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of a rapid-response and portable tool that allows its on-site analysis is very interesting since the consumption of high
amounts of histamine causes scombroid poisoning. Thus, in this work a simple enzymatic sensor for the determination of

histamine, based on a screen-printed carbon electrode and the enzyme diamine oxidase, was developed. The enzyme was

immobilized on the electrode surface through a simple cross-linking procedure employing glutaraldehyde and bovine serum

albumin. Chronoamperometry was used as the detection technique; the sensor showed a short response time (60 s, -0.3 V)

and the measurements were performed by only using 40 pL of sample solution. The sensor provides an useful linear range

(between 1 and 75 mg L in fish extract), excellent reproducibility (RSD = 2.6%) and is reusable for up to 7 measurements.

The feasibility of the sensor was tested performing histamine analysis in fish extracts achieving recovery values of 103%.

Introduction

In the last decades, the consumption of fish has increased
substantially due to a greater awareness about food habits, with
consumers adopting healthier food options. Statistical data show an
increase in fish consumption per capita from 9.0 kg in 1961 to 18.5
kg in 2011 to 20.2 kg in 20151,

Therefore, the development of simple analytical devices for the
assessment of the quality and freshness of fish in a rapid and
inexpensive way is an issue of increasing importance. Related to
fishery products, histamine is the most widely evaluated parameter
and the only amine whose limits are legally established?. For fish
products, the EU legislation establishes? that the average level of
histamine must not exceed 100 mg kg! and no sample may contain
a concentration higher than 200 mg kgl. Histamine belongs to a
group of compounds known as biogenic amines (including
..), which are low-
molecular-weight organic compounds that are formed in foodstuffs

cadaverine, tryptamine, phenylethylamine,

mainly by microbial decarboxylation of amino acids*>. It is formed
through the decarboxylation of histidine and appears in fish as a
result of inappropriate refrigeration or preservation
catching?®’. Storage at temperatures above 4°C%° is the most

after

important factor contributing to histamine formation, but other
parameters such as pH or salt concentration may also contribute to
thisl011 This biogenic amine is heat stable, so it is not affected by
cooking or prolonged exposure to heat processes and it is also stable
after freezing or canning processes!213, It is considered one of the
most relevant biogenic amines due to its biological toxicity.
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Consumption of fish with high levels of histamine can lead to
scombroid fish poisoning (or histamine fish poisoning) and may cause
headache, skin problems (flushing) and gastrointestinal problems
(diarrhoea, nausea)41>,

Numerous analytical methods have been developed for histamine
determination. These methods mainly involve chromatographic
techniques®>1¢, for example gas chromatography (GC)17:18, high-
performance liquid chromatography (HPLC)1%20 and thin layer
chromatography?. these methods possess
limitations, such as the need for expensive instrumentation and

However, some
highly qualified operators, long analysis times and complex sample
pre-treatment (e.g. derivatization). There are also some commercial
available ELISA and enzymatic kits for screening of this biogenic
amine in food samples?2.

Electrochemical biosensors are interesting alternatives to
conventional methods and commercial kits since they allow short
analysis times and low cost analysis, providing adequate sensitivities
and user-friendly operating Moreover,

electrochemical sensors based on screen-printed electrodes offer

conditions>16,

the additional advantage of on-site analysis. This allows the
possibility of performing analysis along the entire production chain,
from fishing to consumption.

Therefore, in the last years various electrochemical sensors for
histamine detection based on screen-printed electrodes have been
developed?*-26, including enzymatic Although
electrochemical sensors are characterized by their simplicity, most of

sensors?3:24,

the ones previously published require polymers?327, mediators23.28,
nanomaterials?427.2330 or two enzymes?328, increasing the overall
costs, complexity and construction times. The enzymatic sensor
developed in this work stands out for its simplicity; it only requires
the enzyme diamine oxidase, which is easily immobilized by cross-
linking using very low volumes of glutaraldehyde and bovine serum
albumin. The transducer is based on a carbon electrode that senses
the products formed by the catalysis of the enzyme to evaluate the
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histamine concentration. Moreover, since the transducer is a screen-
printed electrode, a fast-response, user-friendly and portable sensor
is obtained. The proposed sensor fulfils some important
requirements of Green Analytical Chemistry3! such as simplicity,
miniaturization, possibility of on-site analysis, use of
reagent/sample amounts and no sample derivatization.

low

Experimental section
Reagents and equipment

Diamine Oxidase from porcine kidney (DAO, 0.11 U/mg), bovine
albumin  (BSA), glutaraldehyde (GA), histamine,
phenylethylamine, spermine and spermidine were purchased from
Sigma Aldrich.

Working solutions of histamine, the other biogenic amines, DAO, BSA
and GA were prepared in 0.1 M phosphate buffer (PB) pH 7.2. Type |
ultrapure water (resistivity = 18.2 MQ cm) was used throughout the
work. All chemicals were of analytical reagent grade and were used
without further purification.

Electrochemical measurements were performed with a Metrohm-
Autolab potentiostat/galvanostat (PGSTAT 101) controlled by NOVA
software (version 1.10). The screen-printed carbon electrodes
(SPCEs, DRP-110) and the connector (DRP-CAC) were supplied by
DropSens. The SPCEs consisted of a working electrode (WE, circular-
shaped, d =4 mm) and a counter electrode made of carbon ink, and
a pseudoreference electrode made of silver ink. This three-electrode

serum

cell is printed on a ceramic substrate (3.4 cm x 1.0 cm).

Enzyme immobilization

DAO was immobilized on the surface of the WE of the SPCE by a
cross-linking process employing BSA and GA. In the optimized
procedure, first 2 puL of enzyme solution (0.5 mg pL!) and 1 uL of BSA
solution (3%) were deposited on the WE. This was followed by adding
1 pL of GA solution (0.5%) and the electrode was left to dry for 30
min at room temperature. Then, after a washing step with 0.1 M PB
pH 7.2, the biosensor was ready to use.

Electrochemical measurements

In the measurements, 40 pL of the standard/sample solution was
placed on the SPCE to cover the three electrodes. All the
measurements were performed at room temperature (22 + 12C). For
the cyclic voltammetric studies the potential was scanned, at 50 mV
s, between -0.8 V and +0.8 V or from 0.0 V to -0.6 V.
Chronoamperograms were recorded by applying a potential of -0.3 V
for 60 s, assuring that the current plateau was reached. The average
of the last 10 points of the recorded cathodic current was used as the
signal for each histamine concentration.

Sample preparation

For the preparation of the samples (fresh hake and mackerel,
purchased in a local supermarket (Froiz)) a simple procedure
indicated in the protocol of an ELISA test (R-Biopharm AG)32 was
followed. In this procedure, 5.0 g of the fish sample were mixed
with 20 mL of distilled water using a vortex mixer. The mixture
was then placed in boiling water for 20 min. After cooling, the
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mixture was centrifuged for 10 min at 10000 g. Then, the
supernatant was removed and stored at -80°C until use.

Results and discussion

The developed sensor is based on the oxidative deamination of
histamine by diamine oxidase to form imidazole acetaldehyde,
ammonia and hydrogen peroxide (Fig. 1). Thus, histamine can
indirectly be detected through the reduction of the products of the
enzymatic reaction (Fig. S1, ESI), whose concentration is directly
proportional to the concentration of histamine. For the construction
of the sensor, a very easy procedure for enzyme immobilization was
employed: simple cross-linking using low amounts of GA and BSA and
short drying times. The modification of the SPCE with DAO, DAO/BSA
and DA/BSA/GA was characterized by cyclic voltammetry (Fig. S2,
ESI). When the SPCE was modified with DAO, an anodic peak was
observed at = +0.6 V. This peak remained after the addition of BSA
and GA, confirming the immobilization of the enzyme.

Cyclic voltammetry was also used to study the response of the sensor
towards histamine. As can been seen in Fig. 2A, the cathodic currents
obtained between -0.6 V and 0 V showed a correlation with the
histamine concentration: increasing (in absolute value) cathodic
currents were clearly observed when the concentration of histamine
increased. Chronoamperometry was chosen as the detection
technique because it fits perfectly both with SPCEs as well as with
portable equipment. A detection potential of -0.3 V was chosen since
it provided more precise results than the ones obtained at -0.4 V (Fig.
2B) and decreases the interference of other electroactive species
that are reduced at more negative potentials. Although at -0.4 V
higher analytical signals were achieved, the blank signal was also
much higher than at -0.3 V and the precision was worse.
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Fig. 1. Schematic representation of the enzymatic and

electrochemical reactions at the surface of the electrode.

Immobilization optimization studies

The pH is a critical parameter in enzymatic reactions. Thus, along this
work, a PB buffer (pH 7.2) was used because, according to the
supplier, it is the optimum pH to dissolve the enzyme and it lies
within the optimum range (pH 6.3 — 7.4) when histamine is the
enzymatic substrate.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. (A) Cyclic voltammograms recorded with an SPCE modified
with DAO/BSA/GA (0.5 mg uLt / 3% / 0.5%) for different histamine
concentrations (0, 5, 75, 250, 500 and 1000 mg L*1), scan rate: 50 mV
s1. Inset: amplification of the cyclic voltammograms between -0.4 V
and -0.2 V. (B) Effect of the measuring potential on the blank (grey
line), histamine (blue line) and analytical signal (Ai, green bars).
Experimental conditions: DAO/BSA/GA 0.5 mg uL/3%/0.5% and
histamine 25 mg L1. Average data +SD are indicated (n = 3).

The concentration of each reagent for the immobilization of DAO by
cross-linking with BSA and GA was optimized based on procedures
found in the literature33. First, the effect of the concentration of BSA
on the analytical signal was studied. The use of BSA for cross-linking
together with GA allows the reduction of the porosity of the film
making it more stable. Low BSA concentrations may result in an
insufficient spacing between the enzymes and GA, limiting/blocking
the enzymatic activity, which can be minimized with BSA since it is a
spacer. On the other hand, high BSA concentrations may also result
in a decrease of the enzyme activity3*. As can be seen in Fig. 3A, the
best BSA concentration was 3%. Lower concentrations provided a
lower analytical signal and higher concentrations gave a similar
analytical signal but a worse precision. The GA concentration had a
bigger influence (Fig. 3B) on the response of the sensor. Low
concentrations (0.05% and 0.1%) led to slightly higher analytical
signals but with a lower precision. For higher GA concentrations, the
precision improved but the analytical signals decreased. Therefore,
0.5% GA was chosen to develop the sensor, compromising between
analytical signal and precision. Finally, the DAO concentration was
studied using 0.05, 0.10, 0.25 and 0.50 mg pL? solutions. Higher
concentrations were not used because of the solubility of the
enzyme. Fig. 3C shows that the highest DAO concentration resulted
in a better analytical signal and precision. Therefore, 0.50 mg uL?
was chosen to construct the sensor.

Analytical characteristics of the histamine sensor

To establish the performance characteristics of the sensor, histamine
concentrations between 1 and 500 mg L were analysed (Fig. 4A and
Fig. S3, ESI). The current difference between the ones obtained for
different histamine concentrations and the blank (A]i|) showed a
linear relationship for histamine concentrations between 1 and 100
mg L1 (Fig. 4A) with a sensitivity of 0.33 nA L mg! and a correlation
coefficient of 0.9991. The limit of detection, calculated as 3 times the
standard deviation of the blank signal divided by the slope, was 0.94
mg L1. These and additional figures of merit are indicated in Table
S1. The coefficient of variation of the method (Vxo) was lower than
5%, demonstrating the good precision of the method for the analysis
of histamine.
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Fig. 3. Effect of the concentration of (A) BSA, (B) GA and (C) DAO on the analytical signal (Ai) for 25 mg L1 histamine. Experimental conditions:
(A) DAO/GA, 0.5 mg uL1/0.1%; (B) DAO/BSA, 0.5 mg uL1/3%; (C) BSA/GA, 3%/0.5%. Average data +SD are indicated (n = 3).
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Table 1. Comparison of analytical properties of some electrochemical methods for histamine detection.

Transducer Construction Detection sensitivity Concentration  LOD Ref
(nALmg?) range (mgL?l) (mglL?) ’

SPCE DAO/BSA/GA Chronoamp. 3.8 1-75 0.5 This work
DAO/HRP immobilized into a

SPCE Jpolysulfone/CNTs/ferrocene membrane Amperometry 157 0.033-2.22 0.018 23

SPCE DAOG/Platinum . Amperometry 568 001-33.34 00028 24
nanoparticles/graphene/chitosan

SPCE Rhenium (IV) oxide Amperometry 19 0.5-10 0.2 25

SPCE Nafion/Cus(PO4)> Amperometry  13.1 5-100 3 26

SPCE (as WE) DAO/PhotoHema 5.56 5-60 0.65

Amperometry 35

SPCE Fe(CN)¢*/DAO/PhotoHema 5.31 10-80 -

Platinum

electrode Copper layer Amperometry 109 0.1-83.4 0.03 36

GCE MWCNTSs/p-(AHNSA) DPV 6981 0.01-11.11 0.0084 29

Carbon paste SWCNTs DPV 15111062 00 20 0.14 30

electrode 20-80

GCE Polystyrene-graphene oxide DPV 4618 0011-0333 0003 37
nanocomposite

Edge plane 01-5.6

pyrolytic graphite GNRs-AgNPs SWV 1421; 747 6'7 _ 5'5 '6 0.0054 38

electrode ’ ’

GCE Lignin SWv 8457 0.56-22.2 0.03 39

L . 1.5-10.5;

GCE Thin film of mercury Potentiometry - 5-30;20- 90 131 40

lon-selective MIP-nanoparticles membrane Potentiometry - 011-11115 0.12 41

electrode

Chronoamp.: Chronoamperometry; HRP: horseradish peroxidase; CNTs: carbon nanotubes; GCE: glassy carbon electrode; CV: cyclic
voltammetry; MWCNTs: multiwalled carbon nanotubes; p-(AHNSA): poly(4-amino-3-hydroxynaphthalene sulfonic acid); DPV: differential
pulse voltammetric; SWCNTs: single-walled carbon nanotubes; PhotoHema: photocured poly(2-hydroxyethyl methacrylate); MIP:
molecularly imprinted polymer; SWV: square wave voltammetry; GNRs: graphene nanoribbons; AgNPs: silver nanoparticles.

The reproducibility was also evaluated using 5 different equivalently
prepared sensors: RSDs of 2.6% and 2.1% were obtained for 1 and 25
mg L1 histamine, respectively. It should also be noted that the same
sensor can be used for several measurements; Fig. 4A presents the
average of three calibration curves using three different sensors. In
order to evaluate the precision of the sensor when it is reused, 7
measurements of a 25-mg L histamine solution were performed
with three different sensors, obtaining an RSD of 7.7% (for the 21
measurements).

Interferences studies

To evaluate the effects of some potentially interfering substances in
fish on the analysis of histamine, the biosensor’s response towards
some biogenic amines, such as phenylethylamine, spermidine and
spermine, was studied. The effect of these biogenic amines was
assessed by comparison of the analytical signal (A|i]) obtained for 10
and 25 mg L1 histamine solution vs. the signal obtained for solutions
of the same concentration of the biogenic amines (Fig. 4B). It was
observed that spermidine was not an important interfering
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substance since no signal was observed for 10 mg L%, and for 25 mg
L! the signal represented only 12% of the histamine response. For
spermine, the response was higher but the same for both 10 mg Lt
and 25 mg L% In the case of phenylethylamine, a very low response
was obtained for 10 mg LL. For 25 mg L'! the response increased but
was less than half the response for histamine. These interferences
are due to the fact that DAO is a non-selective enzyme; nevertheless,
it is a widely employed enzyme for developing analytical methods for
histamine detection?32427_ |t is important to take into account that,
when fish is stored at high temperatures or during long times, the
levels of the other biogenic amines increase more slowly than
histamine®42, therefore, reducing their possible interference effects.

Real sample analysis

Since the fish extract showed significant matrix effects, a calibration
plot was constructed in spiked hake extracts. Hake was chosen to
perform the calibration since it is a histidine-poor fish and therefore,
it undergoes a very slow formation of histamine’43, Hake extracts
were spiked with different histamine concentrations and were

This journal is © The Royal Society of Chemistry 20xx



analysed with the developed sensor. A linear relationship between
the current intensity and the histamine concentration was founded
from 1 to 75 mg L1, according to the equation |i| (nA) = 3.8
[Histamine] (mg L) + 999.3, R=0.998. The LOD, calculated as before,
was 0.5 mg L1 This demonstrated that the sensor can detect
histamine in real fish extracts. Although the linear range is narrower
when fish matrix is used than when histamine solutions are prepared
in buffer (1 —75 vs. 1 - 100 mg L), the sensitivity is much better (3.8
vs. 0.33 nA L mg?).
compared to other previously reported sensors (see Table 1).

Nevertheless, this sensitivity is low when

However, and despite the sensor’s simplicity, it showed a linear
range and an LOD comparable, or in some cases better, than other
sensors that involve much more laborious and expensive procedures
for their construction, such as a bi-enzymatic system?23, polymers for
enzyme immobilization?’3> or nanomaterials2627.30 (Table 1).

This calibration plot was employed to perform recovery tests using
hake and mackerel extracts in order to demonstrate the potential of
this sensor for histamine detection in different fish species. Spikes of
20 (for mackerel extract) and 40 mg L (for hake extract) were
performed obtaining recoveries of 103.0% and 103.5%, respectively
(Table 2). These values showed that this simple sensor could be
applied to the determination of histamine in fish samples.
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Fig. 4. (A) A|i| values obtained for different histamine concentrations
using the developed sensor (chronoamperometry at -0.3 V for 60 s;
average values of three calibration curves performed with three
different sensors). Inset: linear range of the calibration curve. (B) A|i|
values obtained with the developed sensor (chronoamperometry at
-0.3 V for 60 s) for 10 and 25 mg L of histamine and three potential

This journal is © The Royal Society of Chemistry 20xx

interferents: phenylethylamine, spermine and spermidine. Average
data £ SD are indicated (n = 3).

Table 2. Recovery test of the proposed biosensor for the analysis of
histamine in fish extracts (average data +SD are indicated (n = 3)).

Histamine Found value
1 0,
Fish added (mgL1)  (mg L) Recovery (%)
Mackerel 20 206+1.1 103.0+5.4
Hake 40 41.4+2.1 103.5+5.2
Conclusions

A simple enzymatic sensor for histamine analysis based on SPCEs was
developed employing diamine oxidase, which was immobilized by
cross-linking using very low amounts of glutaraldehyde and bovine
serum albumin. This simple and low-cost sensor allows the
determination of histamine in a wide concentration range, showing
high reproducibility and short response times. Its feasibility to
determine histamine in extracts of different fish species was also
demonstrated.

This sensor was developed in accordance with the current trends in
green and analytical chemistry: simple, miniaturized and portable
devices that require low reagent and sample volumes, producing low
amounts of waste. Thus, the enzymatic sensor developed in this work
fulfils these requirements and moreover, since it is based on an SPCE,
it can be combined with portable and ready-to-use devices allowing
the on-site histamine analysis along the whole fish production chain.
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