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In situ meat spoilage monitoring via label-free
recognition of ethylenediamine using a flexible
paper-based electrochemical sensor
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Ethylenediamine (EDA), a primary biomarker of meat spoilage, has gained considerable attention for its
potential uses in the monitoring of meat freshness. Standard analytical approaches have been widely
applied for the detection of EDA, meaning that more rapid and convenient detection methods are highly
desirable. Here, we introduce an innovative paper-based electrochemical sensor for label-free detection
of EDA. To implement a three-electrode system on the surface of paper, silver conductive nano-ink (Ag
nano-ink) was drawn by direct pen-on-paper technology. The structure, morphology, and elemental
composition of the Ag nano-ink were analyzed using field-emission scanning electron microscopy and
energy-dispersive spectroscopy. The presence of the target in the sensing zone changed the
electrochemical signal, which was measured using square wave voltammetry. The results demonstrated
that the developed sensor detected the target in a linear range from 10 to 1000 uM with a low limit of
quantification of 10 uM. Interestingly, the prepared sensing approach demonstrated a strong ability to
determine EDA levels in spoiled beef samples. The selectivity of the designed platform was evaluated by
assessing the interference of various amino acids. In addition, the prepared paper-based sensor
demonstrated excellent stability for four days. We hope that using Ag nano-ink in a novel
electrochemical paper-based sensor for recognizing EDA can open a new window for detecting other

rsc.li/rsc-advances biogenic amines in the future.

1. Introduction

Food safety has gained increasing attention in recent years due
to its vital role in safeguarding consumer health and its
significant economic implications globally.* In general, meat is
an essential and abundant source of protein, vitamins, and
minerals needed for human growth. Meat is susceptible to
spoilage during storage, and this factor must be carefully
considered.> Recently, biogenic amines (BAs), one of the most
important markers of meat spoilage, have received considerable
attention. BAs are primarily produced in the meat through the
enzymatic decarboxylation of amino acids. In particular, these
small organic molecules demonstrate high biological activity
due to their hydroxyl, aromatic, and aliphatic structural bases.
Despite the important roles of some BAs in the body, excessive
amounts can result in toxicity.>® Ethylene diamine (EDA), one
of the primary BAs, can pose potential health risks due to its
toxicity. According to a report by the World Health Organization
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(WHO), the recommended occupational exposure limit for EDA
is 10 ppm.”

Conventional instrumental analytical techniques based on
mass spectrometry and gas chromatography have been widely
used for the analysis of BAs in food.*® Although these methods
play a significant role in the identification of BAs, they are
usually expensive, and require trained
personnel for operation.” As such, inexpensive and reliable
sensing devices are crucial for detecting BAs.

Electrochemical biosensors offer innovative, rapid and effi-
cient analytical methods for monitoring of BAs. The mechanism
of operation of these sensors is based on the measurement of
the electrical signal generated by redox reactions of BAs at the
electrode surface.'™* Over the past few decades, electro-
chemical biosensors have been designed on the surface of
different electrodes, such as paper,” gloves," leaves,"” and
disks,'® enabling the development of portable sensing devices.
Paper-based devices, in particular, are emerging analytical tools
that have a high potential for cost-effective quantification of BAs
in complex food matrices, especially in low-resource settings. In
addition, other advantages include low materials costs, the
ability to operate without the need for bulky instruments, and
simple fabrication."”'® There have been several attempts to
develop paper-based electrochemical biosensors using different

time-consuming,
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conductive inks to facilitate sensors with excellent portability
and cost-effective substrates. Among the different types of
paper-based electrochemical biosensors, three-electrode
systems have attracted particular attention in this field. The
specific thermal and optical features of conductive inks con-
taining silver nanoparticles (AgNPs) make them ideal sensing
substrates for the portable detection of EDA.**°

In this research work, we designed a novel flexible paper-
based electrochemical sensor for EDA detection. For the first
time, a synthesized conductive and stable Ag nano-ink based on
AgNPs was used for the analysis of EDA in beef samples. To this
end, the counter, reference, and working electrodes were drawn
on the paper surface by a “pen-on-paper” technique to fabricate
a disposable three-electrode system. Subsequently, quantitative
application of the paper-based electrochemical sensor was
conducted by applying a potential and measuring the voltam-
metric current in the sensing zone.

2. Experimental

2.1. Chemicals and reagents

All reagents and chemicals utilized in this research were of
analytical grade. EDA, sodium hydroxide, silver nitrate (AgNO3),
potassium ferricyanide (Ks[Fe(CN)s]), and potassium ferrocya-
nide (K,[Fe(CN)s]) were purchased from Sigma Aldrich (Ontario,
Canada). Diethanolamine (DEA anhydrous, 99.5%) was used as
the complexing agent and polyacrylic acid (PAA, molecular
weight 450 000) was used as the stabilizer. Amino acids,
including cysteine (Cys), ascorbic acid (AA), dopamine (DA),
proline (Pro), aspartic acid (Asp), arginine (Arg), and glycine
(Gly), as well as glucose, uric acid (UA), and urea, were
purchased from Merck (Germany). Deionized water was ob-
tained from Ghazi Pharmaceutical Company (Tabriz, Iran). Beef
muscle meat samples were purchased from a local store in
Tabriz, Iran.

2.2. Apparatus

FE-SEM (Hitachi SU8020, Czech operated at 3 kV) was utilized to
analyze the structure, morphology, and size of the synthesized
Ag nano-ink electrodes. EDS was utilized to demonstrate the
chemical composition of the electrodes. A three-electrode
system on photographic paper and the PalmSens 4c system
were used for electrochemical detection.

2.3. Synthesis of Ag nano-ink

In this study, AgNPs were prepared based on our previous
research (Fig. S1).*" Briefly, 40 g of PAA and 915.1 g of DEA were
mixed in deionized water for 2 h in a water bath. In the
following steps, an AgNO; solution was added and stirred for
22 h. Subsequently, the arranged solution was sonicated for
1.5 h at 65 °C and integrated with 300 mL of ethanol and
centrifuged at 9000 rpm for 20 minutes. After washing with
deionized water, a 2% by weight hydroxypropyl cellulose solu-
tion in 1:1 (v: v) methanol and water was added to the prepared
solution. Eventually, the above composite was homogenized for
3 min (Fig. S1, SI).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.4. Preparation of the meat samples

The samples were uniformly homogenized using a food blender
and fermented at room temperature for 24 h. Subsequently,
50 mg of homogenized meat was mixed with 25 mL of PBS
(0.1 M, pH 7.5) solution and vortexed for 5 min. Then, EDA (50,
100, 200, 400, 600, 800, and 1000 uM) was spiked into various
samples. The samples were centrifuged at 12000 rpm for
10 min, and the supernatant was collected after filtration
through a syringe filter and stored at 4 °C for subsequent use.

2.5. Fabrication of a three-electrode paper-based
electrochemical sensor

The paper electrodes were assembled on photographic paper
using a pen design that contained conductive Ag nano-ink, with
each three-electrode paper system measuring 2 cm in length
and 1 cm in width. In this substrate, the counter, reference, and
working electrodes were drawn by Ag nano-ink. As shown in
Fig. S2 (SI) and Scheme 1, 5 puL of EDA was incubated on the
sensing zone of the working electrode through a drop casting
technique (room temperature, 20 min).

3. Results and discussion

3.1. Electrochemical behavior

The electrochemical behavior of EDA on the surface of the
working electrode (0.2 ¢cm) was investigated using cyclic vol-
tammetry (CV), SWV and DPV (Fig. 1). The standard probe
solution of 5 mM K,[Fe(CN)s)/Ks[Fe(CN)s] (1:1) along with
0.005 M KCl was used as a supporting electrolyte to record the
current intensity. As shown in Fig. 1A and B, the peak current
intensity of the synthesized Ag nano-ink is equal to 852 pA. After
incubation of EDA, the current increased to 9724 pA, which
demonstrated charge-transfer kinetics rather than intrinsic
conductivity or redox activity of EDA. In other words, the pres-
ence of EDA enhanced the electron transfer between the elec-
trode and redox species, which resulted in the observed
amplification of the voltammetric response (Fig. 1D-F).
Notably, the increased peak current in the SWV and DPV anal-
yses confirmed the CV results. The current intensity and
potential of these methods are summarized in Table S1 (SI).

3.2. Morphological and functional characterization of the Ag
nano-ink electrode

The morphology of the Ag nano-ink electrode was examined by
FE-SEM and cross-sectional imaging. As shown in the FE-SEM
images in Fig. 2A-F, the Ag nano-ink was uniformly distrib-
uted and immoblized on the photographic paper. In addition,
as illustrated in Fig. 2A-F, the presence of silver flakes
uniformly dispersed in the ink matrix was confirmed. The
average diameter of the AgNPs synthesized in this work was
about 58 nm. This size is important for conductive inks because
particle size and uniformity are key nanoparticle parameters
that influence ink stability, electrical conductivity and curing
temperature. The presence of EDA influences the morphology
and distribution of the AgNPs (Fig. 2G-K). Specifically, as you
can see in Fig. 2G, the clustered structure confirms a successful

RSC Adv, 2026, 16, 22470-22480 | 22471
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Scheme 1 EDA analysis using a paper-based electrochemical sensor prepared from silver conductive ink.

interaction. In the cross-sectional SEM images in Fig. 3A-F, the
paper fibers are clearly shown. Additionally, the difference in
thickness demonstrated successful modification of the photo-
graphic paper, as shown in Fig. 3A-K.

In addition, the EDS analysis revealed the strong presence of
a characteristic AgLa peak at around 3 keV, which is the ex-
pected X-ray emission for Ag (Fig. 4A). In addition, the domi-
nance of Ag in the measured area is further supported by the
high intensity of the AgLa line (~1458 counts). As illustrated in
Fig. 4B, the reduction in Ag signal and the emergence of
nitrogen (N) demonstrated the adsorption of EDA on the Ag
nano-ink.

3.3. Analytical study of the prepared paper-based
electrochemical sensors

The SWV technique was used to investigate the effect that the
concentration of EDA has on the current intensity. For this

22472 | RSC Adv, 2026, 16, 22470-22480

purpose, different concentrations of the target (10 to 1000 uM)
were incubated at room temperature for 20 min. As the
concentration of EDA increases, the current intensity was
enhanced (Fig. 5A and B). The linear regression equation ob-
tained from the analysis is as follows: Ip (HA) = 16.238Cgps +
9185.1, R*> = 0.9971. This confirms the accuracy of the sensor
performance based on the bright signal. The developed paper-
based sensor exhibited a LLOQ of 10 uM. A comparison of the
performance of the developed paper-based electrochemical
sensor with other analytical approaches is summarized in Table
1.

Table 1 compares the analytical performance of different
methods for the detection of EDA in different matrices.
Although fluorescence-based methods have high sensitivity
with very low detection limits (in the nanomolar range) and
good linear ranges, they often require complex equipment and
transparent samples and may be affected by optical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A—C) CV, SWV, and DPV of the paper-based electrochemical sensor with/without EDA in the presence of ferrocyanide/ferricyanide/KCL (5

mM) over the potential range of —1 to +1 V. (D-F) Related histograms of the results shown in (A-C).

interference. Chemiresistive methods also show good sensi-
tivity and are suitable for gas sensing, but usually have lower
selectivity in complex environments. The other electrochemical
methods reported in the table display a range of sensitivities
(from nanomolar to micromolar) and linear ranges, indicating
the versatility of these methods for different analytical
purposes. The electrochemical method presented in this study,
with a detection limit of 10 pM and a linear range of 10-1000
uM, is considered a method with moderate sensitivity
compared to highly sensitive methods such as fluorescence
sensing (nanomolar). However, the sensor developed in the
current study has major advantages, including simplicity and
cost-effectiveness of the equipment, resistance to sample
opacity or color effects, fast response, and real-time monitoring
capability. It also has the potential to be miniaturized and
integrated into advanced sensing platforms. In contrast, its
main limitations are lower sensitivity than some methods,
a relatively limited linear range, and the possibility of interfer-
ence from electroactive species in complex matrices. This
method is suitable for practical applications that require rapid,
low-cost, and reliable measurements in the mentioned
concentration range (such as in industrial monitoring).

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.4. Beef sample analysis

The SWV technique was used to evaluate the feasibility of the
proposed platform for the detection of EDA in beef samples
(Fig. S3 (SI)). For this purpose, the extracted meat sample was
mixed with varied concentrations of EDA (50, 100, 200, 400, 600,
800, and 1000 puM) (v/v) and incubated on the surface-modified
sensing zone. The SWV results at various concentrations of EDA
in beef samples are shown in Fig. 5. The intensity of the peak
increased with increasing concentration of the target analyte.
Under optimal conditions, the obtained LLOQ and linear range
were 10 pM and 50 to 1000 puM, respectively. The calibration
curve plotted with the linear regression equivalence obtained
from the SWV analysis of the beef samples is as follows: I (nA) =
5.2627Cgpa (LM) + 1791.9, R* = 0.9954.

3.5. Selectivity of the paper-based electrochemical sensor

To investigate the ability of the developed paper-based electro-
chemical sensor for detecting EDA, several interferers, such as
Cys, AA, DA, UA, Pro, ASP, Met, Arg, Gly, urea and glucose, that
are present in real beef samples were introduced. According to
the SWV results in Fig. S4 (SI), the current of the designed

RSC Adv, 2026, 16, 22470-22480 | 22473
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Fig. 2
surface of photographic paper at different magnifications.

electrochemical sensor is approximately equal to 10949 pA,
which is drastically reduced in the presence of the interferers.
The difference in the current intensity of the paper-based
electrochemical sensor in the presence of different interferers
is summarized in Table S2 (SI).

The results in Table S2 (SI) demonstrate that the sensor
shows a significant electrochemical response to EDA, while the
response to the other tested species is very small. The peak
current (I,) recorded for pure EDA was about 10 949 pA, while
this value was significantly lower for mixtures of EDA with each
of the interfering species (e.g., it decreased to 3005 pA for EDA +
Cys). This observation confirms that even in the presence of
equivalent or higher concentrations of interfering species, the

22474 | RSC Adv, 2026, 16, 22470-22480
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(A—F) FE-SEM images of the Ag nano-ink on the surface of photographic paper. (G-K) FE-SEM images of the EDA/Ag nano-ink on the

sensor has a clear tendency to interact with the target EDA. The
possible mechanism of this selectivity can be attributed to the
specific nature of the interaction between the amine groups of
EDA and the surface of the silver nanoparticles in the conduc-
tive ink structure. The primary amine groups of EDA, probably
through dative interactions with silver, allow for stronger
binding and more efficient electron transfer compared to other
amino acids (which have different functional groups or
different ester positions). Furthermore, the peak oxidation
potential for EDA was observed at around 0.2 V, which was
different from the potentials recorded for most interfering
species (generally in the range of 0.3 to 0.4 V). This potential
separation also helps to distinguish the EDA signal from that of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (A-F) Cross-sectional FE-SEM images of the Ag nano-ink on the surface of photographic paper. (G—K) Cross-sectional FE-SEM images of

the paper-based substrate decorated with EDA-Ag nano-ink at various magnifications.

other species. The results of this section show that the devel- plasma that contain a mixture of different organic compounds,
oped paper sensor, despite its simplicity of fabrication, has and allows for reliable detection of the spoilage marker without
acceptable selectivity in detecting EDA. This feature is essential the need for complex prior separation.

for applications in complex matrices such as meat extracts or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Evaluation of the sensitivity of the designed paper-based electrochemical sensor for the detection of EDA in comparison with other

studies
Method LOD or LLOQ Linear range Ref.
Fluorescence 42 nM 0 to 80 pM 22
1.07 and 0.86 ppm 10 to 100 ppm 23
Electrochemical LOD (47.4 uM) and LOQ (149 pM) 30 to 100 uM 24
Chemiresistive 0.5 ppm 0.5 to 10.0 ppm 25
0.235 ppm 1.03 to 435.1 and 1 to 100 ppm 26
Electrochemical 94.51 nM 1 uM to 1 mM 27
Luminescence — — 28
Fluorescence 3.83 x 107° M 3.83 x 107° M 29
Electrochemical 3.83 x 10 ° M 0.25 to 1.25 mM 30
Electrochemical 10 uM 10 to 1000 pM This work

3.6. Stability of the paper-based electrochemical sensor for
EDA

The long-term performance of the electrodes was evaluated by
measuring the changes in the electrochemical response at
several time points (Fig. S5 (SI)). The storage stability of the Ag
nano-ink on the paper electrode was monitored over four days
using SWV voltammetry in the potential range of —1 to +1 V.
Although a gradual decrease in current was observed, the
results showed acceptable stability as the current response and
sensor performance decreased in the following days. The
decrease in the electrical response of the paper electrode could
be due to gradual degradation or physical and chemical
changes in the electrode structure or surface interactions
between the nanoparticles and the substrate.

Also, as can be seen in Fig. 6, inter-day measurements were
performed over three days for concentrations of 100, 400, and
1000 puM. The electrodes showed a notable decrease in current
intensity on the third day. The corresponding standard devi-
ation (SD) for concentrations of 100, 400, and 1000 uM was
7.33%, 7.89%, and 4.45%, respectively. The obtained results
indicate that these electrodes are better for single-use appli-
cations (Table S3, SI).

Table S3 (SI) shows the evaluation of the accuracy and
reproducibility of the experiment. The current values generally

18000
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12000

10000
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2000

Fig. 6
uM). (B) Corresponding histograms for the results in (A).

© 2026 The Author(s). Published by the Royal Society of Chemistry

increased with increasing concentration. However, significant
variations were observed between the experiment replicates,
especially at lower concentrations. The lowest RSD% value
corresponds to the highest concentration (1000 uM), indicating
better measurement reproducibility under these conditions.
The RSD% values are in all cases less than 10%, indicating
acceptable accuracy of the measurement method in the range of
concentrations studied.

3.7. Reproducibility of the paper-based electrochemical
sensor in dry conditions

The reproducibility of the modified electrodes based on Ag
nano-ink was determined using SWV. For this purpose, three
designed electrodes were prepared for the detection of different
concentrations of EDA (100, 400, and 1000 uM), and their
current intensity was recorded. As shown in Fig. 7, for each
concentration, the current intensity was similar, and there was
no obvious difference. The current intensity, along with the SD
and relative standard deviation (RSD), are listed in Table S4 (SI).

Table S4 (SI) compares the performance of the three paper-
based electrochemical sensors in EDA detection. The
measured current intensity clearly increased with increasing
EDA concentration, indicating a concentration-dependent
response of the sensors. The reproducibility of the results was

18000
16000  m1st m2nd m3rd B
14000 i
12000
10000 {
< 8000 ;
= 6000 5
4000 B
2000 I
0 I I
-2000 = =
10nM  400nM 1000 nM
C/ uM

(A) Three consecutive SWV scans of the three electrochemical sensors drop cast with various concentrations of EDA (100, 400, and 1000
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(B) Corresponding histograms for the results in (A).

evaluated by calculating the relative standard deviation (RSD%).
The RSD% values for the three concentrations were 4.13%,
3.82%, and 3.64%, respectively, all of which are below 5%. This
indicates excellent precision and favorable structural unifor-
mity of the fabricated sensors. Also, the slight decrease in RSD%
with increasing concentration indicates a more stable system
performance at higher concentrations. Overall, the data indi-
cate high reliability and reproducibility of this paper-based
sensing platform in the studied concentration range.

4. Conclusion

In this study, a novel and affordable electrochemical sensor
based on Ag ink stabilized on a paper substrate was designed for
label-free detection of EDA. The application of pen-on-paper
technology introduced a low-cost and simple sensing
approach for the construction of the sensor. Moreover, the
specific properties of EDA on the surface of the modified
sensing zone improved electron transfer between the electrode
and the redox species. In addition, the excellent physicochem-
ical properties of the Ag ink enabled a selective, stable, and
sensitive sensing approach. In detail, the developed three-
electrode system detected EDA with a linear range of 10 to
1000 uM and a LLOQ of 10 uM. Furthermore, the high potential
of the sensor for analysing EDA in real beef samples for future
applications was demonstrated by its excellent analytical
performance. Given the acceptable stability and reproducibility
of the sensor, the developed substrate was suitable for real-
world scenarios. The proposed paper-based electrochemical
sensor could be improved by using a variety of bioreceptors and
receptors. Additionally, modifications to the paper surface and
integration with smart devices are other significant factors to
consider in future work.
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concentrations of EDA (50, 100, 200, 400, 600, 800 and 1000
uM). (B) Calibration curves. Fig. S4: (A) SWVs of the prepared
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interferences (Glucose, Cys, AA, DA, UA, Pro, Asp, Arg, Gly and
Urea). (B) Histogram of peak currents versus type of interferes
agent. Fig. S5: (A) SWVs of paper-based electrochemical sensor
over four days. (B) Histogram of peak current versus time of
sensor incubation in dark place. Table S1: comparison of peak
current and potential of different interventions. Table S2:
comparison of peak current and potential of different inter-
ventions. Table S3: comparison of current intensity and RSD of
three microsensors in three different concentrations. Table S4:
comparison of current intensity and RSD of three paper-based
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