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Biogenic amines are organic nitrogen compounds that play key roles in various biological processes and are
produced through amino acid decarboxylation. Among these, histamine stands out as a toxic biogenic
amine with the potential to cause serious health issues when present at elevated levels in food,
highlighting the importance of effective detection methods. However, current histamine detection
approaches are often hindered by high costs, lengthy analysis times, and intricate procedures. This
research introduces a novel, label-free method for detecting histamine in meat samples using highly
conductive nano-silver inks to develop miniaturized sensors based on paper microdevice technology.
The proposed paper-based electrochemical sensors offer significant advantages, including affordability,
reproducibility, and environmental sustainability. A newly designed paper-based microsensor was
developed for label-free histamine detection employing conductive nano-silver ink via a pen-on-paper
technique. The fabrication process of the microsensor was thoroughly characterized through methods
like field emission scanning electron microscope (FE-SEM), Energy Dispersive X-ray (EDAX), and Atomic
Force microscopy (AFM). Key findings indicate that the microsensor successfully detects histamine
concentrations across a broad dynamic range of 10 to 1000 nM, with a lower limit of quantification set
at 10 nM. Validation of the sensor's performance was conducted using electrochemical tools such as
cyclic voltammetry and square wave voltammetry, confirming its efficacy for real-time histamine
monitoring in food products and biological environments. Additionally, the study underscores the
sensor's excellent selectivity, long-term stability, and lightning-fast responsiveness, positioning it as
a highly promising tool to enhance food safety and quality assurance.

accurate methods of analyzing these substances to reduce risks
to public health.

Food analysis is essential for health as it ensures the provision
of nutrients needed for growth, energy production, and main-
taining bodily functions, while also addressing chronic
illnesses and health inequalities. This discipline involves
examining the physical, biological, and chemical properties of
food and evaluating their effects on health and disease. A key
challenge for the food processing industry is managing food-
borne illnesses linked to additives and contaminants. To
address this, there is a critical need for fast, cost-effective, and
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Biogenic amines are organic nitrogen compounds with
hydroxyl, aromatic, and aliphatic structural bases that play an
important role in biological processes. They have low molecular
weight and are mainly produced by decarboxylation of free
amino acids. In this process, the alpha-carboxyl group is
removed from amino acids, resulting in the formation of
various biogenic amines such as histamine from histidine,
tyramine from tyrosine, and tryptamine from tryptophan.>*

Biogenic amines are present in a wide range of food products
such as fish, meat, dairy products, wine, beer, vegetables, fruits,
nuts, and chocolates. They are beneficial at normal levels. They
are important in neurotransmission, hormonal regulation,
immune responses, and cell signaling.® However, if present in
excess, they can cause food poisoning such as histamine
poisoning as initiators of diverse physiological reactions and
are considered potential carcinogens due to their ability to react
with nitrite and form carcinogenic nitrosamines.” Therefore,
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they are of particular importance in food safety for consumers
and can also be referred to as indicators of spoilage of some
foods. Therefore, the detection of biogenic amines in foods is of
particular importance due to their polarity and high solubility
in water compared to organic solvents.®

Histamine (B-imidazolyl ethylamine) is one of the most toxic
and active biogenic amines, whose health effects range from
allergic reactions to food poisoning.® The acceptable concen-
tration of histamine in food to ensure safety is less than 50 mg
kg™, while levels above 200 mg kg~' can cause poisoning and
symptoms such as nausea and diarrhea, headache, broncho-
spasm, tachycardia, hypotension, urticaria, and nasal
discharge.' Histamine levels therefore serve as vital indicators
of freshness, safety, and quality of food. Improper storage of
meat can lead to excessive production of histamine."* This is
due to the action of endogenous decarboxylase enzymes on
histidine, which is carried out by uncontrolled microbial
activity during meat degradation.*

Several traditional methods/techniques have been used to
determine Hist levels, including thin-layer chromatography,*
fluorometric and colorimetric assays,"* and gas chromatog-
raphy.”® Capillary zone electrophoresis, surface Raman scat-
tering,'® high-performance liquid chromatography,”” chemical
sensors,'® and aptasensors.” While these methods offer high
sensitivity and accuracy, they also have several limitations such
as high instrumentation costs, time-consuming and complex
sample preparation, and the need for trained specialists, and
sensitivity to environmental interferences.>® As a result, they are
rarely used for on-site detection. With the increasing demand
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for monitoring toxicants in food, there is a need for a rapid,
sensitive, and cost-effective method capable of detecting
amines at ppb levels for the detection of histamine levels in real
samples.

Sensor integration in food science and food chemistry is an
emerging field that uses advanced technologies to improve the
quality, safety, and processing of food. Smart sensors, often
integrated with machine learning, are used in agriculture and
food technology to increase food production and assess food
quality. These sensors can track a variety of factors, including
nutrient levels and pest detection, thereby supporting the
production of high-quality food products. In the field of food
chemistry, sensors are crucial for detecting chemical changes
and ensuring food safety, especially through the use of nano-
sensors and other innovative materials.?

The integration of sensors into food science and chemistry
has led to remarkable progress; however, challenges like the
complexity of food matrices and the lack of standardization in
sensor technology remain issues to address. Electrochemical
methods offer straightforward and reliable analytical solutions,
making them a superior alternative to traditional techniques for
evaluating food quality and safety. The emergence of various
nanomaterials has greatly contributed to the development of
advanced electrochemical sensing devices, widely used in fields
such as medical diagnosis, environmental monitoring, and
food safety. Electrochemical sensors incorporating nano-
materials have gained notable attention due to their exceptional
sensitivity and selectivity, real-time monitoring potential, and
user-friendly nature.’
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Paper sensors present a promising method for the precise
detection of histamine. Integrating electrochemical sensor
technology with compact paper-based micro-medical devices,
such as nano-conductive Bernina-based paper electrodes, offers
a practical solution for the initial analysis of food samples by
both home users and the food industry across global supply
chains. Cost-effective electrochemical microscale sensors serve
as accessible diagnostic tools designed to identify specific
compounds in various samples. Affordable paper-based elec-
trochemical microscale sensors are extensively applied in a wide
array of fields, from diagnosing medical conditions like dia-
betes, pregnancy, or urinary tract infections to monitoring
environmental parameters such as pollutants in water, air, or
soil. Additionally, these sensors play a crucial role in food safety,
ensuring the detection of toxins and pathogens in food prod-
ucts, or in maintaining industrial standards by assessing the
quality of raw materials and finished goods.**

This study presents an innovative label-free electrochemical
microscale sensor designed for detecting histamine levels in raw
beef, employing highly conductive nanoink and pen-on-paper
technology as detection tools (Scheme 1). Paper-based plat-
forms bring numerous advantages, including exceptional repro-
ducibility, eco-friendliness, biodegradability, compatibility with
microfluidics, minimal sample requirements, cost-effectiveness,
ease of fabrication, inexpensive equipment usage, quick anal-
ysis, and potential for miniaturization. Consequently, utilizing
paper-based sensors allows electrochemical techniques to
remarkably enhance the sensitivity and accuracy of histamine
detection in food, particularly in meat products.

This research introduces a groundbreaking approach for the
label-free detection of histamine in meat samples by employing
highly conductive nano-silver inks to develop compact sensors
based on paper microdevice technology. The proposed paper-
based electrochemical sensors boast significant advantages,
including low cost, high reproducibility, and environmental
sustainability. Utilizing conductive nano-silver ink and a pen-
on-paper technique, a unique paper-based microsensor was
designed for detecting histamine without the need for labeling.
The sensor's performance was validated through electro-
chemical methods such as cyclic voltammetry and square wave
voltammetry, confirming its effectiveness for real-time moni-
toring of histamine in food samples and biological systems.
Additionally, the study emphasizes the sensor's excellent
selectivity, long-term stability, and rapid response, establishing
it as a highly promising tool for ensuring food quality and
safety.

2. Experimental details

2.1. Reagents and materials

Histamine, Potassium ferricyanide K;Fe(CN)s, and potassium
ferricyanide K,Fe(CN)s, were purchased from Sigma-Aldrich,
Canada. Sodium hydroxide (NaOH), silver nitrate (AgNOj3),
diacetate alcohol (DAA), sulfuric acid (H,SO,), polyacrylic acid
(PAA), diethanolamine (DEA), glucose, cysteine (Cys), tri-
chloroacetic acid (TCA), ascorbic acid (AA), dopamine (Dopa),
uric acid (UA), proline (Pro), aspartic acid (ASP), methionine
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(Met), arginine (Arg), glycine (Gly) and urea were purchased
from Merck, Germany. Deionized water was provided by Ghazi
Pharmaceutical Company, Tabriz, Iran. All chemicals used were
of the highest purity available unless stated otherwise.

2.2. Apparatus

EDS (Energy scattering spectroscopy) was employed to study
chemical elements. A high-resolution field emission scanning
electron microscope (FE-SEM) Hitachi SU8020, Czech with a 3
kv effectual voltage used for investigating the morphology of
the electrode surface. The AFM images were obtained using
a Bruker Dimension Icon microscope operating in ScanAsyst
mode, utilizing OTESPA AFM probes (Bruker). For electro-
chemical measurements, a Palm Sense4c device (Palm Instru-
ments, Utrecht, Netherlands) connected to a computer and
analyzed by PS Trace software was used. The three-electrode
system (reference, counter and working electrodes) was drawn
on the surface of photographic paper using a pen containing
synthesized conductive nano-silver ink (Fig. S1, see ESIt). The
resistance of the synthesized nano silver ink was evaluated
using an ohmmeter (XIOLE, XL830L, China, multimeter).

2.3. Preparation of meat samples

A 3 g slurry of meat sample was transferred into a centrifuge
tube containing 10 mL of 5% (w/v) TCA and 200 pL of 1,7-dia-
minoheptane. The mixture underwent thorough vortexing for
15 minutes, followed by centrifugation at 5000g for 10 minutes
at 4 °C. The supernatant obtained was carefully separated, while
the residue underwent a second extraction using the same
amount of TCA. The supernatants from both extractions were
filtered through Whatman paper, combined, and the total
volume was brought to 25 mL with TCA. For the analytical
analysis, histamine was spiked into the meat samples following
this protocol: 50 mg of muscle tissue was homogenized in
25 mL of 0.1 M PBS at pH 7.4. The homogenate was then
centrifuged at 12 000 rpm for 30 minutes, and the supernatant
was collected. It was subsequently diluted to 30 mL with water
and stored at 4 °C in a refrigerator.

2.4. Synthesis of conductive nano-silver ink

To synthesize conductive nano-silver ink, 1.915 g of PAAand 40 g
of DEA were initially dissolved in 65 wt% aqueous solutions and
50 g of water, respectively, before being combined. While stirring
the mixture vigorously, approximately 20 g of AgNO; dissolved in
15 mL of H,O was gradually introduced. The mixture ultimately
turned black, signifying the successful formation of silver nano-
particles. The solution was then subjected to sonication at 65 °C
for 1.5 hours. After cooling, 300 mL of ethanol was added as
a mild solvent, and the sample was further concentrated via
centrifugation at 9000 rpm for 20 minutes. The supernatant was
discarded, and the collected precipitate was redispersed in 25 mL
of water using vortexing and sonication. To eliminate excess PAA,
the mixture was centrifuged again at 9000 rpm for 20 minutes,
repeating the washing procedure three times. The refined
product was then combined with 1.5 mL of water and filtered
using a 10 pm polycarbonate membrane. Afterward, a 2 wt%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Super-conductive Ag-nanoink preparation procedure.

hydroxypropyl cellulose solution prepared in a 1:1 (v/v)
methanol-to-water mixture was added to the composite. Finally,
the mixture was homogenized at 2000 rpm for 3 minutes. The
entire procedure for preparing the conductive nano-silver ink is
illustrated in Scheme 2 and Fig. S2 (see ESIT). The final homog-
enization and integration process involved mixing at a speed of
2000 rpm for 3 minutes.

2.5. Electrical and mechanical properties of the super-
conducting conductive nano-silver ink

The electrical conductivity of the fabricated Ag highly conduc-
tive ink was demonstrated by successfully lighting up an LED,
facilitated by the current flow from the anode to the cathode,
thereby completing an electrical circuit. Additionally, its resis-
tance was measured and verified using an ohmmeter (see
Fig. S3A in the ESIt). The silver nanoink-based electrodes,
deposited on cellulose substrates using pen-on-paper tech-
nology, were further investigated by drawing lines of varying
thicknesses on paper. Measurements of electrical conductivity
and resistance across all lines showed consistency, with no
significant variation noted (see Fig. S3B in the ESI}). To assess
the thermal performance of paper electrodes made from
synthetic nanoink, temperature variations were monitored at
60, 100, and 150 °C. A digital hot plate with an aluminum-
coated surface served to evaluate the thermal stress properties
of the silver highly conductive ink, aiming to develop paper-
based electronic writing. The aluminum coating acted as an
insulating layer, protecting the microfluidic paper's surface
from direct contact with the metal hot plate. The thermal stress
evaluation was conducted following the application of the
conductive ink via pen. Importantly, the electrodes dried
immediately after application and did not require extended
drying times or elevated temperatures, presenting a key
advantage of the synthetic ink.

Notably, the electrodes dried instantly after being drawn,
eliminating the need for prolonged drying times or elevated
temperatures, which highlighted a key benefit of our synthetic
ink. The paper electrodes were promptly applied to a digital

© 2025 The Author(s). Published by the Royal Society of Chemistry
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screen following a 30 seconds drying period at 60, 100, and 150 °©
C (refer to the movie in ESI{). After resting for an additional 30
seconds, their electrical conductivity was analyzed using an
LED, and their resistance measured 6.03 Q as assessed with an
ohmmeter in ohm units. Extended drying durations or exposure
to higher temperatures had no effect on the electrodes’ elec-
trical conductivity or resistance. Interestingly, the ink-infused
paper electrodes demonstrated a negative temperature coeffi-
cient effect, indicating an absence of resistance variation
despite temperature increases. The exceptional interaction and
effective bonding of the conductive nano-silver ink with the
functional groups on the photographic paper contributed to the
electrodes’ stable resistance and remarkable conductivity when
drawn with the electroconductive pen. Consequently, the silver
nanoparticle-infused  highly conductive ink exhibited
outstanding electrical performance, even when subjected to
baking temperatures exceeding ~150 °C (Fig. S3C, see ESIY).
The relative humidity test results demonstrate the capability
of the microfluidic paper substrate to function as a responsive
material for sensing silver ions. To evaluate the impact of
humidity over time on the resistance and electrical conductivity
of three silver nanoparticle-infused paper electrodes, the elec-
trodes were prepared using a conductive pen. The electrical
properties were then assessed at various intervals: the first
electrode was tested immediately after water exposure, the
second after ten minutes, and the third after thirty minutes
post-wetting. It was found that the moisture absorbed by the ink
had no effect on the electrical conductivity or resistance of the
electrodes. Additionally, the LED maintained brightness at
a resistance of 5.09 Q for the electrodes (Fig. S3D in the ESIf}).
The bending test was conducted to assess the mechanical
flexibility of the paper-based electrode. The conductive lines,
comprising conductive nano-silver ink layers deposited on
a paper substrate, were repeatedly folded and unfolded for
approximately 100 cycles. Depending on the position of the
conductive layer, the sample experienced varying types of stress
during the test. Specifically, during the folding process, the
conductive layer on the paper surface underwent compressive

RSC Adv, 2025, 15, 5916-5931 | 5919
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and tensile strain. As detailed in Fig. S3 (refer to the ESI and
Movie, ESIt), the paper exhibited excellent foldability without
any visible cracks. Furthermore, it is noteworthy that beyond
photographic paper, our electro-conductive pen is capable of
crafting electrodes and drawing conductive lines on various
surfaces, including latex gloves, glass, wood, double-sided tape,
skin, ParaFilm, drywall, and notably, linen fabric. Resistance
and electrical conductivity tests, illustrated in Scheme 3 and
corresponding videos (refer to ESI), confirm the effectiveness of
the synthetic ink on these substrates. These results collectively
verify the suitability of our synthetic Ag highly conductive nano-
ink for directly fabricating electrical circuits on diverse mate-
rials, including photographic paper, through the innovative
pen-on-paper method.

3. Results and discussion

3.1.
using pen-on-paper technology

Fabrication of the paper-based electrochemical sensor

To fabrication the miniature paper electrode, the synthesized
highly conductive nano-silver ink was manually applied onto
the paper surface using a pen and dried almost instantaneously,
within less than a second. Next, 5 pL of histamine was

5920 | RSC Adv, 2025, 15, 5916-5931

dispensed onto the sensing region of the paper electrode and
allowed to incubate at room temperature for 20 minutes.
Afterwards, electrochemical analysis was performed employing
different techniques. During the experiments, the Ag ink elec-
trodes and Ag/histamine ink electrodes acted as the working
electrodes. All electrochemical experiments were carried out in
a solution of K;[Fe(CN)s] and K4[Fe(CN)e] (5 mM), mixed in
equal proportions, functioning as the redox probe. For SWV
(square wave voltammetry) analysis, the working potential
range was maintained between —1000 mV and +500 mV, using
a scan rate of 10 mV. The steps involved in preparing the
miniature paper-based electrochemical sensor for histamine
detection are depicted in Scheme 4 and Fig. S4 (refer to ESIt).

3.2. Electrochemical preparation of the paper-based sensor

The electrochemical behavior of the fabricated microscale
sensor was analyzed in two distinct phases. Fig. 1A and B
illustrates the CV and SWV responses of the Ag nanolnk-based
sensor in the presence of a 5 mM Kj;[Fe(CN)g]/Ky[Fe(CN)g]
solution at a scan rate of 100 mV s~ . Prior to histamine inter-
action, the electrode embedded with silver highly conductive
ink exhibited a baseline current of 575 pA at a potential of 0.2 V.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 The fabrication steps of the label-free electrochemical paper-based microscale sensor of histamine.

Upon subsequent exposure to histamine (500 nM), the Ag-Ink
produced notable oxidation currents of 2030 pA at 0.1 V (refer
to Table S1 in the ESIT). The pronounced negative anodic shift
and the remarkable enhancement in current measurements
confirm the appropriateness of the Ag-ink surface, as well as its
exceptional capability, for histamine oxidation. The increased
surface area afforded by the conductive nano-silver ink facili-
tates the permeation of histamine through the paper layer,
thereby boosting the sensor's sensitivity. Moreover, the nano-
particles present on the surface of the photographic paper serve
as binding sites for histamine's nitrogen groups, effectively

© 2025 The Author(s). Published by the Royal Society of Chemistry

expediting electron transfer with the 5 mM K;[Fe(CN)g]/
K,[Fe(CN),] solution while providing a favorable platform for
probe incubation. The superior oxidation stability, outstanding
electrical conductivity, and advantageous surface properties of
the Ag ink demonstrate its ability to significantly enhance
electrochemical performance. The fast electron transfer rate
and low charge transfer resistance characterize this electrode/
electrolyte interface.

Silver nano-ink are known for their excellent conductivity
and catalytic properties. When used in the modification of
electrodes, they significantly improve the electrochemical

RSC Adv, 2025, 15, 5916-5931 | 5921
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response due to their high surface area and the ability to facil-
itate charge transfer. The nanoparticles enhance the electron
transfer kinetics, allowing for lower detection limits and faster
response times when measuring histamine concentrations.
This improved performance is particularly useful in applica-
tions where rapid detection is essential, such as food safety or
clinical diagnostics (Scheme 5).

Also, EDAX spectra confirmed obtained results by electro-
chemical results (Fig. 2). As can be seen, before incubation of
histamine on the surface of conductive nano-silver ink, inten-
sity of C, N, Ag, are, 78.4, 17.8, 1997.1, respectively. Also, W% of
C, N, Ag, are 8.60, 2.43, 82.54, respectively. Interestingly, after
incubation of histamine on the surface of electrode, intensity of
C reach to 110.6. Also, W% of C, reach to 9.56.

3.3. SEM and EDS characterization of histamine sensor

The morphological characteristics of the surfaces of various
electrodes fabricated on the sensor were analyzed using FE-

H
NH
N \\\ 2 Y
N B
7 [
H ¢ N
H

Scheme 5 Detection mechanism of histamine using conductive
nano-silver ink paper-based sensor.
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SEM, EDS, Cross-SEM, and AFM imaging techniques. (Fig. S5
in the ESIt) for the FE-SEM images illustrating the fabricated
conductive nano-silver ink and Ag ink/histamine paper elec-
trodes for surface analysis. A noticeable change in the optical
appearance of the paper substrate was detected following the
deposition of nanoparticles and incubation of histamine. After
the chemical reduction process, the surfaces of photographic
paper fibers appeared coated with a uniform, thin conductive
nano-silver ink layer, which fused to form a continuous struc-
ture. The FE-SEM images revealed the silver nanoparticles as
spherical particles with a consistent architecture. Additionally,
it was evident that the nanoparticles were densely integrated
within the fibers of the photographic paper. Upon further
examination of cross-sectional images under higher magnifi-
cation (Fig. 3), the silver nanoparticles (approximately 50 nm in
diameter) were observed to interconnect within the fibers,
creating an interconnected, interpenetrating network.

The interaction between the paper's functional groups and
the ink facilitates the formation of a uniform layer on the
surface, making it well-suited for immobilizing biological
agents. The absence of nanoparticle aggregation on the paper's
surface, along with their complete penetration into the fibers,
demonstrates the substrate's efficiency and strong immobili-
zation of silver nanoparticles on the surface. This leads to high
bulk conductivity, significantly enhancing electrical conduc-
tivity and enabling the creation of electrical circuits directly on
the paper fibers, alongside the development of a highly
conductive sensor for various applications. Following the
assembly of histamine on the electrode, visible changes in
surface morphology suggest successful histamine immobiliza-
tion. The paper fibers become obscured due to the higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Topographical AFM images of microelectrode prepared by conductive nano-silver ink before, after incubation with histamine along with

roughness curves.

accumulation of histamine, further confirming the attachment
of histamine on the silver-inked microphotograph paper. Cross-
sectional FE-SEM images additionally validate the distinction
between two electrode surfaces and prove the effective assembly
of histamine. Moreover, a semi-quantitative estimation of the
surface composition via EDX analysis (Fig. S6, referenced in the
ESIT) revealed that the initial paper surface was covered by
82.5% (wt%) elemental silver. However, after histamine
assembly, the elemental silver content was reduced, attributed
to surface coverage with histamine.

The topographical characteristics of the paper microelec-
trodes' surface were analyzed via AFM. Surface morphology and
electrochemical properties of histamine microsensors were
examined to investigate the structure of both the untreated and
histamine-coated electrodes using the AFM technique, facili-
tating a detailed examination of the highly conductive nano-
particle substrate. For this analysis, the average roughness (R)
was measured at various stages of electrode modification, both
prior to and following histamine treatment, with surface
topologies evaluated throughout each phase. The findings
revealed that the silver ink electrode’s surface initially displayed
an Ry of 56.6 nm. Upon histamine treatment, the average
roughness increased to an Ry of 83 nm, as illustrated in Fig. 4.
Moreover, FE-SEM analysis indicated that all nanoparticles were
distributed into distinct nanoclusters. After the application of
histamine, the surface morphology showed significant alter-
ations, yielding consistent results and verifying the successful
immobilization of histamine on the electrode surface.

5924 | RSC Adv, 2025, 15, 5916-5931

Electrodes modified through this approach demonstrate the
capability to detect concentrations of histamine
effectively.

lower

3.4. Analysis of the microscale sensor performance

The performance of the engineered microscale sensor in
detecting varying concentrations of histamine was assessed. To
achieve this, histamine standard solutions at concentrations of
10, 50, 100, 200, 400, 600, 800, and 1000 nM were immobilized
onto the silver-ink surface and analyzed using the SWV tech-
nique in a 5 mM K;[Fe(CN)y]/K,[Fe(CN),] solution. Fig. 5 illus-
trates the SWV results obtained from the analysis of different
histamine concentrations in the standard samples using a scan
rate of 100 mV s~ '. Additionally, the calibration curve for these
concentrations, depicted in Fig. 5, demonstrates a linear
detection range between 10-1000 nM and a lower limit of
quantification (LLOQ) of 10 nM. The peak current consistently
increases as histamine concentration rises, validating the
functionality of the sensor, which operates on a bright signal
mechanism. The linear regression equation utilized to generate
the calibration curve for SWV establishes a quantitative rela-
tionship between the measured current and the histamine
concentration in the standard samples.

I (nA) = 3.2127 Cpigtamine (0NM) + 990.6, R* = 0.9963.
The results obtained highlight the remarkable efficiency of

the fabricated paper-based electrochemical microscale sensor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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frequency = 10 Hz using Kz[Fe(CN)gl/K4[Fe(CN)g] (5 mM) as the supporting electrolyte.

for detecting histamine at low concentrations. This biosensor
stands out for its simplicity and ease of use, eliminating the
need for advanced or complicated equipment while ensuring
rapid detection. Furthermore, its compact design enhances
portability, making it highly convenient.

Based on the results obtained, the developed microscale
sensor exhibited impressive analytical performance. The find-
ings suggest that the proposed sensor offers rapid analysis
(under 2 minutes), a high active surface area attributed to the
silver ink, outstanding electrical conductivity, stability, and
strong reactivity with biological components, making it an
efficient platform for histamine detection in biological samples.
Moreover, a comparison between our synthetic ink and previ-
ously developed conductive ink composites reveals that our ink
provides an extensive surface area, which enhances the analy-
te's charge density. Consequently, the engineered device
demonstrates the capability to measure histamine at nano-
molar concentrations with exceptional sensitivity. Importantly,
the proposed platform significantly reduces analysis time in
comparison to other studies. Another notable advantage of this
microscale sensor, relative to other biosensors, lies in its rapid
and effective analytical capacity, positioning it as a potential
alternative to traditional detection techniques. Overall, this
biosensor's remarkable analytical features make it a highly
promising tool for future analyte detection.

3.5. Real sample analysis

To conduct label-free electrochemical detection of histamine as
a biogenic amine, a paper-based microscale sensor coated with
conductive nano-silver ink was utilized without prior drying.
The sample, consisting of a mixture of histamine analyte and
spoiled meat, is applied directly onto the microscale sensor's
surface, followed by the recording of square wave voltammo-
grams (SWVs). The resulting voltammograms are then analyzed
for evaluation purposes. In the final assessment and quantifi-
cation step, FDA guidelines are referenced to determine the
presence of histamine. Key parameters such as the linear
response range, detection limit, and quantification limit, along
with validated data, will be derived and documented. A
comparison with current standard techniques like HPLC will
also be performed to align the analytical results and confirm the
reliability of the proposed method.

The designed microscale sensor was applied to detect
histamine levels in meat samples. To accomplish this, varying
concentrations of histamine and meat samples were prepared
by diluting them in a 1:1 (v/v) ratio, and 5 pL from each was
deposited onto the surface of the engineered microelectrode (Ag
ink/histamine) for incubation. As illustrated in Fig. 6A, the
results of the SWVs for the sensor were obtained using
K;[Fe(CN)g)/K,[Fe(CN)] (5 mM) as the electrolytic medium. The
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Fig. 6 (A) SWVs of the engineered sensor in different concentrations of histamine biomarker (10, 50, 100, 200, 400, 600, 800 and 1000 nM). (B)
Relationship between I, and histamine concentration in meat sample. Teq = 2, Epeing = =1V, Eeng = 1V, Egep = 0.1V, amplitude = 0.001V,

frequency = 10 Hz using Kz[Fe(CN)gl/K4[Fe(CN)g] (5 mM) as the supporting electrolyte.
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corresponding calibration curve, depicting the relationship
between peak current variations and histamine concentration
in the meat samples, is presented in Fig. 6B. The sensor
exhibited a lower limit of quantification (LLOQ) of 10 nM, with
a linear detection range spanning from 10 to 1000 nM. The
linear correlation between the SWVs signal and histamine
concentration can be described by the equation I (pA) =
3.8094Chistamine(NM) + 1168.5, with an R*> of 0.9941. Based on
these findings, the proposed microscale sensor demonstrates
effectiveness and reliability for identifying histamine in meat
samples.

Table 1**™* present a comparison of the analytical tech-
niques employed in the current study with other similar
methods for histamine quantification in real samples. The
findings demonstrate that the method developed in this
research offers several key advantages, including a significantly
shorter electrode fabrication time (30 minutes compared to 72
hours), reduced cost (0.5$ versus 60$), high flexibility due to its
bendable design, use of non-toxic materials (conductive ink
instead of highly hazardous solvents), fast analysis time (only 1
minute compared to 1-4 hours), portability linked to its mini-
aturized structure and lightweight design (0.05 g), as well as
excellent stability in high-temperature (~100 °C) and wet
conditions with a straightforward fabrication process. Further-
more, when contrasted with traditional techniques like HPLC,
CE, and GC/MS/MS, our engineered sensor demonstrates
additional advantages. These include real-time and in situ
analysis, the elimination of the need for costly instrumentation
or expert users, applicability to personalized medicine and
point-of-care testing (POCT), as well as offering high accuracy
coupled with appreciable sensitivity and selectivity. Remark-
ably, this study represents the first reported use of paper-based
microelectrodes containing silver highly conductive ink as
a support platform for histamine determination in meat
samples. Overall, our approach is proposed as a robust and
reliable method for accurately quantifying biogenic amines in
real-world applications.

3.6. Determination of histamine in real samples

To assess the capability of the developed microscale sensor in
detecting histamine within real samples, its performance was
tested on meat samples using the SWV method with
K;[Fe(CN))/K4[Fe(CN)e] (5 mM) as the supporting electrolyte.
For this analysis, 5 pL of a centrifuged meat extract was
combined with varying concentrations of histamine and
applied to the surface of a silver ink paper electrode for incu-
bation. Subsequently, calibration curves were constructed by
plotting the peak current against the histamine concentration
in meat samples (Fig. 7A). A calibration curve showing the
relationship between peak current changes and histamine
concentration in the meat is presented in Fig. 7B. The sensor
exhibited a lower limit of quantification (LLOQ) of 10 nM, with
a linear detection range from 10 to 1000 nM. The SWV's linear
response to histamine concentration followed the expression I
(HA) = 2.9382Chistamine (NM) + 1613.7, with R* = 0.9973. Based
on these findings, the proposed microscale sensor
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demonstrates strong suitability for histamine detection in meat
samples.

Various analytical methods (Table 1) have been outlined for
detecting histamine across diverse matrices and are acknowl-
edged for their superior sensitivity and broad applicability in
quantifying histamine within biological samples. These
methods are favored due to their reliability, reproducibility,
speed of analysis, and high sensitivity. However, they are not
without drawbacks, as they often involve limited sensitivity,
labor-intensive and protracted extraction procedures, complex
workflows, and significant costs. In this study, we propose the
development of a paper-based electrochemical microsensor
utilizing highly conductive ink as an efficient alternative to
these cumbersome analytical approaches for the accurate
quantification of histamine in meat samples. Our method,
when compared to existing techniques, exhibits an extended
linear range for the calibration curve, a lower limit of quantifi-
cation (10 nM), and several additional benefits: it delivers faster
results, is cost-efficient, boasts a low detection limit, and is eco-
friendly.

4. Analytical method validation

4.1. Selectivity

Selectivity is a key parameter in the performance analysis of
a biosensor. It represents the sensing probe's capacity to accu-
rately differentiate the target analyte from other non-specific
substances. In the case of histamine-a biogenic amine found
in food that coexists with other amines—it is essential to eval-
uate the proposed microscale sensor's ability to selectively
detect histamine against these compounds. The sensor's
detection proficiency was assessed using the SWV technique in
the presence of potential interfering species, including the
amino acids Cys, AA, Dopa, UA, Pro, ASP, Met, Arg, Gly, and
glucose. As depicted in Fig. S7 (refer to the ESIt), the presence of
these interferents did not significantly influence the absorption
rate of histamine, confirming the sensor's robustness.
Furthermore, Table S2 (also in the ESIt) presents a comparative
analysis of current intensity and potential for the various
interferences, where only negligible variations in peak current
were observed. Consequently, the developed electrochemical
microscale sensor demonstrates high selectivity and is well-
suited for histamine detection in complex food matrices.

4.2. Intra-day stability of microscale sensor

For practical implementation, ensuring the stability of the
proposed sensor is essential. To evaluate daily stability, a single
electrode was stored in a refrigerator for four days while square
wave voltammograms (SWVs) were recorded. The electro-
chemical performance of the fabricated microscale sensor was
studied by measuring SWVs in a 5 mM solution of the sup-
porting electrolyte, K;[Fe(CN)y]/K,[Fe(CN)s]. As illustrated in
(Fig. S8, refer to ESIt), the electrode's peak current intensity
measured 1805 pA on the first day but dropped to 1716 pA on
the second day. A further decline in current intensity was
observed over subsequent days. These findings suggest that the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sensing efficiency diminishes over time, as the prepared elec-
trodes are unable to maintain stability across multiple days, as
reflected in the variance in current between the initial and
subsequent measurements.

4.3. Inter-day stability of microscale sensor

The main objective of sensor research is to design more stable
and reliable sensors for environmental applications. The inter-
day stability of the microscale sensor was analyzed throughout
the day using the SWV technique within a voltage range of —1 to
+1 V. Under comparable conditions, measurements were per-
formed daily at one-hour intervals while the sensor was kept at
4 °C. The findings revealed a slight decline in current intensity
after one hour. This suggests that, despite the sensor demon-
strating moderate stability, its performance diminishes over
time (Fig. S9, ESIt).

4.4. Reproducibility of the electrochemical sensor

To evaluate repeatability, the performance of three paper-based
electrodes fabricated using silver ink through the SWV

technique was assessed after introducing histamine at
concentrations of 50, 250, and 500 nM in a 5 mM K;[Fe(CN)g]/
K,[Fe(CN)¢] solution (Fig. 8). The results indicate that the
developed electrochemical microscale sensor for histamine
exhibits strong repeatability and stability. The calculated stan-
dard deviations (SD) for histamine concentrations of 50, 400,
and 1000 nM were 2.33%, 3.04%, and 2.9%, respectively,
highlighting the sensors’ precision (Table S3, detailed in the
ESIY).

4.5. Reproducibility of the sensor with three different
concentrations

To evaluate the reproducibility of the microscale sensor
designed for histamine detection, the square-wave voltammetry
(SWV) technique was utilized within a potential range of —1 to
1V at a scan rate of 100 mV s '. To begin, 50 nM of histamine
was deposited onto the surfaces of three separate electrodes. To
verify consistency, another three sensors were tested with
a histamine concentration of 400 nM under the same condi-
tions, followed by a third group of three sensors tested using
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(A) Three consecutive SWVs of the three microscale sensor drop cast by various concentrations of histamine (50, 400, and 1000 nM). The

supporting electrolyte was 10 mL of Ks[Fe(CN)el/K4[Fe(CN)¢l (5 mM) solution, potential range: —1 to 1V, Sweep rate = 100 mV s, (B) Corre-

sponding histogram.
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1000 nM histamine. The results indicated that all electrodes
produced comparable current intensities across the different
histamine concentrations, highlighting both the method's
reliability and reproducibility (Fig. 9). Furthermore, analysis of
the standard deviations (SD) for 50, 250, and 500 uM, which
were determined as 3.3%, 4.2%, and 1.2% respectively, rein-
forced the sensors' accuracy (Table S4, see ESIT).

5. Conclusion

This research represents the first instance of employing a highly
conductive nano-silver ink combined with a pen-on-paper
technology approach to design and examine a novel label-free
electrochemical microscale sensor. This innovative sensor
demonstrates high affinity and specificity for the rapid and
sensitive detection of histamine in meat samples. The devel-
oped microscale sensor offers notable advantages, including
exceptional conductivity, consistency, and flexibility, making it
a strong candidate for practical applications in food safety
diagnostics. The findings revealed that the sensor accurately
detects histamine concentrations ranging from 10 nM to
1000 nM, with a lower limit of quantification (LLOQ) of 10 nM.
Consequently, this microscale sensor is efficient for quantifying
histamine in food samples, exhibiting a low limit of detection
(LOD), a broad linear detection range, superior selectivity, and
robust stability. Electrochemical techniques such as cyclic vol-
tammetry and square-wave voltammetry were utilized to vali-
date the sensor's performance, showcasing its potential for real-
time monitoring of histamine levels in diverse samples. Despite
its promising functionality, this study highlights challenges
related to substrate stability and underscores the need for
continued research to identify advanced materials that can
improve the durability and performance of the microscale
sensor. These findings hold significant promise for the future
integration of paper-based microsensors in detecting biogenic
amines and other biomarkers in complex sample matrices.
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