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ABSTRACT

Histamine, which is a naturally occurring chemical in seafood, is known to cause undesirable
inflammatory response when consumed in large amounts. Histamine is produced in unsafe
amounts in colored seafood when improperly stored for just a few hours. Food and health
regulatory bodies across the world have guidelines limiting the amount of histamine in fresh as
well as processed seafood. Conventional histamine detection is performed in testing labs, which is
a slow process and results in bottlenecks in the seafood supply-chain system. A system to rapidly
detect the seafood histamine levels on site is very desirable for seafood suppliers. Herein, we
describe an impedance-based histamine detection sensor built on a flexible substrate that can detect

histamine in the range of 100-500 ppm. Moreover, our sensor discriminates histamine in the
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presence of DL-histidine and other biogenic amines, with the selectivity provided by molecular
imprinting technology. As a proof of concept, a smartphone controlled, portable semi-quantitative
histamine sensing device was fabricated that gave out reliable testing results for histamine in
different test solutions as well as for real seafood. We believe this technology can be extended
towards determination of other food contaminants in aqueous solutions.
1. Introduction

Histamine is an important biological chemical involved in the immunological response to
pathogens in humans(Stein et al., 1976; Delves and Roitt, 2000; Jutel et al., 2005). Most of the
histamine in humans is generated by immunological mast cells(Johnson and Erdds, 1973; Hallgren
and Gurish, 2014) and basophils(Belon et al., 2004) through the enzyme-assisted decarboxylation
of the histidine amino-acid(Eitenmiller et al., 1981). Additionally, histamine can also come from
dietary sources such as fermented and spoiling foods such as fish, cheese and wines(ljomah et al.,
1991). Overexposure from dietary sources results in elevated bodily histamine which in turn is
responsible for syndromes like histamine intolerance(Taylor, 1985; Maintz and Novak, 2007) and
histamine poisoning(Schirone et al., 2017). The maximum legal limits in the European Union
under Regulation No. 1441/2007 for histamine for different species of fish like Scombridae,
Clupeidae, Engraulidae, Coryfenidae, Pomaomidae and Scombresosidae range from 100 — 400
ppm(Commission Regulation, 2007). As such, seafood suppliers across the globe now have to send
samples to testing labs as part of the HACCP quality control procedures. However, this is a slow
process and causes bottlenecks in the seafood supply-chain system. Therefore, a simple & rapid

system to determine the concentration of histamine on-site is desired by seafood suppliers.

Conventional methods of histamine detection in food use laboratory based techniques such

as separation wusing solid phase extraction followed by high performance liquid
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chromatography(Busto et al., 1994; Onal, 2007; Tahmouzi et al., 2011; Tang et al., 2011; Dang et
al., 2013, Mohammed et al., 2016, Liu et al., 2018) and ELISA assays in conjunction with
fluorescent tags(Marcobal et al., 2005; Kdse et al., 2011). The former technique requires extensive
sample preparation, large laboratory equipment while the latter uses expensive testing kits, optical
components and storage under refrigerated conditions(Bedia Erim, 2013). Also, both these
techniques are not really suitable for rapid on-site analysis of histamine. Colorimetric methods,
such as AOAC 977.13 and GB 5009.208, for the determination of histamine have been
developed(Staruskiewicz, 1977). However, these methods require complex and time consuming
extraction procedures making it difficult to employ for on-site detection by a non-trained user.
Lateral flow assays for histamine detection are also colorimetric but they use biological receptors
such as enzymes and antibodies which make them expensive and require storage under
refrigeration. Alternative colorimetric methods require labelling the sample with quantum dots(Shi
et al., 2020), Au nanoparticles(Bi et al., 2020), and azo-based compounds(Lv et al., 2019), which
again is not feasible for most on-site testing. Electrochemical sensing is an alternative method that
can be used in on-site label-free analysis of histamine. Electrochemical methods include
voltammetry(Henao-Escobar et al., 2015; Akhoundian et al., 2017; Kumar and Goyal, 2018),
potentiometry(Basozabal et al.,, 2014) and impedance spectroscopy(Bongaers et al., 2010;
Horemans et al., 2010; Delle et al., 2015). Potentiometry and voltammetry rely on the development
of charge and current signal upon analyte-receptor binding event. This usually requires the analyte
to be electrochemically active. Impedance spectroscopy on the other hand is a technique to
characterize the kinetics of an electrochemical system and is used in the determination of the
concentration of an analyte not involved in redox processes. Moreover, the AC voltage applied to

the active layers in impedance spectroscopy prevents electrode polarization and fouling. In
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impedance spectroscopy, the signal parameter measured, is AZ (magnitude and phase) of an active

sensor layer.

Usually the component that forms the active layer for an impedimetric sensor is the
receptor layer. The function of the receptor layer is to selectively bind with the analyte of interest.
Previous studies have used enzymes(Zeng et al., 2000; Bao et al., 2002; Henao-Escobar et al.,
2016; Papageorgiou et al., 2018), aptamers(Hasanzadeh et al., 2017), molecularly imprinted
polymer(Rotariu et al., 2016) and self-assembly monolayers(Minamiki et al., 2015) as receptors
in electrochemical histamine sensors. Among these receptors, molecularly imprinted polymers
(MIPs) are the most stable and robust, while offering specific recognition properties, making them
suitable for on-site analysis. MIPs have been used as the receptor layer in biosensors with
optical(Liu et al., 2020) as well as electrochemical(Qi et al., 2019) transduction mechanisms for
biological and environmental applications. MIPs are synthesized via polymerization of a
functional monomer in the presence of the template (analyte). Removal of the template after
polymerization, leaves voids in the polymer matrix that where specific interaction can take place
with the analyte of interest(Chen et al., 2016, Yoshikawa et al., 2016). As mentioned previously,
the MIP forms the active layer in an impedimetric device. Specific interactions with the template

(analyte) molecule in this layer causes the impedance of this layer to change.

Additional sensor characteristics that need to be considered are large-scale
manufacturability, cost of a single sensor head and easy operation. The widespread proliferation
of smartphones in our society has made it an attractive platform, from which sensors can be
operated with simplicity. There are literature reports of smartphone-controlled sensors for portable
environmental sensing applications(Wang et al., 2020). Herein, we show a flexible histamine

sensing device (for histamine detection in aqueous media) based on impedance spectroscopy and
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MIPs. The sensor is fabricated on a large scale using readily available and cheap materials. The
results show excellent selectivity towards histamine and the detection range is within the relevant
range with regards to regulatory limits. Finally, this sensor head is applied towards a semi-
quantitative on-site testing device which is controlled via a smartphone app. Based on the
promising results of this portable platform, we believe this histamine detection system can be

simply repurposed and targeted towards other food contaminants.
2. Material and Methods
2.1 Modelling and simulation

MD simulations were performed in GROMACS(Abraham et al., 2015). The simulations
employed the GROMACS 54a7 force field(Huang et al., 2011). The model system consists of
methacrylic acid (monomer) molecules and histamine (receptor) molecules in different
stoichiometry ratios (number of histamine molecules is fixed at 100 for all simulation trials), in a
cubic box of 50 Angstrom with periodic boundary conditions at temperature 298 K. The
corresponding molecular topologies and force file parameters are downloadable from the

Automated Topology Builder (ATB) and Repository(Malde et al., 2011).

Randomized initially packing geometries are used and are constructed by Packmol
package(Martinez et al., 2009). The MD simulations of pure components molecules were carried
out starting from random orientations and Gaussian distribution velocities. After a series of energy
minimization steps and equilibration, the production runs were carried out in the NVT

ensemble(Titantah and Karttunen, 2013).

Study of the interactions of the component molecules in different stoichiometric mixture

is performed by examining the trajectories of all the components in the system over the NVT
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ensemble, using hydrogen bond analyses. Average hydrogen bond number was calculated by
averaging the number of hydrogen bond over the trajectory and over all molecules (histamine to
histamine H-bond, methacrylic acid to methacrylic acid H-bond, and histamine to methacrylic acid
H-bond). A detailed analysis of the hydrogen bonding in the mixtures was performed and the

results are shown in Figure 1.
2.2 Materials

Metharcylic acid, ethylene glycol dimethacrylate, histamine, ammonium persulfate, acetic
acid (99%) and tetramethylethylenediamine (TEMED) were purchased from Sigma-Aldrich, USA
and used without further purification. Dimethyl sulfoxide (DMSO) and methanol — ACS reagent
grade solvents are purchased from Oriental Chemicals, Hong Kong and used without further

purification.
2.3 Synthesis of MIP

A mixture of 2 mmol methacrylic acid monomer (MAA), 10 mmol ethylene glycol
dimethacrylate cross-linker (EGDMA) are dissolved in 10 mL dimethylsulphoxide (DMSO)
together with the Immol histamine template in a 100 mL round bottom flask. The mixture is stored
in a dark place for 6hrs. Then, 0.01 mmol ammonium persulfate is added into the mixture, and the
mixture is degassed by pumping nitrogen gas for 30mins. 5 pmol of tetramethylethylenediamine
initiator is added into the mixture solution to trigger the polymerization. After 24hrs
polymerization, the resulting bulk polymer is washed with methanol roughly, ground and
transferred into a thimble. Subsequently, the template is removed from the MIP powders by
consecutive the Soxhlet extraction, starting with a mixture of acetic acid/ methanol (1:1) (48 h),
followed by methanol (24 h) and finally with acetone (12 h). The resulting MIP powder is dried in

vacuum for 12 h. Subsequently, the powder is further grounded and sieved through a 50 um mesh.

6
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The corresponding non-imprinted polymer (NIP) was prepared using the same procedure but

without the addition of the histamine template.
2.4 Fabrication of sensor

The sensor uses a two —interdigitated electrode design as described in Figure 1c. 18 pm
thick Copper on polyimide substrates are purchased. The interdigitated copper electrodes were
patterned via a photolithography and wet-etching (lron (I11) chloride) process. The spacing
between the two interdigitated electrodes is maintained at 40 um. Subsequently, the interdigitated
electrodes are coated with a 6 pum thick polyurethane (PU) adhesive film. To fix the MIP micro
particles into PU film, the sensor is placed on a hot plate set to 130°C, which is beyond the glass
transition temperature of the 6 um PU film. MIP particles are embedded into this soft polymer

layer and the sensor head is slowly cooled down to room temperature.
2.5 Sensor characterization

Impedance spectroscopy is carried out across the interdigitated electrodes as shown in
Figure 2a. The impedance response of the flexible histamine response was measured using a
CHIG660E, CHI instruments USA, in potentiometric mode. The frequency was swept from 100 kHz
to 100 Hz, with a 100 mV (peak-peak) sine wave. Standard solutions of histamine were prepared

by serial dilution in deionized water.
2.6 Real seafood sample preparation

Two shrimp (White Shrimp) and two fish samples (Grass Carp) were purchased from a
local supermarket for demonstration of smartphone-controlled portable device. One fish and one

shrimp were stored in a 4°C refrigerator for 24 hours while the other two samples were stored in a
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25°C fume-cupboard for 48 hours. Section 2.6.1 and 2.6.2 briefly explain the sample preparation

procedures for the portable MIP-based histamine sensor & for HPLC-MS respectively.
2.6.1 For portable MIP-based histamine sensor

Cut the seafood into 1 g pieces and place in a glass vial. Add 1mL DI water to the vial and
mix thoroughly with a spatula. Sample is ready for testing with portable MIP-based histamine

sensor.
2.6.2. Histamine extraction procedure for HPLC-MS analysis

Seafood samples were cut into 10 g pieces placed in a glass vial. 50 mL of 0.1 M HCI and
0.1 mL 1000 mgemL™? of internal standard (1,8-diaminooctane) was added. After thorough mixing
with a vortexer, the mixture is filtered through a 0.2 um nylon filter. The sample is ready for
analysis by HPLC-MS. HPLC-MS analysis was performed in accordance with Agilent
documentation no. 5991-1286EN .
3. Results and Discussion
3.1 Computer simulation results

In Figure 1d that the efficacy of methacrylic acid to histamine H-bond formation
approximately reaches an inflection point when of number of acid molecules increases beyond
200. The inflection point at ca. 200 represents a formation of optimal methacrylic acid to histamine
H-bond network that insertion of the of extra methacrylic acid molecules into this network
becomes less favourable beyond this point. As shown in Figure 1c, the histamine molecule
contains 2 nitrogen atoms (shown in blue) with one lone pair of electrons each available for H-
bond formation. These lone pair of electrons form H-bond with carboxylic acid group from 2
different methacrylic acid molecules. The lone pair of the third nitrogen atom in histamine is

delocalized in the r-orbital of the 5-member ring of histamine. From these results, it can be inferred

8
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that molar ratio of 2:1 methacrylic acid: histamine is the optimum ratio for the pre-polymer

mixture.

3.2 MIP characterization and confirming its immobilization on the surface of the sensor
The SEM image of the MIP micro-particle is presented in Figure 3a. The particle size is

around 10 um. The morphology is irregular with the irregularity having been caused by the

grinding process. Figure 3b, ¢ are optical microscope images of the interdigitated electrodes

functionalized with the MIP. The images confirm successful immobilization of MIP on the 6 um

PI film in the channel between the electrodes and with good coverage.

3.3 Modelling of the histamine sensor response with an equivalent circuit
In impedance spectroscopy, it is of paramount important to model the impedance behavior

with the help of an equivalent circuit. First, the sensor is tested with 500 ppm of histamine in
deionized water (pH = 6.8). The response is modeled with a suitable equivalent circuit. As shown
in Figure 3a, the Nyquist plot in Figure 4a matches well with the simulated data from equivalent
circuit used in Figure 4b. The equivalent circuit consists of Rs which is the solution resistance,
CPE which is the constant phase element or an “imperfect capacitor” at the MIP/sample interface
and the Rct which represents the charge-transfer resistance. Histamine at neutral pH solutions
retains a positive charge on its amine group. When this charged molecule selectively binds with

the MIP, it denotes as a charge transfer from the sample to the sensor surface.
3.4 Characterization of sensor response

We tested the impedance response of the sensor to various concentrations of histamine
diluted in deionized water. As shown in Figure 5a, there is general decreasing impedance as the
concentration of histamine increases. In order to understand the mechanism, the equivalent circuit

is modeled. For this equivalent circuit, the Rct is extracted. As shown, in Figure 5c, the Rct
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decreases as the concentration of histamine increases. The main interaction between histamine and
methacrylic acid in aqueous medium is in the form of ionic bonds(Trikka et al., 2012). So, as
number of ionic bonds increase with the increase in concentration of histamine, the charge transfer
resistance decreases. In an effort to simulate practical situation, we also tested the flexible
histamine sensor for different concentrations of histamine with a constant histidine background of
1000 ppm. The results are presented in Figure 5b. The calibration curves are presented as a
function of charge transfer resistance in response to the varying concentration of histamine in 2
background solutions: deionized water and 1000 ppm histidine is shown in Figure 5c. The two
curves are in good agreement expect for the O ppm point. In deionized, the lack of ions in the
solution results in a very high charge transfer resistance. DL-histidine in water is a polar charged
amino acid molecule and can interact non-specifically with the MIP to produce a lower charge
transfer resistance. However, upon the addition of histamine, both curves follow the same trend
and produce similar values. Therefore, such a device can be used to detect histamine in practical
situations where there is a high background concentration of histidine amino acids. However, for
on-site testing, it is not very convenient to extract the Rct data from impedance spectroscopy. It is
much simpler to “read-out” the absolute value of impedance (Zans) at a particular frequency.
Therefore, we record the Zans at 4000 Hz. As shown in Figure 5d, a ~65% change in Zaps is
observed as the concentration of histamine increases from 0 to 100 ppm. Correspondingly, the

sensor with the NIP receptor shows almost no change in Zaps.
3.5 Selectivity

300 ppm stock solutions of histamine, spermine, spermidine, and putrescine each were
prepared in 1X PBS (ionic strength = 162.7 mM, pH = 7.4). These molecules are part of a family

of chemicals named ‘biogenic amines’ and are found along histamine in seafood. The sensor

10



242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

performance is then evaluated by measuring the change in Zaos, which is given by DZaps/Zans0 =
(Zabs,0 — Zabs,300 ppm)/Zans,0; Where the second index of Zass represents the concentration of spiked
biogenic amines. The results of the selectivity test are shown in Figure 6. The results show that

the MIP sensor is selective to histamine.
4. Portable smartphone-based device for semi-quantitative histamine sensing
4.1 Device architecture

The device architecture for the smartphone-based device is shown in Figure 7. A separate
unit labelled “E-card” is fabricated. The E-card contains a MCU which communicates with an
ADS5933 impedance analyzer. The absolute value of impedance at 4000 Hz is recorded for each
sample tested. The results are communicated to the Bluetooth module. The Bluetooth module
sends the data to a smartphone device. A custom-build app on the smartphone reads and analyzes
the data. The concentration of histamine is displayed on the smartphone in a semi-quantitative

fashion. The final results are displayed in one of three ways:
i) Histamine concentration is less than 100 ppm

ii) Histamine concentration is between 101 ppm and 300 ppm
iii) Histamine concentration is greater than 300 ppm

300 ppm is chosen as the concentration of interest as this is the maximum limit of histamine that

is allowed in seafood in mainland China.
4.2 Portable device testing protocol

Since the variance is very high between devices (greater than 10% variation at 0 ppm

between devices), it was determined to provide the user with 2 calibration solutions of 100 ppm

11



263  histamine and 300 ppm histamine. Then the user is prompted to select a calibration solution (for
264  this example; the user selects 100 ppm calibration solution). Then the user tests the impedance
265  value of the calibration solution for 5 times. Then the sensor head is cleaned in deionized water
266  for 2 minutes. Next, the user is prompted to test with the sample solution for 5 times. If the value
267  of impedance for the sample is greater than that for the calibration solution, the result is displayed
268  as histamine concentration is less than 100 ppm. Otherwise, the user is prompted to recalibrate the
269  sensor with the 300 ppm solution and the process is repeated. If Zass (at f = 4000 Hz) for the sample
270 is less than that for the 300 ppm calibration solution, the result is displayed as histamine
271  concentration is greater than 300 ppm, else, the result is displayed as the histamine concentration
272  is between 100 and 300 ppm. The detailed explanation of this concept is explained in the flowchart

273 inFigure 8.
274 4.3 Saving data

275 The data from the portable device test is then stored of flexible NFC sticker tags by tapping
276  the smartphone (with the NFC function on) on the NFC tag. A video demonstration of the portable
277  device testing the histamine concentration in a supermarket-purchased shrimp sample is shown in

278  Supporting Information Video S4.
279 4.4 Portable device test data
280  The test data for the portable device is presented in Table 1.

281  Table 1: Evaluation of portable test device

Sample histamine

Sample # concentration Sample matrix Portable device result Evaluation
(Ppm)
0001 500 Deionized water Histamine > 300 ppm OK
0002 0 Deionized water Histamine < 100 ppm OK

12
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0003 200 1 X PBS 101 ppm < Histamine < 300 ppm

0004 600 Deionized water Histamine > 300 ppm
0006 100 1 X PBS 101 ppm < Histamine < 300 ppm Acceptable
0007 600 1 X PBS Histamine > 300 ppm _

As shown in Table 1, the portable smartphone-based device results agree with the amount of
histamine spiked into the sample in 6 out of 6 tests. This is a very promising result and therefore
the semi-quantitative histamine analysis performed by the portable smartphone-based is deemed

to be valid.

4.5 Real seafood sample test

4 samples of seafood were purchased from a local supermarket. 2 samples of Grass Carp
(FISH A, FISH B) and 2 samples of White Shrimp (SHRIMP A, SHRIMP B). The ‘A’ samples
were stored in a fumehood at 25°C to induce spoilage, before testing with portable histamine
sensor and HPLC-MS. On the other hand, the ‘B’ samples were tested immediately after purchase.

The seafood samples are shown in Figure S3.

Table 2: Real seafood sample test

Sample Spoilage conditions Portable device result HPLC-MS resuit Evaluation
name (ppm)
FISHA 48 hin fumehood at 25°C Histamine > 300 ppm 927.56
FISH B None Histamine < 100 ppm 61.65 -
SHRIMP A 48 h in fumehood at 25°C Histamine > 300 ppm 1222.47
SHRIMP B None Histamine < 100 ppm 3396 _

As shown in Table 2, the portable smartphone-based device results agree with the amount
of histamine in seafood samples 4 out of 4 tests.
5. Conclusion

In this paper, we show the fabrication of a flexible histamine sensor. This device can

accurately detect the presence of histamine while discriminating DL-histidine and other common

13
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biogenic amines (spermine, spermidine and putrescine) in the range relevant exposure limits set
by regulatory authorities. Finally, we showed the on-site applicability of this device by
constructing a portable prototype device that can be controlled via bluetooth from a smartphone
app. We believe that the flexible histamine sensor along with the portable prototype device checks
all the boxes required for a robust field sensing system (required LDLs, high sensitivity, non-
fragility, modularity, size and easy operability). Our ultimate goal is to have a handheld and fully
quantitative device with easy operation. To achieve this, further research and product development
is required in the enhancement of sensitivity and reduction of device variance via electrode design
refinement, additional transduction layers and automation of testing procedures.
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Figure 1. Computer simulation results (a) GROMACS model screenshot extracted from visual
molecular dynamics (VMD) tool showing the entire system consisting of methacrylic acid,
histamine, porogen solvent (DMSQO) and crosslinker (ethylene glycol dimethacrylate) (b)
GROMACS model screenshot extracted from VMD tool showing the system with only
methacrylic acid and histamine (solvent & crosslinker are hidden). (c) GROMACS model
screenshot extracted from VMD tool showing the close-up of histamine forming 2 hydrogen bonds
(H-bonds) with 2 distinct methacrylic acid molecules. (d) Number of hydrogen bonds (H-bonds)

between methacrylic acid and histamine as a function of number of acrylic acid molecules in the
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Figure 2. (a) Schematic of sensing setup for the flexible histamine sensor. (b) Photograph of a
487  histamine sensor (c) Illustration of the interdigitated electrode pattern used in the in flexible
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Figure 3. (a) SEM image of the MIP micro-particle (Scale bar: 2 um) (b) Optical microscope
image of interdigitated electrode (Scale bar: 100 um). (¢) Optical microscopy image of the channel

between interdigitated electrode (Scale bar: 20 um).
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Figure 4. (a) Nyquist plot showing the good fit between experimental data (500 ppm histamine in
DI water) and equivalent circuit model. (b) Schematic of equivalent circuit which is used to model

the impedance behavior.
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Figure 5. Nyquist plots of impedance response with varying concentration of histamine diluted
(@) in deionized water (b) in 1000 ppm histidine. (c) Calibration curve of histamine in 2
background solutions namely: deionized water and 1000 ppm DL-histidine, using extracted charge
transfer resistance values. (d) Calibration curve of histamine with MIP and corresponding NIP

receptors using Zaps Value at 4000 Hz.
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Figure 6. Selectivity performance of the portable device for histamine sensing. Concentration of

each solution is 300 ppm.
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Figure 7. Schematic figure showing the internal workings of the smartphone based portable device

for histamine sensing.

26



—_— ) 100 ppm

calibration
Choose
calibration
solution
300 ppm
— T
calibration

509

|Z|sample >

Histamine
|Z| calibration100 ————> <I1OO plpm
Clean with
DI .
Test calibration_—y,. Test sample Clea[")‘IW'th
solution x5 x5

@ 100 ppm

\\"a«\ . ’
® <Histamine
w <300 ppm
|Z|sample <
|Z| calibration100 o,
%,;%,Q Recalibrate
o%pj)jo with 300 ppm
\_{0@\"’6 100 ppm
eéqcfggv?@ <Histamine
N <300 ppm
|Z|sample >
|Z| calibration300 Aoy
Wty iy, Recalibrate
D27 with 300 ppm
Test calibration Test sample Clean with
solution x5 x5 DI
Clean with
DI
|Z|s§mp!e < Histamine
|Z| calibration300 —> >300 ppm

510  Figure 8. Flowchart showing the testing protocol for the smartphone-based portable device

511

27



	Cover Sheet (AFV)
	226288

