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1. Introduction

FeS,-based aerogel as a flexible low-cost
substrate for rapid SERS detection of histamine in
biofluidsT

Anjali Sreekumar, Lignesh Durai, Minu Thomas and Sushmee Badhulika (= *

Histamine is an organic nitrogenous compound released from mast cells, often as part of an instant
immune response. Life-threatening anaphylaxis can occur with significant histamine intolerance, which
is also referred to as histaminosis caused by overproduction of histamine in the body. Herein, we
demonstrate the synthesis of FeS,-incorporated rGO aerogel (FeS,-AG) by lyophilization, as an active
SERS substrate for the detection of histamine in blood serum. The morphological characterization
revealed the nanoflower structure of FeS, and uniform porosity of the aerogel, in which the nanoflower
structure of FeS, was homogenously distributed on the surface of the porous aerogel. The cubic
structure of FeS, nanoflowers was revealed by X-ray diffraction and Fourier transform infrared
spectroscopy demonstrated the characteristic peak at ~1176 cm™* which is related to pyrite surface
chemistry of FeS, nanoparticles. The as-fabricated sensor exhibited an enhancement factor of 1.61 x
107 with a limit of detection of 0.08 ng mL™%. The substrate exhibited a good selectivity and linear range
of detection towards histamine in the presence of 2-fold concentration of ascorbic acid, glucose, urea,
and uric acid. This excellent performance of the sensor can be ascribed to the chemical enhancement
occurring via the interaction of oxy functional groups of aerogel and multiple coordination sites (ferrous
ions (Fe?*)) of FeS, with histamine molecules causing reconstruction of the band gap. This newly
formed energy band further leads to the occurrence of the Raman resonance effect, providing an
enhancement in the SERS signal over that of the Raman signal obtained from bulk histamine. The sensor
showed good recovery percentage of 97.25% from real samples, highlighting the efficiency of the as-
fabricated sensor towards histamine detection.

flushing, aggression, diarrhoea, vomiting and headache.
Histamine exists in “Nt-H” and “Nn-H” tautomeric forms in

Histamine is a ubiquitous biogenic amine associated with local
immune responses regulating a plethora of pathophysiological
functions in the gut and serving as a neurotransmitter for the
spinal cord, brain, and uterus." Histamines start the process
that hustles allergens out from the body and skin and are thus
associated with common allergic responses and symptoms.
This preserved autacoid is distributed widely throughout the
body and is found in the tissues of most vertebrates, in basophils
and mast cells.? Histamine intolerance, a non-immune reaction,
is a type of food intolerance which is caused by accumulation
and ingestion of histamine, causing an increase in exogenous
histamine, resulting in an increase in its concentration followed
by a series of discomforts in the body such as itching, stress,
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water with a chemical structure including two basic centres of an
aliphatic amino group and the other with a possible nitrogen in
the imidazole without a proton.> Moreover, there are some
foods high in histamine that can trigger inflammatory reactions
causing intoxication. The plasma concentrations of histamine
are in the 0.3 to 1.0 ng mL™' range and any increase in
concentration may exacerbate the allergic symptoms. Thus,
accurate quantification and rapid measurement of histamine
levels are therefore essential with scientific implications for
clinical diagnostics as well as food safety.*

Several approaches have been developed for the sensing of
histamine concentration in the body. The classical analytical
methods such as capillary electrophoresis, liquid chromatography,
and electrochemical-based methods provide the advantages of
enrichment and separation. Moreover, these take a longer
operation period and have limited spatial resolution. It is
therefore necessary to develop simple, rapid, and more sensitive
analytical strategies to detect histamines.>® Recently, low-cost,
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surface-enhanced Raman scattering (SERS) sensing platforms
have been intensively studied for chemical and biological analysis
at high throughput. Due to high sensitivity and molecular speci-
ficity, SERS is among the most promising analytical techniques
for detecting trace amounts of molecules. A metal coordination-
induced SERS nanoprobe has been reported’ for sensitive and
selective detection of histamine in serum using histamine-Ni**
complex capturing histamine molecules near hot spots of mate-
rial owing the amplification of Raman signals.

In SERS, incorporating an analyte onto a plasmonic sub-
strate significantly enhances the Raman scattering signals
owing to the surface plasmon resonance of the material which
can then be used for structural identification or quantitative
analysis. A high electromagnetic field near the plasmonic
substrates is largely responsible for the notable Raman scattering
enhancements of the analytes.® However, plasmonic substrates
are highly expensive, of low abundance, and toxic, while earth-
abundant metals can offer unique advantages that address the
disadvantages of precious metals.’

The transition-metal dichalcogenides are well suited for
SERS-based detection as they provide atomically flat surfaces
facilitating homogenous distribution of analyte. Surface func-
tionalization, and/or structural engineering and defect engi-
neering, provides the advantage of controllability over band
structure.'® Nano-sized iron sulphides have attracted intense
research interest due to the variety of their types, structures,
and physicochemical properties."* The electronic conductivity
of iron sulphide is greater compared to iron oxide owing to the
smaller band gap of iron sulphide and more appropriate
electron transfer. Therefore, iron sulphide nanomaterials are
anticipated to display multiple functionalities."

As high-performance sensing materials in gas sensors, bio-
sensors, strain and pressure sensors, etc., aerogels have
attracted a lot of attention. With a large specific surface area,
an aerogel retains its basic properties while allowing its com-
positions and structures to be easily modified to obtain ideal
SERS substrate materials. Notably, the highly electronegative
oxygen-containing atoms in graphene oxide (GO) can generate a
strong local electric field on the adsorbed surface, which is
beneficial for SERS performance."*"* In particular, incorporating
SERS materials into 3D aerogels provides a combination of the
material’s intrinsic qualities with the material’s large surface
area and high porosity, resulting in new possibilities for the
creation of 3D SERS substrates."

In this study, we fabricated FeS, aerogel (FeS,-AG) as a
sensitive SERS substrate for the detection of histamine in
simulated human blood serum. The FeS, aerogel exhibited
outstanding SERS properties through chemical enhancement
provided by the charge transfer resonance mechanism of FeS,
nanoflower structure with the histamine molecule. The energy
band reconstruction at the interface of metallic sites of FeS,-AG
and histamine molecules makes the energy of the newly formed
band closer to the excited laser photon energy. These energy
bands between the excited laser and the molecule interface lead
to a Raman resonance effect. According to the authors’ knowl-
edge, this is the first study into the use of FeS,-AG as an active
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substrate for SERS-based histamine detection in biofluids. This
exceptional performance of FeS,-AG stands as a testament to its
great potential as a SERS platform.

2. Experimental section
2.1. Materials and methods

The chemical reagents sodium thiosulfate >99.99% (Na,S,03),
iron(u) chloride 98% (FeCl,-5H,0), methylene blue >95%,
polyacrylic acid 99%, and ammonium persulfate 99.99% were
obtained from Sigma Aldrich. The DI water used was from a
Millipore system and was of 18.2 MQ cm resistivity at room
temperature. All the chemicals were used without any purifica-
tion process and were of analytical grade.

2.2. Synthesis of FeS, nanoflowers

A facile one-pot hydrothermal synthesis technique was
employed to prepare FeS, nanoflowers. At first, a nutrient
solution was prepared by mixing Na,S,03 and FeCl, in 30 mL
distilled water and stirred continuously for 1 hour yielding a
black solution. Then, the black solution was transferred into a
50 mL Teflon-lined autoclave, and further transferred to an
oven at 200 °C for 20 hours. The precipitate obtained was
centrifuged and washed with DI water and ethanol. The
obtained black powder was dried at 70 °C to afford FeS, nano-
flowers. Fig. 1 depicts the hydrothermal synthesis of FeS,.

2.3. Synthesis of FeS, aerogel

The FeS,-based aerogel was prepared using simple two steps of
polymerization and hydrothermal reduction process. Briefly,
12.5 mL 1 M HCI and 6.3 mL polyacrylic acid were mixed
uniformly with magnetic stirring, and a solution of 25 mg FeS,
and 25 mg GO in 12.5 mL distilled water was added dropwise.
The resultant mixture was stirred under magnetic stirring in an
ice bath after sonicating for 0.5 hour. The mixture was left for
polymerization reaction for 10 hours in an ice bath after adding
5 mg ammonium persulfate (APS) in 2.5 mL water dropwise.
Thereafter, the polymer composites obtained were filtered and
washed to be neutral with deionized water, followed by reducing
by hydrothermal method at 120 °C for 4 hours by adding 10 mg
of r-ascorbic acid. Finally, this solution was transferred into a
Petri plate and lyophilized for 24 hours to obtain FeS,-AG.

2.4. Substrate fabrication and instrumentation

The FeS, aerogel with dimensions of 1 cm x 1 cm was used as a
substrate for all the measurements. The measurements were
taken by drop-casting different concentrations of histamine from
0.5 to 100 ng mL ™" onto the substrate. All the measurements were
taken using a laser of 4 = 532 nm and power of 0.32 mW. An
objective lens of A x 50 long distance (LD) was used for analysis.

Scanning electron microscope (SEM), Zeiss Ultra-55 model,
was used for morphological characterization studies of the FeS,
aerogel. The crystallographic study was done using X-ray diffrac-
tion (XRD) with Cu-Ko (2 = 1.54 A) in a 20 range of 10 to 80° using
a lineon X’pert PRO X-ray diffractometer. Raman spectroscopy
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Fig. 1 (a) Synthesis of FeS, nanoflowers. (b) FeS,-based aerogel synthesis by freeze-drying process.

was conducted using a Witech alpha-300 confocal microscope
for determining the vibrational bands. All the SERS measure-
ments were done using the same spectrometer with 20 s accu-
mulation time and a laser source of A = 532 nm. Fourier
transform infrared (FTIR) spectroscopy with an IR Affinity spec-
trophotometer ranging from 400 cm™" to 4000 cm ™" was utilized
to study the surface functional groups.

3. Results and discussion
3.1. Physiochemical and morphological studies

The morphological properties of the FeS, aerogel were studied
from SEM micrographs. Fig. 2(a) shows the SEM image of FeS,
nanoflowers with an average size of 85 nm. Fig. 2(b) depicts the
low-magnification SEM image of FeS, aerogel and the inset
shows the high-magnification image of FeS, aerogel which
clearly shows the homogenous distribution of FeS, nanoflowers
on the surface of the aerogel. The crystal structure of the as-

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

synthesized FeS, nanoflowers and FeS, aerogel was studied
via XRD analysis as depicted in Fig. 1(c). The diffraction peaks
were observed at 20 ~28°, ~32° ~36° ~40°, ~47°, ~56°,
~61° and ~64° which indexed the presence of (111), (200),
(210), (211), (220), (222), (230), and (321), whereas for the FeS,
aerogel, the diffraction peaks were observed at 20 ~ 21°, ~27°,
and ~39° which correspond to the crystallographic planes
(220), (222), and (313), respectively. Specifically, the peak
observed at 21° corresponds to the crystalline structure of GO,
while another peak observed at 27° is attributed to the presence of
polyvinyl alcohol (PVA) in the material. Additionally, the diffraction
peak observed at 39° corresponds to the presence of iron pyrite
(FeS,) in the material. JCPDS card # 79-0617 corresponds well with
all the diffraction peaks.'® In SERS, for the mechanism of charge
transfer resonance to occur, the presence of oxygen vacancies and
metallic sites in a material is highly preferred.”

Fig. 2(d) shows the FTIR spectra of FeS, nanoflowers and
FeS, aerogel. The FeS, nanoflowers showed transmittance
peaks at ~2856, ~2376, ~1645, ~1176, ~809, ~613, and
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Fig. 2 (a) SEM image of FeS, nanoflowers and (b) low-magnification image of FeS, aerogel with the inset showing high magnification image of FeS,
aerogel. (c) XRD patterns and (d) FTIR spectra of FeS, nanoflowers and FeS, aerogel.

~455 cm ™. The peak at ~2856 cm ™' is ascribed to the C-H
stretching vibration, while those at ~2376, ~1645, ~809, and
~613 ecm ™' belong to 0=C=O0 stretching, C=N stretching of
imine, C-H bending and C-Fe stretching. The characteristic
peak at ~1176 cm ' is related to pyrite surface chemistry of
FeS, nanoparticles'® as is that at ~455 cm™". The FeS, aerogel
spectrum almost coincided with that of FeS, nanoparticles.
The transmittance peaks of the FeS, aerogel were observed at
~443, ~624, ~1115, ~1589, ~2397, ~3415, ~3800, 3756,
and ~3796 cm™". The observed peak at 1589 cm ™' is ascribed
to the aromatic C=C group while the peak between 3500 and
3700 cm ™" corresponds to the bending and stretching vibration
of OH groups in water molecules which are adsorbed onto the
surface of the aerogel. The peak observed at 1050 cm™ ' in
the FTIR spectrum of the Fes, aerogel corresponds to the

200 s
700 é
50 'QQQ
: Borre HG é“’
500 1000 1500 2000 ‘5?
Raman Shift (cm™) Q§

Raman Intensity

vibrational frequency associated with the stretching mode of
the C-O bond of the GO functional group. To obtain detailed
information about the chemical structure, Raman spectroscopy
was used and the details are explained in ESL¥

3.2. Sensitivity study of FeS, aerogel SERS substrate

The standard probe molecule methylene blue (MB) is chosen
for sensitivity study of the as-synthesised FeS, aerogel substate.
Fig. 3(a) illustrate SERS spectra of the FeS, aerogel substrate in
the presence of MB concentrations from 50 to 500 nM. The
concentration of MB spiked is proportional to the SERS peak
intensity. High SERS intensity was observed for the characteristic
peaks of MB even with the lowest concentration of 50 nM, which
establishes the high sensitivity of FeS,-AG. The mechanism of

(b)

3000+
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=
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Fig. 3 (a) Sensitivity analysis of MB on FeS, aerogel. (b) Calibration plot for MB.
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photoinduced charge transfer resonance caused by the laser-
induced rapid charge transfer between the analyte molecules
and the aerogel substrate is attributed as being responsible for
the sensing ability of the as-fabricated sensor.

The characteristic peak of MB at ~1618 cm ', which is
attributed to (C-C) ring stretching, indicates that the MB molecules
have adsorbed well onto the aerogel substrate. Besides this, other
characteristic peaks were observed at ~1399, ~1249, ~1274,
~1036 and ~948 cm™ " which were assigned to the stretching
vibration of in-plane ring deformation of (C-H), (C-N), out-of-plane
bending, in-plane bending and in-plane ring deformation of (C-H)
respectively. Fig. 3(b) depicts the calibration plot with increasing
concentration of MB. The linear regression equation for the detec-
tion of MB is Y = 2422.257(X) — 3392.536 with an R*> of 0.994.
The limit of detection (LOD) was calculated from the equation
LOD =3 s m ™', where s is the standard deviation and m the slope
of the linear calibration curve. For MB, the LOD was obtained as
0.06 ng mL™~" with a sensitivity of 2422.257 ng mL ™",

3.3. SERS detection of histamine

The sensing of histamine using FeS,-AG was studied as illu-
strated in Fig. 4(a) comparing the Raman and SERS spectra of
bulk histamine with the same accumulation time. The finger-
print spectra of histamine consist of several characteristic
peaks which correspond to different modes of vibrations as

700
600 4 Raman Spectra of Histamine
(@ 2
7]
S
)
=
= 500 1000 1500 2000
< 5000
E 4000 SERS spectra of Histamine dissolved in DI
é 3000
2000
1000
0 T
500 1000 1500
(©) Raman Shift (cm™)

500 1000 1500 2000
Raman Shift (cm™)
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shown in Table S1 of ESL{ Notably, histamine displayed weak
signals owing to low Raman scattering, whereas with the FeS,-
AG substrate, a significant enhancement in SERS signal is
observed.

A significant enhancement in the SERS spectrum is detected
for the characteristic peak at 1844 cm ™" which corresponds to
the v(C = N) stretching vibrations induced by a strong inter-
action between histamine and metallic sites of the FeS,-AG
substrate. The interaction between SERS substrate and hista-
mine molecules leads to the reconstruction of the energy band-
gap near to the photon energy of the excitation laser. The newly
formed energy band leads to the occurrence of the Raman
resonance effect, providing an enhancement in SERS signal over
that of the Raman signal obtained from the bulk histamine.

Enhancement factor (EF) of the FeS,-AG substrate for the
detection of histamine can be calculated from eqn (1) as follows:

EF = (Nbulk/NSERS) (ISERS/Ibu]k) (1)

where Igers is the intensity of SERS spectra, I, the Raman
spectral intensity, Nsgrs the number of surface adsorbed mole-
cules, and Ny the molecule number in the laser illumination
volume.

The Nggrs of the aerogel was calculated from eqn (2):

Nsggrs = Na X (V x C) x 0.25 © pm?/(A) (2)
(b)
5.73cv CB
] SrHCrymo
L = 0e® v
- 3
,: ey
=4.5¢
-6.47eV ’%3.— G Y
@O®®® 209V
HOMO
(d

Y= 1890.247 (X) + 1795.171(R? =0.990)

1000 T T T
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Fig. 4 (a) Raman and SERS spectra of histamine. (b) Band diagram showing charge transfer within FeS,-AG and histamine. (c) SERS sensing of histamine.

(d) Calibration curve for histamine.
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where A is the effective surface area of the SERS substrate that is
in contact with the sample, V the volume of histamine solution,
N, the numerical aperture of the lens used (x50 LD, 0.9), and C
the concentration of histamine. Thus, EF of the FeS,-AG sub-
strate was calculated as 1.61 x 10’ towards histamine.

This huge enhancement of SERS signal is attributed to the
mechanism of charge transfer induced by the laser followed by
the mechanism of photoinduced charge transfer (PICT)
resonance.'>'® The histamine molecules are adsorbed onto
the substrate surface by surface CT complexes through weak
covalent bonds."” Notably, the cubic structure of FeS, provides
numerous coordination sites of Fe** from the formation of
anionic monomeric/dimeric sulphur vacancies at the interface
region of the material.'® As a consequence of this synergistic
effect between generated oxygen vacancies via PICT resonance
and the intrinsic deficiency of oxygen in the substrate, the
interaction between histamine molecules and the substrate is
enhanced."’ Fig. 4(b) illustrates the mechanism of charge trans-
fer between FeS,-AG and histamine molecules. The conduction
band (CB) of the FeS,-AG substrate is located at —5.73 eV with
a valence band (VB) at —6.47 eV.”® Similarly, histamine mole-
cules have a highest occupied molecular orbital (HOMO) at
—6.209 eV and a lowest unoccupied molecular orbital (LUMO)
at —1.650 eV.>' The excitation of electrons of FeS,-AG and
histamine molecules leads to a notable enhancement in the
SERS signal.

Fig. 4(c) depicts the SERS spectrum of histamine with
an increasing concentration of histamine (0.5 ng mL™" to
100 ng mL™'). The observed peak at 1844 cm ™ is selected as
the peak of interest due to it corresponding to the stretching
vibration of carbon and nitrogen, not present for other inter-
fering molecules, thus allowing the detection of histamine to be
easy. The amplification of the peak observed at 1844 cm™ " with
increasing histamine concentration substantiates the excep-
tional interaction between the substrate and analyte molecules.
The calibration curve for histamine is depicted in Fig. 4(d).
The linear regression equation for the detection of histamine is
Y = 1890.247(X) - 1795.171 with correlation coefficient (R?) of
0.990. The LOD of histamine was calculated from the previously

Raman Intensity

Clucose

Histamine

500 1000 1500 2000
Raman Shift (cm™)
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discussed equation as 0.08 ng mL~' which highlights the
suitability of the as-fabricated sensor for detecting physiological
levels of histamine.

3.4. Selectivity and stability study

One major factor determining any biosensor’s practicability is
its selectivity. To determine the anti-interference ability and
specificity of the sensor, data were taken in the presence of
2-fold concentration of interfering molecules like uric acid,
urea, ascorbic acid, and glucose. Fig. 5 depicts peak intensities
of the FeS,-AG substrate containing 50 ng mL™" of histamine
with interfering molecules; however there was no significant
changes noticed in the intensities of characteristic peaks. This
outstanding performance obtained for selectivity of FeS,-AG
was accredited to the interaction of histamine molecules and
the substrate via the presence of v(C = N) stretching vibrations
that are unique for histamine.

This same FeS,-AG sensor was utilised for stability studies
for detection of histamine molecules. The SERS spectrum was
measured every 5 consecutive days (data not shown). It was
found that the peak intensity at 1844 cm™' corresponding
to histamine declines at a negligible rate. Thus, it is clear that
the substrate possesses excellent chemical stability. The
SERS spectrum of histamine was measured from 110 different
positions to check the reliability of the measurements. Here,
a noticeable change in intensities of the peaks was observed;
however, it is below 10% relative standard deviation. This demon-
strates the remarkable homogeneousness of the histamine-
adsorbing FeS,-AG substrate.

Table 1 compares the performance of FeS,-AG as SERS
substrate with earlier reported substrates for the detection of
histamine. Many researchers have used composite materials
with expensive plasmonic metals which limits their practical
applications.””*®* One of the main concerns regarding the
fabrication of SERS-active substrates is the possible overlapping
of the substrate signal with the analyte signal. In this work,
FeS, was used in qualitative analytical techniques for detection
of histamine which showed minimal to no interference with the
histamine signal. It should be highlighted that low binding

P
o]
8

Raman Intensity

500 1000 1500

Raman Shift (cm™

Fig. 5 (a) SERS spectra of histamine with mutual interference. (b) SERS spectra of histamine at different concentrations.
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Table 1 Performance comparison of the as-fabricated FeS,-AG SERS substrate towards detection of histamine with other reported SERS sensors

No. Substrate used Flexible Real time sample Linear range LOD Ref.

1 Au-NTA-Ni(n) No Serum 1 to 50 pM 1uM 7

2 SiO,AuAg No Fish 0.1 to 0.8 mM 3.697 ppm 24

3 Fe;0,/AUATPAg No Fish 10 %to10°* M 20 mg kg ™! 25

4 AgNPs + MIPs No Food samples 0.1 to 100 mg L™ " 0.040 mg L " 27

5 Silver nanoparticles No Fish 0 to 200 mg L * 10 mg L " 28

6 FeS,-AG Yes Serum 0.5 to 100 ng mL™" 0.08 ng mL ™" This work

ATP, aminothiophenol; NTA, nitrilotriacetic acid; MIP, molecularly imprinted polymers.

affinities of biomolecules with metallic nanostructures make it
difficult to obtain high-quality SERS spectra from biomolecules.?®
This work represents a simple low-cost detection of histamine in
blood using SERS analysis, while others reported quantification
and detection of histamine from food samples.”>** Besides, the
selectivity of the FeS,-AG substrate in the presence of interfering
molecules was appreciably good, thus highlighting its efficiency
as a promising platform for bioanalytical applications.

4. Conclusion

Herein, we demonstrate a cubic-structured FeS, nanoflower-based
aerogel as a flexible and low-cost substrate for SERS detection of
histamine in blood. This as-fabricated sensor demonstrated
exceptional selectivity towards histamine molecules with an EF
of 1.61 x 10’ and high stability with a low LOD value of
0.08 ng mL ™' which make the as-fabricated sensor suitable for
clinical applications. Moreover, the FeS,-AG substrate was found
to be successful in detecting histamine from samples of simulated
blood serum with an excellent value of recovery percentage. The
overall efficiency of the FeS,-AG substrate towards histamine
sensing proves it as a functional platform for diverse bioanalytical
applications. With the combination of this sensor with an electro-
chemical potentiostat and smartphone, a personal health mon-
itoring system can be developed to diagnose histamine
intolerance and food poisoning in the future.
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