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ABSTRACT: Meat waste is widely associated with spoilage caused by microbial growth = N\

and metabolism. Volatile compounds produced by microbial growth such as volatile (y? o
sulfides could directly indicate the freshness of meat during distribution and storage.

Spoilage

Herein, silver—iron nanotriangles (Ag-Fe NTs) for hydrogen sulfide (H,S) detection were 4
developed via one-pot facile reflux reactions. The Ag-Fe NTs were integrated into food i

packaging systems for the rapid, real-time, and nondestructive detection of the freshness of ~Colerimetric sensing label

chilled broiler poultry. The principle of color development is that an increase in the volatile — —

sulfide content leads to a change in the absorption wavelength caused by the etching of the Hydrogen sulfide -
Ag-Fe NTs, resulting in a color change (yellow to brown). The minimum H,S =

concentrations detected by the naked eye and UV—vis spectrophotometer were 4 and 2 chijied broiler meat_ -
mg/m?, respectively. This label is economical and practical and can monitor the spoilage of * ~ -

chilled broiler meat products in real-time.

1. INTRODUCTION

Spoilage microorganism is one of the main reasons for food
loss and waste, which commonly produce off-odors, off-flavors,
discoloration, and slime."” Therefore, monitoring microbial
spoilage during meat storage and transportation has been a
worldwide concern. Traditional freshness monitoring mainly
relies on end-point inspections, which cannot judge the
freshness within the shelf life and cannot meet the demand
for circulation and trade. A process for the continuous
monitoring of freshness has become imperative for the global
meat industry. Intelligent packaging is the best choice to
address these challenges. Early research studies have developed
specific packaging technologies and techniques including
fluorescence spectrometry,3 Raman spectroscopy,4 colorimet-
ric,’ and electrochemistry® to monitor the meat storage
temperature, pH, and other changes, which can be used to
estimate the freshness of meat. However, most methods are
not suitable for real-time and on-site analysis, and this strategy
of indirect detection suffers from large deviations. Direct
monitoring technology reflecting the process and intensity of
microbial metabolism can be more accurate in monitoring
changes in freshness.”® During meat spoilage, bacterial
metabolism produces characteristic spoilage volatile sulfides
(H,S, dimethyl sulfide (DMS, CH;SCH;), dimethyl disulfide
(DMSS, CH,;SSCHj;), and dimethyl trisulfide (DMSSS,
CH,SSSCH,)), which has been identified as the main volatiles
released during the spoilage of chilled broiler meat.”'" Thus,
volatile sulfides can directly reflect the freshness of chilled
broiler meat. Therefore, real-time monitoring based on
characteristic volatile compounds is the main breakthrough
in monitoring freshness. The combination of spoilage odor
(such as H,S) and specific materials that present a naked-eye-
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distinguishable color change would represent a potential
breakthrough for monitoring food freshness.

Colorimetric sensors have long been the focus of research
studies due to their ability to perform simple, rapid, portable,
low-cost, real-time, and nondestructive detection of analytes
without complex instrumentation. Thus, colorimetric sensors
are becoming widely used for safety and quality monitoring in
a variety of industrial processes, such as bioanalytical
chemistry, manufacturing, environmental, agriculture, ware-
housing, food safety, etc."'™'* Colorimetric sensors aim to
detect subtle changes by converting the relevant chemical or
physical properties (i.e., temperature, pH value, or molecules)
of molecular or ionic species into visible color changes that can
be observed by the naked eye. Many efforts have therefore
gone into the development of colorimetric sensor systems.
Recently, significant progress has been made in nanostructure-
based colorimetric sensors using a variety of interesting optical
properties of nanostructures.® In particular, one of the most
striking emerging trends is colorimetric sensing based on the
plasmonic coupling (PC)'® and localized surface plasmon
resonance (LSPR)' properties of nanoparticles.

It has been widely demonstrated that the intriguing
properties of nanoparticles mainly stem from the quantum
size effect and surface effect, which can be manipulated in
terms of composition, structure, size, shape, and crystal
phase.'®"? Multimetallic nanoparticles composed of different
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elements demonstrate unique physicochemical properties that
are better than those of monometallic nanoparticles in many
special applications due to the synergetic effects associated
with different metals.””*" A promising topic in nanotechnology
is the synthesis and stabilization of multimetallic nanoparticles
by appropriately combining the different elements of the
periodic table. For instance, the coexistence of Ag and Fe in
the same nanostructure is interesting for magnetic, optical
properties, and catalysis, which opened new opportunities for
the design of highly efficient chemical sensor devices.
However, due to thermodynamic reasons, the alloying of Ag
and Fe is suppressed.”” Here, we describe the synthesis of Fe-
doped Ag NTs via a one-pot approach in a liquid solution,
circumventing these thermodynamic limitations. Ag-Fe NTs,
also referred to as nanoplates or nanoprisms, are two-
dimensional plasmonic nanostructures that have attracted
significant attention owing to their strong shape-dependent
optical properties.”> When the lateral dimension of nano-
triangles is much larger than the thickness, they possess a high
degree of anisotropy, as nanostructures with edges and sharp
corners are capable of generating maximum electromagnetic-
field enhancement and thus make these nanotriangles
appealing as substrates for colorimetric detection, surface-
enhanced Raman scattering (SERS) detection, or other
spectroscopic techniques.”* Recent reports have emphasized
the unique electronic and optical properties and the multiple
applications of multimetallic nanoparticles such as Au-Ag, Au-
Ag, and Ag-Fe NPs, were proposed as nanoprobes which are
exclusively responsive to sulfide,” as plasmonic substrates in
surface-enhanced Raman scattering,26 as well as for use as
catalytic materials.””

Herein, Ag-Fe NTs were prepared by one-pot facile reflux
reactions using silver nitrate (AgNO3) as a silver source,
iron(II) p-gluconate dihydrate as an iron source, and
carboxymethyl cellulose sodium (CMS) both as a reducing
and stabilizing agent. Iron(II) p-gluconate dihydrate and CMS
are food additives with excellent safety and biocompatibility.**
Here, the Ag-Fe NTs are further immobilized in agar powder
gels to produce a colorimetric sensor, which can detect a wide
range of volatile sulfides. This can then be applied to the
detection of toxic gases to produce a significant color change.
Its color changes due to various chemical interactions with the
analyte.

This study developed an Ag-Fe NT-based colorimetric
sensor to monitor the freshness of meat at different
temperatures through chemical interactions with volatile
sulfides. The resulting color changes are easily distinguished
by the human eye. The method would represent a significant
advancement in monitoring meat freshness. The system is cost-
effective, nondestructive, selective, sensitive, and accurate.

2. MATERIALS AND METHODS

2.1. Materials and Reagents. Carboxymethyl cellulose
sodium (CMS), iron(II) p-gluconate dihydrate, silver nitrate
(AgNO;), agar powder, hydrochloric acid (HCI), sodium
sulfide nonahydrate (Na,S-9H,0), and all of the other flavor
substances were purchased from Shanghai Yuanye Bio-
Technology Co., Ltd. Tyvek paper and foam tape (1600T)
were purchased from Beijing 3M Co., Ltd. Chilled broiler meat
was purchased from Jiangsu Lihua Animal Husbandry Co., Ltd.

2.2. Synthesis of Ag,-Fe,_, NTS. CMS (0.1 g) was added
to ultrapure water (98 mL) and stirred for 10 min. This was
followed by the addition of the AgNOj solution (6 X 107> M,

1 mL) and iron(II) p-gluconate dihydrate solution (14 X 10~>
M, 1 mL). The mixture was then incubated in a water bath at
80 °C for 8 h until a yellow Agys-Fe,, NT solution was
generated. By altering the amount of AgNO; and the amount
of the iron(II) p-gluconate dihydrate, Ag,Fe,_, NTs with
different particle sizes were synthesized. The Ag,-Fe, , NT
solutions were stored in the refrigerator at 4 °C until use.

2.3. Preparation of Colorimetric Sensing Label.
Preparation of colorimetric gel: agar powder (1 g) was
added to ultrapure water (50 mL) and stirred at 100 °C for 1 h
until complete dissolution. This was followed by the addition
of Agy¢-Fe, 4 NT solution (50 mL) and stirred at 100 °C for 2
min. Following solidification at room temperature, which was
cut into 2 mm high cylinders (diameter = 15 mm).

Typical preparation of colorimetric gel tank was prepared by
consulting our previously published papers with some
modifications.”” The colorimetric gel tank is made of ring-
shaped foam tape with a 25 mm outer ring radius and a 15 mm
inner ring radius. The bottom was sealed with Tyvek paper,
which has excellent breathability and safety. The colorimetric
gel is put in the colorimetric gel tank to obtain a colorimetric
sensing label.

2.4. Detection of Gaseous Hydrogen Sulfide. A simple
laboratory-made device for the production of gaseous H,S was
assembled. The Ag,-Fe, , NT liquid was added to a 2 mL
centrifuge tube (without capping), following which the
centrifuge tube was fixed inside a 1 L container with double-
sided tape. The container was then sealed after filling with 20%
CO, and 80% N,. The Na,S and HCl solutions were
subsequently injected into the container separately using a
syringe, and the pinhole was sealed. H,S gas was generated at
room temperature by mixing solutions of Na,S with HCl, in
which the molar concentration of HCI was thrice that of Na,S.
Excess HCI in the solution helps prevent the diffusion of the
formed H,S back into the solution, ensuring a presumably
quantitative formation of H,S gas. Although the exact
concentration of the generated H,S gas is unknown, the
concentration provided below is the highest, depending on the
amount of sodium sulfide used.

2.5. Detection of TVCs. Total viable counts (TVCs) were
determined according to the China National Food Safety
Standard methods Food microbiological examination (GB
4789.2-2016). The TVCs were determined using Plate Count
Agar (PCA, Land Bridge, Beijing, China) after incubation for
10 days at 4 °C.

2.6. Structural Characterization of Agye-Fe;, NTs.
Dynamic light scattering (DLS) and {-potential measurements
were recorded on Zetasizer Nano ZS90 (Zeta sizer Nano,
Malvern, U.K.). UV—vis absorption spectra were measured on
a SpectraMax M2 microplate reader (Molecular Devices,
Sunnyvale, CA). Transmission electron microscopy (TEM)
images were acquired using a JEM-2100F microscope (TEM,
JEM-2100F, JEOL, Tokyo, Japan).

2.7. Headspace and Gas Chromatography—Mass
Spectrometry (GC/MS) Analysis. Volatile compound
analysis was performed on a TRACE GC Ultra gas
chromatography coupled with a TriPlus autosampler and a
DSQ II mass selective detector (Thermo Scientific, Massachu-
setts). Five grams of chilled broiler meat and S L of internal
standard (2-cyclohexanone dissolved in absolute ethanol, final
concentration S mg/m?®) were loaded into a 20 mL headspace
bottle (ANPEL Laboratory, Shanghai, China), and the
headspace bottle was sealed with a Teflon septum and an
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Figure 1. (a) Digital photographs and UV—vis spectra. (b) TEM image of Agy¢Fe,, NTs. Hydrodynamic diameter (c) and {-potential (d) of
different Ag,-Fe,_, NTs. Vertical bars represent the standard deviation of mean (n = 6). Significance was considered at P < 0.05.

aluminum cap (Hua Guan, Shanghai, China). Then, the
headspace bottle was incubated at 40 °C for 30 min in an
orbital shaker with a shaking speed of 150 rpm. Then, the
solid-phase microextraction (SPME) fiber was exposed to the
headspace for another 30 min under the same conditions. The
length of the SPME fiber in the headspace was kept constant.
After extraction, the SPME fiber was desorbed into the GC
injector at 250 °C for 3 min in splitless mode. The headspace
volatiles were separated on a TR-S MS capillary column (30 m
length X 0.25 mm id. X 025 ym film thickness; Thermo
Scientific, Massachusetts) with 1 mL/min constant helium
flow in splitless mode. The temperature program was 40 °C for
3 min, then a ramp of 10 °C/min until 95 °C, followed by a
ramp of 30 °C/min to 220 °C, and maintained for 3 min. The
mass spectrometer was operated in electron impact (EI) mode
(70 eV), and the mass scan range of m/z 29—450.
Identification of the volatile components was performed by
comparing the mass spectra with the data system library
(NIST/EPA/NIH). The contents of volatiles were quantified
by peak areas in the total ion chromatogram.

44217

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Ag,-Fe,_, NTs.
The LSPR of size-selected Ag,-Fe,_, (x = 0.6, 0.7, 0.9, 1.1, 1.3,
1.4) NTs, prepared by one-pot facile reflux reactions, were
investigated experimentally and theoretically. As shown in
Figure la, Agy¢Fe 4 NTs were produced with a sharp
plasmonic peak at around 424 nm. Increasing the AgNO;
concentration from 0.6 mM to 1.4 mM gradually red-shifted
the absorption peak of the products from ~424 to 574 nm.
Figure la shows the corresponding digital photographs of the
Ag,-Fe, , NTs exhibiting bright colors of yellow, bright yellow,
brown, dark brown, purple, and blue. TEM measures the
diameter of the metallic core and DLS measures the
hydrodynamic diameter, which is influenced by surface ligands
and stabilizing agents. Thus, the hydrodynamic diameter was
slightly larger than the diameter measured from TEM images
but follow similar trends. TEM images of AgysFe 4, NTs
reveal that nanotriangle structures have been formed (Figure
1b). The physicochemical properties of NTs are mainly
accounted for in their hydrodynamic diameter and (-
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Figure 2. Digital photographs and UV—vis spectra of different Ag,-Fe, , NTs exposed to H,S at different concentrations: (a) Ag¢-Fe; 4 NTs, (b)
Agy-Fe; 5 NTs, (c) Agoo-Feyy NTs, (d) Ag,;-Feoy NTs, (e) Ag,3-Fey, NTs, and (f) Ag,4-Feos NTs.

potential.’> DLS was used to measure the hydrodynamic

diameter of Ag,-Fe,_, NTs (Figure 1c); the results suggested a
drastic increase in the Ag,-Fe, , NT size from the initial value
of 45.657 nm (0.6 mM) to 98.325 nm (1.4 mM) and
simultaneously assembled into aggregates with the increasing
AgNO; concentration (Figure 1c). The red-shift of the spectra
can, therefore, be attributed to the SPR couplingSl’E'2 among
neighboring Ag,-Fe, , NTs. Increasing the AgNO; concen-
tration significantly promoted the growth and assembly of Ag,-
Fe, , NTs. As shown in Figure 1d, the {-potential of Ag,-Fe,_,
NTs changes from —33.494 to —9.72 mV with the increasing
AgNO; concentration, indicating a decrease in surface charge
and hence a decrease in the ligand coverage density on the
Ag,-Fe, . NT surface. This confirmed that when the AgNO;
concentration was increased, the Ag.-Fe, , NTs can
progressively increase in size and simultaneously decrease the
ligand density on their surfaces.

3.2. Optimization of the Assay. Different ratios of
ligands on the surface of NTs also determine the distance
between particles, which, in turn, controls the plasmonic
coupling of the Ag,-Fe, , NTs and the color of the
solution.”™*° Without using any instrument, it is easy for
the naked eye to distinguish the color change. As shown in
Figure 2a, Ag;¢-Fe;, NTs react with the increasing
concentrations of H,S, changing the color of the solution to
yellow and finally brown; further, the plasmonic peak originally
at ~346 and ~376 nm gradually decreases in intensity and
eventually disappears, indicating that Ag-Fe, . NTs are
gradually etched by H,S and eventually no longer have a
triangular structure (Supporting Information Figure S1). All
these results suggest that the sensing relies on the fact that H,S

reacts with Ag-Fe NTs to form Ag,S-Fe NTs, thus inducing
apparent color and spectral changes (Scheme 1). The reaction
occurs as follows

248" + 877 = Ag S (1)

Scheme 1. Sensing Mechanism of the Proposed Assay
Ag-Fe NTs

Ao

H2S

Ag,S-Fe NTs

2Ag*+S*=Ag,S

Freshness Spoilage

To obtain the best sensing performance of Ag,-Fe, . NTs
for H,S detection based on the gradient of color change and
sensitivity, Ag.-Fe, , NTs with different hydrodynamic
diameters and surface charges were evaluated for H,S sensing.
The color sensitivity of Ag,-Fe, , NTs is directly related to
their surface charge. A relatively low {-potential reduces the
stability of Ag,-Fe, . NTs, resulting in a higher H,S reaction
sensitivity. A higher surface charge implies a smaller hydro-
dynamic diameter. If the size of Ag,-Fe, , NTs is too large, the
detection range will be widened and the sensitivity will be
lowered.*® As shown in Figure 2, as the particle size of the Ag,-
Fe,_, NTs increases, the sensitivity of the reaction increases
and the color change becomes more pronounced. However,
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excessive oversizing might lead to negative results as well. The
sensitivity of Ag;;-Fey; NTs and Ag 4-Feys NTs severely
decreased, and the color change cannot be observed visually by
the naked eye. The minimum H,S concentrations detected by
the naked eye and UV—vis spectrophotometer were 4 and 2
mg/m?>, respectively, which were the lowest or equivalent of
those reported by other colorimetric methods.””~*’ The size of
the Ag,-Fe, , NTs was fixed at 8.04 nm for further testing
(Agys-Fe;, NTs). The reproducibility of the method was
evaluated by analyzing six replicates of H,S at 50 ppm, and the
relative standard deviation was 3.2%.

3.3. Selectivity Test. HS/SPME-GC/MS analysis revealed
45 volatile compounds (VOCs) that were present during the
storage of chilled broiler meat under 4 °C and modified
atmosphere packaging conditions (Table S1). Including
sulfurous compounds, hydrocarbons, alcohols, phenols,
aldehydes, ketones, acids, esters, and nitrogenous compounds.
To evaluate the feasibility of this as-proposed sensing method-
based Agys-Fe,, NTs for accurate reporting of sulfurous
compound levels in actual samples, several representative
compounds were evaluated under the same reaction conditions
as described above. As shown in Figure 3, verification of the
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Figure 3. Decreased absorbance of Ag,4-Fe;, NTs at 424 nm upon
reaction with sulfurous compounds or interfering compounds (H,S,
DMS, DMSS, DMSSS: 10 mg/m3; pentane, hexane, limonene,
styrene, 1-butanol, 1-pentanol, phenol, acetaldehyde, butanal, acetone,
2-butanone, acetic acid, propanoic acid, butanoic acid, pyrrole, aniline,
indole, furan: 50 mg/m®). Each data point is the mean of six replicate
samples (mean + standard deviation). Vertical bars represent the

standard deviation of the mean. Significance was considered at P <
0.0S.

reaction using sulfurous compounds and other VOCs
confirmed that sulfurous compounds could produce a visible
color change and the absorbance decreases at 424 nm. In
contrast, after the introduction of other VOCs, no color
change was observed, and all compounds occurred at a higher
concentration than sulfurous compounds. Of particular
mention was the Ag;4Fe;, NTs exhibit less response to
butanal, 2-butanone, acetic acid, pyrrole, and aniline. These
compounds have a strong complexing ability, such that when a
probe with Agy-Fe,, NTs is used, the Agy4-Fe; , NTs can be
etched to interfere with the detection of sulfurous compounds.

All these results demonstrate that the compounds tested have
negligible effects on sulfurous compound sensing and that the
proposed method has high selectivity for sulfurous compounds.
Based on such acceptable sensing performances, Agj¢-Fe,,
NTs exhibited a great potential to be directly employed as a
sensor for the accurate detection of sulfurous compounds in
actual food media.

3.4. Immobilization of Agy¢-Fe;4 NTs in Agar as a
Colorimetric Sensing Label. To facilitate the broader
application of the proposed method, Agys-Fe,, NTs were
fixed into agar powder gels to produce a solid form of the
colorimetric gel. Agar powder is somewhat chemically inert
and does not react with Ag, s-Fe, , NTs. As shown in Figure 4a,
the colorimetric gel exhibited color changes from yellow to
dark brown with increasing concentrations of H,S similar to
those observed in the solution, suggesting their applicability for
H,S detection. It is worth noting that these colorimetric gels
can detect H,S at lower concentrations than that in solution.
This can be explained by the fact that agar powder is
composed of organic polysaccharides with abundant water and
is able to adsorb and preconcentrate sulfides in samples. The
UV—vis spectra of agar powder gels incubated with different
concentrations of H,S are shown in Figure 4b. Under the
optimal conditions, A,;s of the colorimetric gel decreased
gradually with the increasing H,S concentration. There is a
linear relationship between AA,,s and H,S concentration
(Figure 4c). The linear regression equations are AA,;
=0.03823 + 0.00638C (n = 5, R* = 0.98716). The colorimetric
sensing label was made of colorimetric gel and a colorimetric
gel tank. The colorimetric gel tank can protect the colorimetric
gel from leaking or contacting the meats while still in contact
with the sulfurous compound produced in the chilled broiler
meat in the modified atmosphere packaging. During the
experiment on chilled broiler meat spoilage, the colorimetric
sensing label was attached to packaging film inside the
modified atmosphere packaging box and showed a clear
color change that was suitable for monitoring the freshness of
chilled broiler meat with the naked eye (Supporting
Information Figure S2). However, to achieve a quantitative
evaluation of the freshness of chilled broiler meat using the
colorimetric sensing label, we explored methods to convert
colors to numerical values.

The RGB (red, green, and blue) model, which uses
transmitted light to represent colors, is the most commonly
used color model in the color measurement of digital images.
Digital color images of the freshness indicators of the
colorimetric sensing labels were regularly recorded with a
Canon EOS 700D digital camera. The images were imported
into Adobe Photoshop 2020 software, and the average RGB
pixel intensities were collected. All RGB images of the
colorimetric sensing labels were captured three times, and
the final RGB values were determined by averaging the
individual RGB values. As shown in Supporting Information
Figure S2, the colorimetric sensing label in chilled broiler meat
wrapped in modified atmosphere packaging (packaging
machine SMARTS00, 20% CO,, 80% N,) at 4 °C exhibited
color changes from yellow to brown and dark brown, similar to
those observed in solution. The R and G values of the
colorimetric sensing label showed a significant decrease when
the colorimetric sensing label was used to monitor chilled
broiler meat spoilage (the weight of each sample is S00 + S g),
while the B values did not present regular changes (Figure 4g—
i). The experiment also verified the color change of the
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Figure 4. (a) Photographs of agar powder gels incubated with different concentrations of H,S. (b) UV—vis spectra of agar powder gels incubated
with different concentrations of H,S. (c) Relationship between the concentrations of H,S and AA,;s. The error bars show the standard deviation of
quintuplicate tests (N = S). (d—f) Color change in colorimetric sensing labels in chilled broiler meat wrapped in modified atmosphere packaging at
different temperatures of (d) 4 °C, (e) 10 °C, (f) 25 °C and R (g), G (h), and B (i) values for color change in the colorimetric sensing label. Each
data point is the mean of six replicate samples (mean + standard error). Vertical bars represent the standard error of mean.

colorimetric sensing label in chilled broiler meat modified
atmosphere packaging (MAP: 20% CO,, 80% N,) under
different storage temperatures (10 and 25 °C). The results
show that the color change time is advanced when the
temperature rises (Figure 4d—f).

Over time, the microbiological parameters of packaged
chilled broiler meat related to their quality, such as TVCs,
undergo changes. The chemical spoilage index values derived
from the minimum spoilage levels of specific spoilage
microorganisms showed that the acceptable limit for human
consumption is under 7.0 log CFU g™' of microorganisms in
chilled broiler meat.*’ As shown in Figure S, the TVC levels
were 3.45log CFU g™' and increased with an increase in the
storage time. Furthermore, the TVC levels exceeded the
threshold value of 7.0 log CFU g™ in approximately six days at
4 °C. As shown in Supporting Information Figure S2, when the
chilled broiler meat was very fresh at storage temperatures at 4
°C, the color of the colorimetric sensing label was bright
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yellow, which indicated that the meat in the package would
have its best flavor. The color change from bright yellow to
light brown occurred at 6 days, which is consistent with the
minimum spoilage-level data at 4 °C. As expected, the as-
prepared colorimetric sensing label showed a good response to
microbiological parameter changes in chilled broiler meat
during storage. Furthermore, the visual inspection did not
indicate any differences in the colors of the blank sample
stored at 4 °C (the blank sample was prepared by adding pure
water).

Based on the above results, it can be concluded that the
colorimetric sensing label designed in this study is highly
promising as a freshness monitor. Therefore, consumers or
retailers can not only judge the freshness of chilled broiler meat
with the naked eye but also assess its freshness level based on
RGB values extracted from colorimetric sensing label images.
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4. CONCLUSIONS

In summary, a nondestructive, easy-to-implement colorimetric
sensing label for volatile sulfides detection based on Ag-Fe
NTs was developed for a rapid, real-time, and low-cost
detection of chilled broiler meat spoilage, which gives a sharp-
contrast bright yellow-to-brown color change. The developed
colorimetric sensing label responded to the freshness of
packaged chilled broiler meat changes and perform reliably as
freshness-history recorders through irreversible color changes,
which was found to operate on a similar timescale to chilled
broiler meat-spoilage processes at 4 °C. Because the surface
ligands are food additives with excellent biocompatibility and
safety, the colorimetric sensing label is nontoxic and eco-
friendly. Furthermore, this colorimetric sensing label has wider
applicability in many other food packaging systems such as
eggs, dairy products, meat, and vegetables as they may also
emit volatile sulfides and may have great potential to
revolutionize the current food packages.
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