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1. Introduction

Optical discrimination of histamine and
ethylenediamine in meat samples using

a colorimetric affordable test strip (CATS):
introducing a novel lab-on paper sensing strategy
for low-cost ensuring food safety by rapid and
accurate monitoring of biogenic aminesy

Arezoo Saadati,? Fatemeh Farshchi,° Mohsen Jafari,* Houman Kholafazad,@d
Mohammad Hasanzadeh & *¢ and Nasrin Shadjou (i}

Biogenic amines (BAs) are a group of organic compounds that are produced through the decarboxylation of
amino acids by microorganisms. These compounds are commonly found in a variety of foods and are
known to cause adverse health effects if consumed in high concentrations. Therefore, the development
of sensitive and rapid detection methods for detection and determination of BAs is essential for ensuring
food safety. In this study, a novel colorimetric affordable test strip (CATS) was developed for the
colorimetric and naked-eye detection of two BAs of ethylenediamine (EDA) and histamine (HIS) in meat
samples. Also, triangular silver nanoparticles (AgNPrs) were used as a diagnostic optical probe, and CATS
used as a simple, environmentally friendly, inexpensive diagnostic substrate for on-site recognition of
meat spoil. The AgNPrs-based optosensor demonstrated high sensitivity and selectivity towards EDA and
HIS, allowing for the detection of low concentrations of the BAs in real food samples such as raw
chicken and beef. The system presented a UV-vis technique for HIS and EDA analysis in the linear range
of 0.1 uM to 0.01 mM, with an LLOQ of 0.1 pM, and 0.05 to 1 uM, with an LLOQ of 0.05 uM, respectively.
Additionally, the performance of the designed CATS in the analysis of produced gases was evaluated,
highlighting the potential of this simple and cost-effective strategy for the development of BAs
diagnostic kits. This approach provides a simple and cost-effective method for detecting BAs in food,
which could be beneficial for ensuring food safety and preventing the harmful effects associated with
their consumption.

amino acids and transamination of aldehydes and ketones.?
BAs are present in fresh food, particularly in protein-rich

Biogenic amines (BAs) are small organic molecules with
a hydroxyl, aromatic, and aliphatic structural base, which show
high biological activity."* They are mainly created in the tissues
of living organisms because of enzymatic decarboxylation of
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samples, and their levels may rise due to improper storage.
While BAs can serve as hormones and neurotransmitters,
excessive amounts can result in toxicity.*

Histamine (HIS) is one of the most bioactive and toxic BAs
that can cause an allergic reaction in humans. According to the
European Food Safety Authority, the US Food and Drug
Administration, and the World Health Organization, there are
ranges of BAs concentrations in food that indicate food quality.®
For example, a concentration of fewer than 50 mg kg * of HIS
indicates good quality fresh food. A concentration between 50
and 200 mg kg ' leads to toxic effects on humans, and
a concentration above 200 mg kg ' causes poisoning in
humans. The allowed concentration of other BAs is higher than
HIS.® Therefore, as a result, the surveillance of BAs as a key
metric holds significant value in the analysis and management
of food quality.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Improper storage of meat can lead to the formation of BAs,
which are created through microbial enzymatic processes such
as the conversion of amino acids via decarboxylation and the
transformation of organic compounds containing carbonyl
groups.” The accumulation of BAs can indicate that food has
spoiled. Most BAs have a bad smell, are poisonous, and carci-
nogenic, causing headaches, heart palpitations, mucosal burns,
eye, and respiratory system irritation.?

Detection of BAs in food is very challenging due to their high
polarity and higher solubility in water compared to organic
solvents.® Various methods such as high-performance liquid
chromatography,'® gas chromatography,** capillary electropho-
resis,”” mass spectrometry”® and enzyme-linked immunosor-
bent assay (ELISA)' have been developed for the determination
of BAs in food. The methods described, while displaying high
sensitivity and selectivity, call for technicians who have received
specialized training and developed skills.** The current detec-
tion methods for amines are associated with several limitations,
including complicated sample preparation, high instrumenta-
tion expenses, the need for trained professionals, susceptibility
to environmental interferences, expensive reagents, and time-
consuming sample preparation.”® As a result, they are rarely
utilized for on-site amine detection. With increased demands
for monitoring toxic substances in food, it is difficult to create
sensors capable of detecting amines at ppb levels.*

Colorimetric sensor arrays are a good option due to their
environmental tolerance, high selectivity, and ability to recog-
nize numerous analytes.”” They have several advantages, such as
simple sampling methods, visual sensing mechanism, and easy
miniaturization, making them ideal for amine detection with
results obtainable within minutes.’® Colorimetric techniques
have gained special importance due to their easy operation,
ease of use, high sensitivity, and high selectivity that can be
detected by the naked-eye."

On the other hand, UV-visible spectroscopy can be used as
a cheap and simple analytical method to study BAs.** The
combination of optical sensing systems with miniaturized
microfluidic paper-based devices like colorimetric affordable
test strip (CATS) can provide an opportunity for early screening
of food samples by home users and food industries in food
chains worldwide.”* A colorimetric affordable test strip is a low-
cost diagnostic tool that uses color changes to detect the pres-
ence of specific substances in a sample. These test strips are
typically made of paper or plastic and are impregnated with
chemical reagents that react with the target analyte to produce
a visible color change. The color change can then be compared
to a color chart to determine the concentration of the analyte in
the sample.?” Colorimetric affordable test strips are widely used
in a variety of applications, including: (I) medical diagnostics:
colorimetric test strips are used to detect a wide range of
medical conditions, including diabetes, pregnancy, and urinary
tract infections.”® (II) Environmental monitoring: colorimetric
test strips are used to detect pollutants in water, soil, and air.”*
(III) Food safety: colorimetric test strips are used to detect
foodborne pathogens and toxins.*® (IV) Industrial quality
control: Colorimetric test strips are used to monitor the quality
of raw materials and finished products.”® Their simplicity is due

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

to the creation of hydrophilic microchannels on cellulose using
a variety of hydrophobic materials such as wax, paraffin, poly-
mers, and ink. So, colorimetric affordable test strips are
a simple, inexpensive, and user-friendly way to detect the
presence of specific substances in a sample. They are widely
used in a variety of applications and can provide valuable
information for medical diagnosis, environmental monitoring,
food safety, and industrial quality control.

In recent years, nanomaterial such as carbon nanotubes,
graphene, and metal nanoparticles have significantly utilized to
improvement of the speed and cost of analysis. As a result, the
nanoparticles change color upon interaction with the analyte
and help in visual detection. Metal nanoparticles have attracted
the attention of many researchers due to their high surface
plasmon resonance. Compared to gold nanoparticles (AuNPs),
silver nanoparticles (AgNPs) have plasmon resonance with
lower wavelengths and higher intensity. In addition, the peaks
in AgNPrs are sharper and stronger and show more sensitivity to
the refractive index of the surrounding environment.>” Silver
nanoprisms (AgNPs) exhibit distinct optical, electrical, and
chemical characteristics in contrast to spherical AgNPs.>® Also,
AgNPs have strong properties of surface plasmon resonance
according to the shape, which can be adjusted by changing the
thickness, edge length and morphology of the tip of the
nanoplate.>-*

The current study introduces a novel and highly sensitive
colorimetric tool for the detection of HIS and ethylenediamine
(EDA) in raw beef, utilizing triangular silver nano-prism
(AgNPrs) as diagnostic probes. The technique depends on
detecting the alteration in color and absorption spectrum
caused by the interplay of the sensing probes with the ions
generated from the gases, showcasing the method's capability
to specifically detect the target amines. Furthermore, the effi-
cacy of the developed affordable colorimetric test strip (CATS) in
analyzing the produced gases was assessed, underscoring the
promise of this uncomplicated and economical approach for
creating diagnostic kits for BAs.

2. Experimental

2.1. Chemicals and materials

EG (ethylene glycol), silver chloride (AgCl), polyvinyl pyrrolidone
(PVP K-30), H,0, (hydrogen peroxide), CcH;5N (triethylamine),
NaBH, (sodium borohydride), NaOH (sodium hydroxide),
CH;COOH (acetic acid), KI (potassium iodide), AgNO; (silver
nitrate), Naz;Ce¢H50; (tri-sodium citrate), HIS and EDA were
bought from Sigma-Aldrich (Ontario, Canada). This study was
ethically approved by Tabriz University of Medical Science
(TBZMED), Tabriz, Iran (IR.TBZMED.VCR.REC.1401.145).

2.2. Instruments

UV-vis spectroscopy was analyzed using the U-3010 spectro-
photometer from Hitachi, Japan. The particle size and shape of
the nanoparticles were examined using transmission electron
microscopy (TEM) with an operating voltage of 200 kv from
Adelaide, Australia. Atomic force microscopy (AFM) with
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Nanosurf (AG Graubernstrasse 124, 410 Liestal Switzerland) in
tapping mode was employed to investigate the dynamic size of
nanoparticles. For surface morphology assessment of synthe-
sized nanoparticles, high-resolution field-emission scanning
electron microscopy (FE-SEM, Hitachi-Su8020, Czech-with
a working voltage of 3 kV) was used. The elemental composi-
tion of nanoparticles was evaluated using energy-dispersive
spectroscopy (EDS). Zeta potential measurement and dynamic
light scattering (DLS) analysis were used to determine the
surface charge and size distribution using Zetasizer Ver.7.11
and Malvern Instruments Ltd, MAL1032660, England.

2.3. Synthesis of AgNPrs

Nanoparticle synthesis was performed according to our
previous work with brief modification.*® In the initial step of
AgNPrs synthesis, 0.06 g of PVP was dissolved in 3 mL of
deionized water (DW) and subsequently added to 200 mL of
DW. In the subsequent step, 4 mL of AgNO; (0.01 M) were added
and agitated for a duration of 3 minutes, following which 8 mL
of TSC (75 mM) and 960 pL of H,0, were added and stirred
vigorously for 5 min. Subsequently, 3200 pL of NaBH, (100 mM)
were incorporated as a reducing agent. During this process, the
solution's color transitioned from deep yellow to light yellow
after 3 s, and eventually, to blue after stirring for 30 min at room
temperature. The synthesized AgNPrs must be stored at 4 °C.

2.4. Optical identification of BAs

Optical identification of HIS and EDA by using AgNPrs as
sensing probes was carried out at room temperature in the
wavelength range of 200-800 nm. UV-vis spectra were recorded
in quartz cuvette. The meat samples were measured equally and
placed in microtubes. The prepared papers impregnated with
AgNPrs were then utilized to detect the gases produced from
both healthy and rotten meat samples. For the colorimetric
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recognition of HIS and EDA, the color change was monitored by
mobile phone camera under a natural light source in solution
and paper-based analytical device.

2.5. Construction of CATS

The design for the CATS was generated using Core]lDRAW 5.6
software. The chips possess a substrate storage area that is
linked to eight detection zones via eight channels. These chips
were fabricated utilizing the method that we established in our
earlier publication. To create the substrate for the CATS, the
fiberglass papers were dipped in molten wax for 30 seconds and
allowed to dry for 1 minute. The wax-free paper was then placed
under the wax paper on top of a strong magnet. An iron pattern
with eight prongs was heated to 150 °C for 5 min and used as
a stamp on the papers. The magnet and iron pattern interaction
created hydrophilic channels and hydrophobic areas on the
wax-free paper (Scheme 1).

3. Results and discussion

3.1.
NPrs)

Characterization and stability of sensing probe (Ag

Nanoparticle characterization and stability was done according
to our previous work.**?? Briefly, several techniques, including
UV-vis spectroscopy, DLS, zeta potential, SEM, TEM, and AFM,
were used to characterize the suggested sensing probes. One of
the simplest ways to recognize metal nanoparticles and one that
is frequently used to determine their size and shape is UV-vis.
The produced Ag NPrs are blue and exhibit UV-vis absorption
at wavelengths of 337, 477, and 705 nm. Ag NPrs's out-of-plane
and in-plane quadrupole resonances are represented by the first
two absorption bands, which have wavelengths of 337 and
477 nm, respectively. The Ag NPrs in-plane dipole resonance is
another cause of the 705 nm band.**** Zeta potential

colorimetric affordable test strip

Chicken meat

®

9

Cow meat

Scheme 1
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Microfluidic paper-based sensor
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UV-Vis spectrophotometry

Illustrated synthesis of AgNPrs, preparing of CATS, stabilization procedure, and interaction of optical probe with analyte.
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measurement is a practical method for determining the stability
and surface charge of nanoparticles. With rising zeta potential,
particle size increases and aggregation reduce. Nanoparticles
with zeta potential larger than —30 and +30 mV show high
stability.®® The produced nanoparticles’ zeta potential was
—67.5 mV, indicating that they are stable enough. Using DLS,
particle distribution profiles were assessed. The produced
nanoparticles have a radius of 0.84 nm (Fig. S1 (see ESI)f).
Direct imaging of atomic structures and crystallographic spec-
imens was done using TEM imaging. The triangle-shaped
structure is visible in the captured photos.

3.2. Optical discrimination of HIS and EDA

In solutions made from sensing probes, optical exams were
carried out utilizing UV-vis spectroscopy method. The ability of
the newly developed probes to detect HIS and EDA was first
assessed. Then, it was investigated how sensitive and selective
the sensing probes were in both the reference and actual
samples.

3.3. Analysis of sensing probes’ detection behavior

Nanomaterials can be recognized by a variety of physical and
chemical characteristics. These characteristics are related to the
surface-to-volume ratio.*® As the particle size reduces and the
surface area grows, the surface-to-volume ratio rises.”” As
a result, surface atoms and molecules are crucial to nano-
particles and influence their characteristics. Among the chem-
ical and physical traits, optical capabilities are very significant
and are frequently used in rapid and simple assessment tech-
niques.*® Many phenomena, including transmission, absorp-
tion, reflection, light scattering, transmission, and
fluorescence, are produced when light interacts with nano
systems.*® For instance, Ag NPs are recognized by bands of
intense absorption, but changes in the environment or expo-
sure to analytes cause the bond characteristics to alter.** In the
field of optical chemosensing of certain analytes, this sensitivity
to the environment can be employed. A surface plasmon
phenomenon happens when the light beam interacts with the
solution, indicating the existence of nanoparticles and mani-
festing as a strong peak in the visible spectrum.*" A particular
phenomenon in metal nanoparticles, particularly AgNPs, is
known as local surface plasmon resonance, and it is dependent
on the dielectric constant of its surroundings.?” Ag NPs generate
a light effect known as the surface plasmon absorption band
because of their free electrons. This effect is brought about by
the combined vibration of the electron nanoparticles in the
light wave resonance at the aqueous suspension.* The plasmon
absorption shifts towards a lower energy wavelength and red as
the size of the nanoparticles increases. Moreover, the absorp-
tion peak widens, indicating the development of the suspension
and the aggregation. A steady dielectric shift caused by the
presence of the analyte can be seen as a change in hue and
a change in the location and amount of absorption.** Thus,
before and after interaction with the proposed analytes, UV-vis
spectroscopy of the sensing probe was recorded (with a volume
ratio of 1:1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The produced Ag NPrs are blue in color and exhibit UV-vis
absorption at wavelengths of 337, 477, and 705 nm, as can be
shown in Fig. 1. According to,**?** the first two absorption bands
(337 and 477 nm) represent the out-of-plane and in-plane
quadrupole resonances of Ag NPrs, respectively. The AgNPrs
in-plane dipole resonance is also responsible for the 705 nm
band. The form of the Ag NPrs has a significant impact on the
color and in-plane bipolar resonance peak. By adding analytes,
the dipole resonance peak in the plane has changed signifi-
cantly. Thus, in the presence of HIS, it has increased signifi-
cantly, and the peak related to quadrupolar excitation inside the
plate has increased. In the presence of ethylene diamine, a shift
in the peak corresponding to the in-plane dipole resonance was
observed. These changes can be attributed to HIS etching on the
prism silver tips. The changes can also be seen in the sample
solutions, which allows the analysis of analytes in the solution.
With the start of etching, the prisms change shape and turn into
AgNPrs with a purple color. After one hour, the color of the
solution changes to orange, which is probably due to the long-
term exposure to the etching disc. Also, after one hour, no
significant changes were observed in the absorption rate of the
probe in the presence or absence of HIS, while in the presence
of ethylene diamine, there were significant changes and the
absorption rate decreased drastically. These comes about
demonstrate that location of BAs with this triangular AgNPrs
test is amazingly touchy to the nanoprism shape versus the top
position of the in-plane dipole reverberation. The results show
that a prominent change has been made in the surface,
composition, and shape of nanoparticles, leading to a change in
color and characteristic wavelength. Thus, a color change from
blue to orange occurs along with an LSPR blue shift towards
lower wavelengths.

3.4. Sensing mechanism of colorimetric detection of BAs by
AgNPrs

As previously mentioned, the target BAs contain primary
amines in different structure that can anchor onto the surface
of the AgNPrs. This binding can be due to the direct interaction
between nitrogen and Ag, and it can be considered as well in
terms of an electrostatic interaction between the amine groups
of BAs and NPs, which consequently induce the aggregation of
AgNPs. So, AgNPrs offer an excellent platform for the colori-
metric detection of BAs, which are organic compounds with
biological functions that can be indicative of food freshness and
safety. This sensing mechanism of BAs by AgNPrs is mainly
attributed to the unique properties of AgNPrs, particularly their
SPR effect. The colorimetric detection mechanism is based on
the interaction between AgNPrs and BAs, which leads to
a change in the color of the AgNP solution. Specifically, when
BAs interact with AgNPs, they can cause aggregation of the
nanoparticles, leading to a shift in the SPR and hence a color
change. It is not clear if the interactions of the BAs to the
plasmonic NPs are based on electrostatic interaction between
amines and carboxylic acid or the chemical binding of amine to
the Ag. The electrostatic interaction, including the protonated
amino group of BAs and the negatively charged carboxylic acid

RSC Adv, 2024, 14, 8602-8614 | 8605
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Fig.1 The UV-vis spectra of sensing probes in the presence and absence of HIS and EDA immediately (A) and after 1 h (B). Inset: histogram of Abs
(a.u.) (a) and wavelength (b) versus type of analyte. Concentrations of HISGSEDA were 10 puM.

on the NPs, should be pH dependent. According to their
aggregation responses, we found that the aggregation behaviors
of the AgNPs showed that the UV-vis spectra of the AgNPs did
not change in the presence of HIS at the all pH regimes, which
can confirm that these two BAs did not have an electrostatic
interaction. This could be due to the presence of an aromatic
ring in their structure, which probably provided a high spatial
hindrance to bind to the AgNPrs. On the other hand, the
aggregation of the AgNPrs in the presence of EDA with the
aliphatic amine groups decreased by increasing the pH values,

8606 | RSC Adv, 2024, 14, 8602-8614

which can also emphasize the strong interaction of the
protonated BAs and the negative charge of the citrate group on
the AgNPrs.

3.5. Analytical evaluation for determination of His and EDA

According to the examination results of the ability of introduced
sensing probes to monitor His and EDA, their ability at low
concentrations of analyte was also evaluated. Therefore, UV-vis
spectrophotometric measurements of separate reaction systems

© 2024 The Author(s). Published by the Royal Society of Chemistry
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determined the relationship between His and EDA concentra-
tion and adsorption. For this purpose, analyte solutions with
different concentrations were prepared and mixed with
a sensing probe in a volume ratio of 1:1 v:v. The absorption
spectra recorded in the range of 250 to 800 nm are exhibited in
Fig. S2 (see ESI).T In addition, the adsorption of chemosensor
versus concentration ratio is also presented in Fig. S2 (see ESI).t
Then, important analytical parameters such as linear range and
low limit of quantification (LLOQ) were obtained from calibra-
tion curves. As can be seen, at the concentration of 0.01 and
0.005 M HIS, a colour change and a blue shift are seen. While at
lower concentrations, no color change was observed, and
a slight blue shift was observed. The results showed a linear
relationship between concentrations 0.1 pM to 0.01 mM. The
low limit of quantification was 0.1 pM. In EDA, a shift in
absorption peak from 550 to 630 is observed with decreasing
concentration. Colorimetric changes also show the probe's
ability to detect EDA at low concentrations. The linear range for
the detection of EDA was 0.05 to 1 uM with an LLOQ of 0.05 uM.

3.6. Selectivity of the analytical process in standard samples

Selectivity is one of the most significant factors for the analytical
evaluation of chemosensors traits in a biosensor. In fact, spec-
ificity indicates the ability of a sensing probe to detect an ana-
lyte in a specimen containing other contaminants. Therefore, to
evaluate the selectivity of the proposed probe for the recogni-
tion of analytes, their colorimetric and spectrophotometric
behavior was done. For this purpose, we also evaluated the
detection probe's ability to identify some amino acids. As seen
in Fig. S3 (see ESI),T the diagnostic probe can specifically detect
both analytes. In addition, the ability of the probe to detect
analytes in the presence of potential interferers was also eval-
uated. The obtained results showed that there was a change in
the amount of HIS absorption in the presence of the interven-
tionists. Colorimetric studies also confirm the ability of the
probe to detect HIS in the presence of interfering substances. In
the case of EDA, the presence of intervenors has led to signifi-
cant changes in the amount of absorption, which can be said
that the presence of intervenors can affect its detection.

3.7. Detection of HIS and EDA in meat

Due to their high protein and amino acid content, meat and
meat products are susceptible to developing BAs. Proteolytic
activity might develop due to a protracted storage period or in
production. The proteolysis of proteins into significant
peptides, which are later degraded into oligopeptides and free
amino acids, can increase the quantities of BAs during storage.’
In addition to inherent effects like dryness, salt chloride action
in some meat-derived products, and increased acidity, proteol-
ysis is also stimulated by microbial activity during fermentation
and other food manufacturing processes. While it has been
reported that BAs accumulate in fermented meat products,
meat fermentation helps to preserve against different patho-
genic and spoilage bacteria. BAs, whether individually or
combined, can serve as important indicators of freshness,
quality, and spoilage in meat and meat products due to their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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significant impact on health and their distinct implications for
food hygiene.*® Therefore, the ability of the probe to detect
analytes in spiked samples of fresh and spoiled meat was
evaluated. Evaluation was performed in the liquid and vapor
phases.

3.7.1. Optimization of analytes-probe ratio in liquid phase.
The probe was mixed with control samples (resulting from
centrifugation of meat samples without analytes) and analytes
in different ratios. As seen in Fig. S4 (see ESI),T the colorimetric
changes in the presence of EDA seem to be more significant
with time. Therefore, it can be concluded that the reaction
becomes more complete with the passage of time. The
maximum amount of absorption was obtained in a 3:1 V:V
ratio of probe and analyte. Therefore, the next investigations
will be done with this ratio. Colorimetric studies show wave-
length shift in HIS detection. Over time, the probe loses the
ability to detect HIS in the meat sample.

3.7.2. Analysis of sensing probes’ detection behavior. The
performance of the probe was evaluated in the colorimetric
detection of amine BAs in fresh and spoiled meat samples in the
liquid phase. As seen in Fig. 24, in the fresh meat sample, the
absorption wavelength was higher than in the spiked meat
sample with HIS and EDA. absorption wavelength in rotten
meat samples was lower than in fresh meat, while the amount
of BAs increased due to meat spoilage. Therefore, it can be said
that in the meat sample, the absorption wavelength decreases
with the increase in the target amount. The color changes show
that the introduced probe is capable of detecting targets in the
meat sample as well. After one hour, a change in absorption
wavelength and colorimetric changes were observed (Fig. 2B).

3.7.3. Optical analysis in fresh and spoiled beef samples.
In optimal conditions, a colorimetric probe was used to detect
the amount of ethylene diamine and HIS in fresh and spoiled
meat samples. As can be seen in Fig. 3 and S5 (see ESI),} the
probe changes its color and absorption in the presence of EDA
and HIS. This shows that the proposed probe can be used to
detect target BAs in this column. Examining different concen-
trations of the target analytes showed a good linear relationship
and the lowest limit of quantification (LLOQ). The results ob-
tained from this work along with the results obtained from
other reports presented in the detection of HIS are presented in
Table 1.

In summary, we developed an optical and colorimetric
biosensor for HIS and EDA detection, as Table 1 illustrates. The
development of BAs's detecting platform based on optical
sensing techniques has significant potential for the food safety.
One of the advantages of this work is that, to the best of our
knowledge, no report has been published on the detection of
HIS and EDA based on the sensing probes introduced in this
study. The proposed probes’ suitability for HIS and EDA anal-
ysis was assessed through the application of UV-vis spectros-
copy. The performance of the sensor presented in this study is
compared to previous research, showing its improved sensi-
tivity and linear detection range. Additionally, colorimetric
studies were carried out using paper-based microfluidics,
indicating the potential usefulness of these microfluidics in
developing diagnostic kits for BAs. On the other hand, the off-
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Fig. 2 The UV-vis spectra of sensing probes in the presence and
absence of His and EDA at the fresh and rotten meat in different
incubation time of 0 min (A) and 60 min (B). [a&b] Histogram of peak
absorption versus incubation time of analyte.
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the-shelf system is highly easy to use, sensitive, affordable, cost-
effective, selective, and requires minimal time. It is also
portable and compact. Substantial progress is still required in
future research to integrate current biosensor technologies into
standard clinical practice. The strengths of different biosensor
systems should be integrated with electrochemical and optical
transmission mechanisms to establish a universal sensing
approach. Development of clinical protocols for sample
management is considered crucial for comprehensive sample
analysis. The lack of integrated detection systems indicates the
need for further advancements. Thus, additional research and
development in the field of science and technology are neces-
sary to explore the integration of sensors, recognition elements,
and transducers into a portable biosensor product relevant for
all systems. Moreover, significant progress is lacking in in vivo
multichannel biosensor techniques. Once engineering chal-
lenges, such as improving biocompatible materials and in vivo
multi-signaling, are addressed, next-generation sensing and
biosensing platforms could be widely employed for point-of-
care screening and detection systems. In summary, this
optical system is an innovative approach for in-depth analytical
research.

3.7.4. Selectivity of AgNPrs probe for in situ analysis of BAs.
One of the most important aspects of the analytical assessment
of chemosensors is selectivity. A sensing probe's specificity is
defined as its capacity to identify an analyte in a specimen that
also contains other impurities. Consequently, a colorimetric
and spectrophotometric analysis of the suggested probes’
behavior was conducted to assess their selectivity for the iden-
tification of HIS and EDA. For this purpose, the nanoprism
colorimetric probe, color changes and changes in absorbance in
the presence of target analytes and interferents (glysin (Gly),
tyrosine (Tyr), arginine (Arg), methionine (Met), dopamine
(Dop), cysteine (Cys)) were evaluated in fresh and spoiled meat
samples. As can be seen in Fig. S6A (see ESI),t in the presence of
methionine and dopamine in the fresh meat sample, the
absorption rate is higher than other interventions. If the color
changes in the solution phase are seen only in the presence of
methionine and cysteine. In Fig. S6B (see ESI),T the effect of
interventionists has been investigated in the presence of target
analytes. As can be seen, in the presence of tyrosine and
cysteine, a color change is visible, which shows that these two
items do not interfere with the colorimetric detection of HIS.
According to the color changes created in the presence of
ethylene diamine, it can be concluded that glycine, tyrosine,
and arginine do not interfere in the detection of EDA (Fig. S7C
(see ESI)T).

In the spoiled meat sample, colorimetric changes can be
seen in the presence of glycine and cysteine, which shows that
the introduced probe can detect them as well. Examining the
effect of the intervention in the presence of HIS, which is pre-
sented in Fig. S8 (see ESI),t shows that the color change is seen
only in the presence of cysteine. Therefore, it can be said that
cysteine, cannot interfere in the detection of HIS in the trace of
rotten meat. However, the examination of the absorption rate
shows that the rejection of the presence of cysteine significantly
changed the absorption rate. Regarding the detection of EDA,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 The UV-vis spectra of AgNPrs in the presence of different concentration of (A) HIS (B) EDA at the fresh meat. [a&b] Calibration curve of HIS

and EDA using optical chemosensor.

Table 1 Performance comparison of sensors for His and EDA detection with other previous reported sensors

Methods Samples Linear range (uM) LOD/LLOQ (uM) Ref.
Electrochemical Spiked beer and wine samples 1-107 0.6 44
Salted anchovies 16-101 17.2 45
Human serum and fish tuna (0.35-35) x 10* 0.11 x 10* 46
Human serum and canned (0.078-250) x 10* 0.026 x 107° 47
tuna fish
Canned fish 45-900 5.58 48
Beer and wine 4.5-720 1.26 49
Octopus — 8.1 50
Cheese 0.38-11 0.38 51
Spiked tuna and mackerel 45-675 8.7 52
extracts
Colorimetry Fresh meat HIS 1-3330 1 This work
EDA 0.1-2.1 0.1
Spoiled meat HIS 3.3-2330 3.3
EDA 0.1-3.3 0.1
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the results of the colorimetric and absorption studies show that
the intervenors did not have a significant effect on the
detection.

3.8. Development of a CATS for colorimetric detection of His
and EDA

In addition to the promising outcomes obtained using UV-vis
spectrophotometry, recent studies have shown considerable
interest in paper-based sensors due to their user-friendly nature
and affordability, resulting in significant advancements. These
sensors have great potential for low-cost detection of various
analytes and are expected to be used for rapid analysis of
different targets in the future.** Tools that are quick, focused,
exclusive, and reasonably priced are particularly useful for on-
site environmental inspections. Papers have been thought of
as a viable substrate for the construction of such devices
because to their benefits such as low cost, commercial avail-
ability, and simple design. Moreover, papers may flow fluids
into their channels without the aid of a pump or other external
force because they are constructed of ecologically benign
cellulose fibers and have capillary qualities. In this study,
different concentrations of HIS and EDA were evaluated on
CATS modified AgNPrs in standard and meat samples. The
obtained results show that the prepared paper-based substrates
can detect analytes in both standard and meat samples.

The provided data discusses the development and evaluation
of a CATS for the colorimetric detection of His and EDA in
standard and meat samples. In this study AgNPrs utilized as the
novel sensing element/probe which stabilized on CATS to
generate the new generation of nanomaterials in order to create
and develop the paper-based biosensors for food industry which
assure the high quality of products health. BAs, produced by
microorganisms through the decarboxylation of amino acids,
can have adverse health effects if consumed in high concen-
trations. The paper-based CATS decorated with AgNPrs suggests
a simple, environmentally friendly, and cost-effective approach
for on-site diagnostic purposes.

A 1
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The obtained experimental results are presented in Fig. 4, 5
and S9 (see ESI)t regarding paper-based AgNPrs substrate for
colorimetric detection of His and EDA. Fig. 4 demonstrates the
results of CATS modified by AgNPrs for the detection of
different concentration of His in the eight-zone corresponding
to the concentrations of 0.001, 0.0033, 0.01, 0.033, 0.35, 1.35,
2.33, and 3.33 mM, respectively and EDA in the eight-zone
corresponding to the concentrations of 0.0001, 0.0002, 0.0004,
0.0009, 0.0015, 0.0021, 0.0025, and 0.0033 mM in standard
samples. The results demonstrate the visual detection of His
and EDA through color changes in different zones of the paper-
based device, corresponding to specific analyte concentrations.
This indicates that the CATS can successfully identify the target
analytes (BAs) in both standard and meat samples.

Fig. 5 depicts the specificity analysis of the chemosensing
performance of optical probes for individual identification of
some interference using CATS in standard samples. The results
show that the AgNPrs-based sensor exhibits specificity towards
HIS and EDA, as evidenced by the absence of significant inter-
ference from other tested compounds.

In Fig. S8, CATS modified by AgNPrs applied for the
detection of different concentrations of His and EDA in meat
samples. Similar to Fig. 4, the images demonstrate the colori-
metric detection of His and EDA in different zones of the paper-
based device, indicating the potential applicability of the
biosensor in real food samples. The development of a CATS
decorated AgNPrs for the colorimetric detection of His and EDA
in standard and meat samples shows promising results. The
utilization of paper as a substrate offers several advantages,
including low cost, commercial availability, and simple design.
Additionally, the capillary qualities of paper enable the flow of
fluids without the need for external forces, making it suitable
for on-site environmental inspections. The presented results
indicate that the paper-based biosensor can effectively detect
His and EDA in both standard and meat samples. The color
changes observed in the paper-based interface correspond to
different concentrations of the target analyte, providing a visual
and qualitative detection method. This demonstrates the

5

Fig. 4 Photographic images of CATS modified by AgNPrs for detection of different concentration of (A) His (zones 1 to 8 corresponding to the
concentrations of 0.001, 0.0033, 0.01, 0.033, 0.35, 1.35, 2.33, and 3.33 mM, respectively) and (B) EDA (zones 1 to 8 corresponding to the
concentrations of 0.0001, 0.0002, 0.0004, 0.0009, 0.0015, 0.0021, 0.0025, and 0.0033 mM, respectively) in standard samples.
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Fig. 5 Specificity analysis of chemosensing performance of optical probes for individual identification of some interference using CATS in

standard samples.

potential of the biosensor as a rapid and cost-effective tool for
the detection of BAs in food samples.

The specificity analysis depicted in Fig. 5 confirms the
selectivity of the AgNPrs-based sensor towards His and EDA.
The absence of significant interference from other compounds
tested in standard samples suggests that the biosensor can
accurately distinguish the target analytes from potential inter-
fering substances, enhancing its reliability and applicability in
practical food analysis. Furthermore, the successful detection of
His and EDA in meat samples, as shown in Fig. S8,1 highlights
the potential of the paper-based biosensor for real food appli-
cations. The ability to detect these BAs in meat samples is
crucial for ensuring food safety and preventing the harmful
effects associated with their consumption.

Overall, the development of a CATS using AgNPrs as
a sensing element presents a promising approach for the
sensitive and selective detection of His and EDA in food
samples. The simplicity, affordability, and potential for on-site
diagnostics make this biosensor an attractive tool for food
quality analysis and control, contributing to the overall goal of

© 2024 The Author(s). Published by the Royal Society of Chemistry

ensuring food safety and preventing adverse health effects.
Further research and validation studies are warranted to assess
the biosensor's performance in a broader range of food matrices
and to explore its potential for large-scale implementation. In
the paper-based biosensor for the colorimetric detection of His
and EDA, the mechanism involves the use of AgNPrs as the
sensing element. The AgNPrs undergo a specific chemical
reaction with His and EDA, leading to a visible color change that
can be observed with the naked eye.

3.9. Gas phase studies of BAs in meat samples

According to the results obtained in the solution and CATS, in
order to complete the study, investigations were also carried out
in the gas phase. For this purpose, 5 uL of optical probe
(AgNPrs) were placed on paper and exposed to HIS vapor,
ethylene diamine, fresh meat and rotten meat. An empty
container was also considered as control (Video 1}). The results
obtained, which can be seen in the video files (see ESIT), show
that the probe can detect BAs in the gas from rotten meat. In
addition, we checked for rotten meat at weekly intervals (Videos

RSC Adv, 2024, 14, 8602-8614 | 8611
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2 to 5%). The results showed that with the passage of time, the
gas produced increased, and a tangible color change was seen.
The obtained results can give a new approach in the food
industry in order to check the quality of meat with easy and
cheap methods and in the place of development.

In conclusion, wax screen printing is a simple and inex-
pensive way to make CATS. As previously mentioned, wax is
a cheap material and can be obtained from anywhere; it is also
environmentally friendly. This method requires a wax printer
and inexpensive printing plates. Also, the wax printing method
is done without the use of a sterile room, ultraviolet lamp,
organic solvents or complicated equipment. Another important
advantage of this method compared to previous methods is that
it only requires a common hot plate or similar surface and
a common printing plate that can be produced anywhere in the
world, making this method a great way to make CATS in
developing countries.

Also, the clinical utilization of colorimetric sensing of BAs
holds great promise for various diagnostic and monitoring
purposes. It can be employed for the early detection of certain
diseases (like allergic reaction), monitoring of treatment effi-
cacy, and assessment of disease progression. Additionally,
colorimetric sensing can facilitate the development of person-
alized medicine approaches by enabling the monitoring of
individual variations in BAs levels. So, the clinical utilization of
colorimetric sensing of BAs represents a valuable tool in
modern healthcare practice. Further research and development
in this field are warranted to fully harness the potential of
colorimetric sensing for the diagnosis and management of BAs-
related disorders. Also, future BAs detection may find chemo-
sensor technologies appealing because of their quick readout
times, affordability, sensitivity, selectivity, and portability.

4. Conclusion

In summary, this study suggested and validated an innovative
colorimetric/spectrophotometric method, for rapid discrimi-
nation of two BAs in real samples using AgNPrs as optical probe.
Also, the CATS used in this work demonstrated excellent
stability and reproducibility in real-time colorimetric identifi-
cation and accurate determination of BAs in the presence of
interfering species. In addition, the response time of the system
was rapid, achieving 90% of the response within 2 minutes, and
the distinct color differences allowed easy identification of the
amines even by visual observation alone. The system presented
a fast visual method for HIS and EDA analysis in the range of 0.1
UM to 0.01 mM, with an LLOQ of 0.1 uM and 0.05 to 1 uM, with
an LLOQ of 0.05 pM, respectively by measuring the UV-vis
absorption wavelength. Obtained results show that, future
studies should consider controlling or eliminating these inter-
fering agents. The prepared assay showed only one limitation
that it could not be reused for strong reactions. We are dedi-
cating our efforts to overcoming this limitation and enhancing
CATS' capability for the early detection of meat spoilage.
Nevertheless, a long-term stability would allow the CATS to be
used as a promising tool for monitoring different BAs involved
in food safety and disease diagnosis. The system's excellent
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features suggest that these devices could be commercialized in
the near future, replacing complex laboratory methods.
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