
fats, carbohydrates, proteins, and chemical additives. Accord-
ingly, a specific technique to isolate analytes from samples with
enhanced efficiency is critical.36 The method should also be
simple, sustainable, and rapid, require less solvent, and possess
satisfactory disjunction capability.
Ultrasound is commonly applied for sample extractions due

to its abilities during sample treatments. The approach
necessitates only a little organic solvent to destroy the matrix
that contains the desired analytes, thus accelerating and
improving the isolation step. The UAI is commonly applied in

analytical chemistry considering its swiftness, modesty,
simplicity, and eco-friendliness.37

The present study performed DPV owing to its superior
selectivity and sensitivity over CV. The method was conducted
to determine the oxidation of histamine during analysis with
NIP/SPE and MIP/SPE. Following various validation
approaches to achieve the best scan rate, pulse time, and
pulse amplitude, the optimized DPV conditions were 10 mV
s−1 scan rate, 50 mV pulse amplitude, and 10 ms pulse time.
Varying histamine concentrations were analyzed via the

DPV method post validation. Histamine analyses with the
SPE/MIP and SPE/NIP electrodes involved adding the 100
nmol L−1 histamine standard to the SPE as a working electrode
before being incubated for 15 min. The incubation was
performed to ensure histamine attachment to the MIP and
NIP films.
The histamine determination via DPV involved a three-

electrode system and was replicated for several procedures.
During the assessment, the histamine levels were escalated
within the 1−1000 nmol L−1 range, and the NIP electrodes
were also evaluated (see Figure 8). The SPE/MIP electrodes
were employed to determine the blank solution and histamine
levels within the 1−50 nmol L−1 range by utilizing lithium
perchlorate to increase the voltage. A calibration curve, where
x was histamine voltage and y was the values of potential
applied, was also obtained (see Figure 9).
Figure 10 illustrates the NIP/SPE and MIP/SPE calibration

curves. Based on the data, different histamine levels were
detected in PBS (100 mmol L−1) at pH 7. The NIP/SPE and
MIP/SPE plots also enabled DL calculations with a specific
equation containing the standard deviation of the intercept and
the slope of the curves. The NIP/SPE DL was 709 nmol L−1,

whereas the MIP/SPE recorded 1.765 nmol L−1.

Figure 11. DPV voltammograms of histamine detected in the mackerel samples with PBS (100 mmol L−1) at pH 7 on (a) MIP/SPE/PU/LiClO4
and (b) NIP/SPE/PU/LiClO4.

Table 1. Comparison of the Analytical Performance of Histamine Detection

parameters Wang et al.40 Ahmed et al.25 Mahnashi et al.41 Fan et al.42 Peng et al.43 this study

technique BELISAa MIP-PANI/ PEDOT @
AuIOb

MIP-Au@Fe -BDC/N, S − GQDs/
GCEc

MISPE/
CEd

BELISAa MIP/SPE/PU/
LiClO4

linear range (mM) 8.99 × 10−5 to
8.99

5 × 10−5 - 5 × 10−1 7.8 × 10−8 to 2.5 × 10−4 0.89−
899.68

8.9 × 10−6 to
8.99

1 × 10−6 to 5 ×
10−5

detection limit
(mM)

6.2 × 10−4 1 × 10−6 2.6 × 10−8 0.782 3.5 × 10−4 1 × 10−7

reproducibility (%) 1.7 1.9 1.8 1.8 5.35 0.98
stability (days) 49 60
aBiomimetic enzyme-linked immunoassay. bMolecularly imprinted polymer−polyaniline/3,4-ethylenedioxythiophene@gold inverse opal. cMetal
organic framework/nitrogen−sulfur co-doped graphene quantum dots / glassy carbon electrode. dMolecularly imprinted solid-phase extraction−
capillary electrophoresis.
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The determination of histamine using MIP/SPE/PU/
LiClO4 using the voltammetric approach presents a satisfactory
outcome. Generally, voltammetry relies on the development of
current signal and charge upon histamine as the analyte and
MIP as the receptor binder.24 Various studies have reported
several receptors such as enzymes and aptamers.38,39

The validated method was applied in determining the
amount of histamine in the mackerel samples. The sample was
analyzed in six replicates, and the voltammograms are
demonstrated in Figure 11. The histamine standard was
validated to obtain quantitative histamine levels in the fish. The
MIP/SPE/PU/LiClO4 detected 106.32 nmol L−1 histamine in
the fish samples, while the NIP/SPE/PU/LiClO4 recorded
81.49 nmol L−1.
3.7. Comparison of the Current Validated Electro-

chemical Sensor with Other Reported Sensors for
Determination of Histamine. The validated sensor via
modification of MIP/SPE/PU/LiClO4 in this study demon-
strated improved performance in terms of, stability, response
time, precision, and accuracy compared with other previously
reported electrochemical sensors and biosensors for histamine
detection listed in Table 1.
Among these studies mentioned in Table 1, the molecularly

imprinted polymers (MIPs) are the most robust and stable,
offering particular recognition properties that are suitable for
on-site detection. The application of MIP offers a low
detection limit, even though the detection limit of this study
is higher than that of Mahnashi et al.;41 in terms of stability,
this method is better. Furthermore, the application of lithium
perchlorate to increase the conductivity of SPE modification is
cheaper compared to gold.

4. CONCLUSIONS
The present study successfully produced a histamine electro-
chemical sensor with MIP, resulting in a rapid, simple, easy-to-
operate, and inexpensive method. The duration for histamine
sensing was below 2 min, which was shorter than
chromatography detection. Furthermore, solvent application
during the electrochemical sensing provided in this study was
very low, where only PBS was required. Conversely, in
chromatography applications, several mobile phases are
required. Obtaining the electroactivity of the target molecules
was one of the challenges in this study. The issue was solved by
applying experimental conditions that decreased histamine and
maintained PU electroactivity. The receptor element was
obtained in situ in a few seconds. Furthermore, on-site
histamine detection in an aquatic environment could be
performed very well. Nevertheless, a 15 min incubation must
precede the procedure. The SPE/MIP instrument procured in
the current study exhibited good histamine detection in terms
of analytical performance and high selectivity and sensitivity
compared to other biogenic amines, such as cadaverine and
putrescine. Consequently, the instrument could be applied to
determine the accumulation of biogenic amines that are often
specifically detected in the food industry.
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