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ABSTRACT: In this work, we report the fabrication of a two-member fluorescence
sensor array that enables the assessment of three stages (fresh, slightly spoiled, and
moderately or severely spoiled) of meat spoilage. The first member of the array,
which has strong chalcogen bonding and sulfur—z interactions with organic sulfides,
exhibits very high sensitivity, while the second member of the array, which has weak
chalcogen bonding and sulfur—7 interactions with organic sulfides, exhibits lower
sensitivity. On the basis of the combined fluorescence responses of the two members,
three stages of meat spoilage, including fresh, slightly spoiled, and moderately or
severely spoiled, can be monitored. Notably, using the volatiles collected from S g of
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achieves sensitive responses to the organic sulfides emitted from the meats. The @@

capacity of this method to rapidly assess meat freshness facilitates its practical Slight spoilage |
application, as illustrated by the monitoring of the freshness of chicken and pork
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products in the real world.
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C ompared with solution-based detection techniques, the
volatile-based detection of specific volatile organic
compounds (VOCs), e.g., amines, emitted from meat products
represents a convenient sensing method for monitoring meat
freshness.'™** However, for nearly all reported detection
technologies, including electronic noses and optical sen-
sors,">°7'* the absolute concentrations of amines and other
VOCs need to be accumulated to trigger sensor responses for
the assessment of meat freshness. These collection and
concentration processes generally require long periods of
time (hours or even days), which is far from satisfactory for
real-world applications. Furthermore, the accurate concen-
tration of specific VOCs (e.g, amines), which is key for
conducting freshness assessments, is difficult to achieve at the
ppb levels in complex environments. Given these disadvantages
of the current volatile-based detection technologies that greatly
limit their practical applications for monitoring meat freshness,
there remains an urgent need to develop reliable technologies
for the rapid and precise assessment of meat freshness.

As a detection technology that is fast, sensitive, and
humidity-tolerant,"”*~>* fluorescence sensing has been widely
investigated for monitoring meat freshness, particularly via the
detection of accumulated volatile amines emitted from spoiled
meats."”*~"> However, amines form strong hydrogen bonds
with many other components (e.g., amino acids and water) or
exist in their protonated forms at the buffered pH of biological
matrices; therefore, they are not easily released from meat.
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Therefore, collecting a sufficient concentration of volatilized
amines within a short period of time is challenging, particularly
during the early stages of meat spoilage. To address this
problem, the fast and sensitive detection of specific
components that are easily collected in the gas phase during
spoilage is needed. Given that organic sulfides, e.g., dimethyl
sulfide, have no strong interactions with other components,
they can be released easily and thus may not require a long-
term accumulation process and act as a suitable marker for the
rapid assessment of meat freshness in the real world. Of note,
hydrogen sulfide is mainly released during the advanced stages
of spoilage’™*® and therefore is not suitable for the precise
monitoring of meat freshness. However, the fluorescence
detection of trace levels of organic sulfides in gaseous mixtures
obtained from meat products has not been explored for the
assessment of meat freshness.

In this work, we developed a two-member sensor array
composed of two donor—acceptor (D-A) fluorophores 1—2
with differential sensitivities to organic sulfides emitted from
meat products. Specifically, fluorophore 1 shows strong
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chalcogen bonding and sulfur—z interactions with organic
sulfides, which trigger a sensitive fluorescence quenching
response, thereby enabling it to signal a transition in meat from
fresh (Stage I) to slightly spoiled (Stage II). In contrast,
fluorophore 2 shows weak chalcogen bonding and sulfur—z
interactions with organic sulfides, which triggers weak
quenching responses. However, it can assist in the assessment
of the extent of spoilage, i.e, from slight to moderate to
severely spoiled. Notably, this two-member sensor array
achieves sensitive responses to the organic sulfides present in
gaseous mixtures collected from meat products over a short
period of time (1 min); that is, various other VOCs, including
amines, cannot mask the responses of the sensor array to the
organic sulfides. The rapid assessment of meat freshness paves
the way for applying fluorescence sensors for monitoring meat
freshness in the real world.

B EXPERIMENTAL SECTION

Synthesis and Self-Assembly of Fluorophores 1 and 2.
Scheme 1 shows the synthesis route for fluorophore 1. Fluorophore 2

Scheme 1. Synthesis Route for Fluorophore 1

was synthesized following a previously reported method."”” The
detailed synthesis and characterization of fluorophore 1 are described
in the Supporting Information. The micelles from fluorophore 1 (1
micelles) and the aggregates from fluorophore 2 (2 aggregates) were
self-assembled by injecting 0.1 mL of a chloroform solution of
fluorophores 1 and 2 (6 mg/mL) into a vial containing 1 mL of
methanol, respectively, and aging for 1 d at room temperature. The
resulting assemblies suspended in the solutions were then cast onto
various substrates and into a quartz tube.

Structure and Optical Characterization. Scanning electron
microscopy (SEM) images were obtained on a Hitachi SU8010 field-
emission microscope. The SEM samples were prepared by drop
casting the suspended aggregates in solution onto silica substrates
followed by Pt sputtering on the surface. Fluorescence-mode optical
microscopic images were obtained on an inverted fluorescence
microscope (Olympus X71). Confocal laser scanning microscopy
(CLSM) images were obtained on an Olympus FV1000 inverted
confocal laser scanning microscope coupled with a continuous wave
laser (405 nm, 2.5 W mm™2). XRD measurements were conducted on
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a PANalytical X’Pert PRO instrument (40 kV, 200 mA). UV—vis
absorption spectra were measured on a Hitachi U-3900 UV—vis
spectrophotometer. The fluorescence quantum yields of 1 micelles
were determined by the integrating sphere method performed on a
Hamamatsu Absolute PL Quantum Yield spectrometer C11247.

Preparation of Meat Samples. Live bass were purchased at the
market. Then, they were slaughtered, sliced, and brought back to the
laboratory. Additionally, live shrimp were purchased, and the shrimp
meat was prepared in the laboratory for testing. Chilled fresh chicken
(breasts) and pork (tenderloins) were obtained via same-day delivery
from a supplier. To monitor meat freshness, 5 g samples of the meat
products (i.e., chicken, shrimp, pork, and fish) were placed in an open
vial (20 mL) at room temperature (22 °C) for different amounts of
time. Before testing, these meat samples were sealed for 1 min to
accumulate the volatile components emitted. The accumulated
volatiles in the sealed vials were then released for S s and sucked
into a sensor array or into a proton-transfer reaction time-of-flight
mass spectrometry (PTR-ToF-MS) instrument for further testing.
Five grams of the refrigerated meat samples were prepared by cutting
the meat products that were stored at 5 °C for different amounts of
time. Before testing, the temperature of the refrigerated meat samples
was first allowed to rise to 22 °C, and then they were sealed for 1 min
to collect the emitted volatiles.

Meat Samples for Real-World Application. 100 g of chicken
(breasts) and pork (tenderloins) were purchased at a farmers market
where the meat products (e.g.,, pork and chicken) were kept on the
shelf at room temperature throughout the day to sell. Before testing, S
g of chicken and pork were cut off from the bulk meat and sealed in a
vial (20 mL) at room temperature (22 °C) for 1 min to accumulate
the emitted volatiles.

Proton-Transfer Reaction Time-of-Flight Mass Spectrome-
try (PTR-ToF-MS) Measurements. A PTR-ToF-MS 1000 (ION-
ICON, Austria) instrument was used to determine the emitted VOCs
and their absolute quantities released from the meat samples. The
volatiles from the meat that accumulated in the sealed vials (20 mL)
over 1 min were released for 5 s and sucked into a PTR-ToF-MS
instrument through PEEK tubing for analysis. The PTR-ToF-MS
spectra were recorded at a time resolution of 1 s with an inlet flow rate
of 150 sccm. The H;O" ionization mode was chosen with a drift
voltage of 600 V, a drift temperature of 70 °C, and a drift pressure of
2.20 mbar, resulting in an E/N ratio of approximately 139 Td (1 Td =
1077 em?/V).

Fluorescence Sensing. The optical chambers for fluorescence
sensing were prepared by casting 10 uL of 1 micelles or 2 aggregate
suspension in methanol inside a quartz tube approximately 0.3 cm
away from the air inlet. The remaining methanol was removed from
the quartz tube by a capillary. Then, the resulting aggregates inside
the quartz tube were dried for 1 min by a blower. The optical
chamber could be integrated into a custom-built device with an
ultrasensitive silicon diode detector (see Figure S1) or with an Ocean
Optics USB4000-fluorometer as a detector that produces spectra with
lower sensitivities (a 385 nm LED lamp as the light source, 0.05 mW/
em?).'® For both types of devices, real-time fluorescence trajectories
were recorded when 5 mL of the volatile analytes at certain
concentrations was pumped into the optical chamber (air pump rate,
150 mL/min). A vial (20 mL) containing 2 mL of the analytes (e.g.,
organic sulfides and other VOCs) was sealed overnight to achieve
saturated vapor concentrations. The diluted vapor concentrations of
the analytes were obtained by injecting a small volume of the
saturated vapor into a sealed flask (500 mL). Hydrogen sulfide gas at
1 ppm in nitrogen was directly purchased from Dalian Special Gases
Co., Ltd.

Theoretical Calculations. The ground-state geometry of
molecules was optimized by a Gaussian 09 package™® using the
B3LYP/6-311G** atomic basis set at the DFT level. The binding
energies were calculated at the MO062X/6-311G** level with a
correction for the basis set superposition error (BSSE). The binding
energies between the fluorophores (1 and 2) and dimethyl sulfide
were calculated to be 13.26 and 7.72 kcal/mol, respectively.
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Theoretical Limit of Detection (LOD). Based on previous
reports,'®>” the LODs of 1 micelles and 2 aggregates can be
calculated using the following equation:

LOD = 3 X RMS,,./slope (1)

where RMS, ;. is the root-mean-square value of the noise, which can
be calculated by using eq 2:

RMS,,... = DAY
N x (I)) )

Here, the slope values were calculated to be 0.306% and 0.026% for 1
micelles and 2 aggregates, respectively. I; and Iy are the experimental
and fitted fluorescence intensity values, respectively. I, is the
fluorescence intensity value when t is equal to 0. N represents the
number of data points (500 data points were used in this work; see
Figure S9 in Supporting Information). The RMS, . values were
calculated to be 0.0024% for 1 micelles or 2 aggregates. Based on the
resulting RMS, ;. and the slope of the calibration curve, the
theoretical LODs of 1 micelles and 2 aggregates could be obtained.

B RESULTS AND DISCUSSION

Design of Fluorophore 1. Inspired by the D—A
fluorophore 2, which can sensitively sense sulfur mustard via
sulfur—7 interactions,"® fluorophore 1, which has a benzose-
lenadiazole group, was designed for monitoring meat freshness.
Fluorophore 1 was expected to exhibit enhanced sensitivity to
organic sulfides, because the benzoselenadiazole group has
relatively deep o holes”®*’ and thereby can form strong
chalcogen bonds with organic sulfides. Despite its lower
sensitivity, as evidenced in the following observations,
fluorophore 2 can assist in the assessment of the extent of
meat spoilage, i.e., slight or severe spoilage. Therefore,
fluorophores 1 and 2 were collectively applied to construct a
two-member sensor array for monitoring meat freshness and
for discerning the different stages of meat spoilage (Figure S1).

Morphological and Optical Properties of 1 Micelles.
SEM revealed that fluorophore 1 formed irregular micelles
with diameters of approximately 100 nm and with lengths of
hundreds of nanometers (Figure la and b). CLSM showed
that 1 micelles self-assembled in solution rather than forming
from solvent evaporation (Figure S2) and remained stable for
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Figure 1. (a,b) SEM images of 1 micelles. (c) Fluorescence-mode
optical microscopic image of 1 micelles. (d) Normalized absorption
(black) and fluorescence spectra (red) of 1 micelles (solid) cast on a
quartz slide and 1 monomer (dashed) in cyclohexane (2.5 uM).

one month. No X-ray diffraction peaks for 1 micelles were
observed, indicating a lack of ordered packing in fluorophore 1
(Figure S3). When excited by 340—390 nm UV light, 1
micelles exhibited orange fluorescence with a fluorescence
quantum yield (FQY) of approximately 27% (Figure lc),
which was much lower than that of 1 monomers in solution
(e.g, 58% in chloroform). Optical spectroscopic character-
izations showed a large Stokes shift for 1 monomer
(approximately 100 nm), indicative of its charge-transfer
(CT) characteristic. Compared with 1 monomer in cyclo-
hexane, 1 micelles exhibited marked, red-shifted absorption
and fluorescence spectra (Figure 1d). Given the CT nature and
the twisted molecular structure of fluorophore 1 (Figure S4)
that suppresses z-interactions, the redshift observed above and
the decreased emission efficiency of 1 micelles are likely the
result of the relatively strong dipole—dipole interactions
between molecules of fluorophore 1.

Sensing Performance of 1 Micelles and 2 Aggregates.
Prior to using 1 micelles and 2 aggregates to detect spoilage in
meat samples, we first used PTR-ToF-MS to determine the
VOCs, typically including organic sulfides and amines, and
their absolute quantities released during meat spoilage. The
volatiles emitted from S g of meat (e.g, chicken, shrimp, pork,
and fish) in an open vial (20 mL) kept at room temperature for
different durations (i.e., 10, 24, and 48 h) were accumulated
for 1 min for PTR-ToF-MS measurements (details are outlined
in the Experimental Section). Each meat sample was measured
three times by PTR-ToF-MS, and similar results were
obtained. Figures S5—8 and Tables S1—8 show the typical
PTR-ToF-MS results for each kind of meat, where the various
VOCs, particularly the organic sulfides or amines, and their
absolute concentrations are listed in detail. When stored at
room temperature for 10 h, all four kinds of meat emitted a
small quantity of organic sulfides and amines, indicating that
these meat products did not spoil substantially. At 24 h, a large
increase in the amount of organic sulfides (hundreds of ppb)
emitted was detected in the four meat samples, whereas much
lower quantities of amines (tens of ppb) were detected. Shrimp
was an exception, which emitted much greater quantities of
dimethylamines (ca. 170 ppb), but the dimethylamine levels
were still less than those of dimethyl sulfide (ca. 210 ppb). At
48 h, the quantity of organic sulfides released from the four
meats was again much larger than that of the amines.
Altogether, these observations indicate that the organic sulfides
produced during meat spoilage are more volatile than the
amines produced, thereby making them more suitable markers
for the rapid assessment of meat freshness. Of note, many
other VOCs were simultaneously released during meat
spoilage, which may have masked or interfered with the
responses of the sensor array to the organic sulfides. An
evaluation of their effects on the responses of the sensor array
to organic sulfides is shown below.

We next studied the sensitivity of 1 micelles to dimethyl
sulfide, which is one of the main sulfur-containing compounds
released as meats be§in to spoil, as confirmed by PTR-ToF-MS
and the literature.”" To achieve high sensitivity, a device with
a silicon diode detector (Figure S1) was applied to record the
responses of the array when it was exposed to gas-phase
dimethyl sulfide at different concentrations. As shown in
Figure 2a, 1 micelles exhibited a remarkable degree of
fluorescence quenching in response to dimethyl sulfide.
When a device with an Ocean Optics USB4000 fluorometer
for spectral recording but a low sensitivity was used, decreasing
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Figure 2. (a) Fluorescence quenching responses of 1 micelles
(monitored in the range of 500—740 nm) to different concentrations
of gaseous dimethyl sulfide. Note: these data were obtained by using a
device with a silicon diode detector with high sensitivity. (b)
Fluorescence spectra of 1 micelles upon exposure to different
concentrations of gaseous dimethyl sulfide. Note: These data were
obtained by using an Ocean Optics USB4000 fluorometer as the
detector, which provides spectra but exhibits low sensitivity. (c)
Experimental and fitted fluorescence quenching efficiency of 1
micelles upon exposure to different concentrations of gaseous
dimethyl sulfide. The error bars represent the standard deviation of
five measurements. (d) Response time of 1 micelles to gaseous
dimethyl sulfide at 1.6 ppm, which was obtained by using first-order
exponential curve fitting.

fluorescence spectral changes in 1 micelles were induced by
gaseous dimethyl sulfide (Figure 2b), consistent with the
changes in the fluorescence intensity, as shown in Figure 2a.
Further analysis showed a linear relationship between the
fluorescence quenching efficiency (AI/I,) of 1 micelles and the
dimethyl sulfide concentrations (Figure 2c). On the basis of
the resulting linear relationship and a signal-to-noise ratio of 3,
the theoretical limit of detection (LOD) was calculated to be
23 ppb (details are outlined in the Experimental Section and
Figure S9). We hypothesized that the low LOD was the result
of the strong chalcogen bonding as well as the sulfur—z
interactions between 1 micelles and dimethyl sulfide. To
support this hypothesis, the molecular distance and binding
energy between fluorophore 1 and dimethyl sulfide were
calculated at the M062X/6-311G** level. As shown in Figure
S10, Se—S has a distance of 3.09 A, indicative of the formation
of a strong chalcogen bond with a binding energy of 13.26
kcal/mol. The low LOD of 1 micelles is significant because it
allows for the detection of organic sulfides even at very low
concentrations. Notably, the fluorescence quenching response
of 1 micelles was fast, i.e, ~4.4 s, which is favorable for
practical applications (Figure 2d). Of note, the fluorescence
intensity of 1 micelles decreased continuously with irradiation
time. Given that 1 micelles were much more stable in argon
than in air (Figure S11a), the decrease in fluorescence likely
originated from an oxygen-induced photooxidation reaction.
However, the zero-point shift had a negligible effect on the
detection repeatability. As shown in Figure S11, steady
fluorescence quenching responses were observed upon
exposure of 1 micelles before and after 3 h of UV irradiation
to 0.8 ppm gaseous dimethyl sulfide five times. In addition, 1
micelles exhibited sensitive responses to the dimethyl disulfide
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that was released due to meat spoilage (LOD, 7.7 ppm), but
no response to hydrogen sulfides were observed (Figure S12).

To highlight the effect of chalcogen bonding, we tested and
compared the sensing performance of fluorophore 2, which
had relatively weak chalcogen bonding with dimethyl sulfide.
Using the same method, the theoretical LOD of 2 aggregates
for dimethyl sulfide was calculated to be 280 ppb (Figure S13),
which was 1 order of magnitude greater than that of 1 micelles.
This also means that 2 aggregates could only detect organic
sulfides at relatively high concentrations.

Given that water, amines, and other VOCs are simulta-
neously released during the course of meat spoilage, we tested
the responses of 1 micelles and 2 aggregates to these volatiles
and assessed their effects on the selectivity of 1 micelles and 2
aggregates to organic sulfides. As shown in Figures 3, S14, and
S15, 1 micelles and 2 aggregates exhibited either a reversible
enhancement or negligible responses to water and most VOCs
at relatively high concentrations, whereas they gave irreversibly
enhanced responses to amines at ppm concentrations (Figures
3b and S15). The reversibly enhanced responses can be
explained by a swelling mechanism whereby most VOCs can
cause swelling in 1 micelles and 2 aggregates temporarily and
reduce intermolecular dipole—dipole interactions to enhance
emission. A similar swelling mechanism has been demonstrated
in polymer systems.”’ Given that the responses by most VOCs
can be completely restored within 1-2 s, the irreversible
quenching responses in response to organic sulfides can occur
after the fast, reversible responses in response to other VOCs.
Therefore, the fast, reversible responses induced by most
VOCs will not mask the irreversible responses induced by
organic sulfides. On the other hand, amines at ppm
concentration have relatively strong interactions with fluo-
rophores 1 and 2 (e.g, the dipole—dipole interaction) to
induce irreversible responses that can mask the responses due
to organic sulfides. Fortunately, the concentration of amines, as
evidenced by the PTR-ToF-MS results, was far below the ppm
levels; therefore, the amines induced negligible responses in 1
micelles and 2 aggregates. Figure 3e summarizes the responses
of 1 micelles and 2 aggregates to dimethyl sulfides against
various interferents, such as water, amines, and other VOCs,
including common disinfectants used in meat factories (Figure
$16), which demonstrates the high selectivity of 1 micelles and
2 aggregates to organic sulfides against various interferents.

Having confirmed the different sensitivities of 1 micelles and
2 aggregates to organic sulfides, we next explored whether 1
micelles could be used to monitor transitions from freshness to
slight spoilage in meat, while 2 aggregates could assess the
extent of meat spoilage. To this end, 1 micelles and 2
aggregates were fabricated into a two-member sensor array for
monitoring meat spoilage, as shown in Figure S1. Here, on the
basis of the combined responses of the two members, we
defined three stages of meat spoilage, i.e., freshness (stage I),
slight spoilage (stage II), and moderate or severe spoilage
(Stage III). Specifically, the volatiles collected from the meats
during stage I caused no quenching responses in both 1
micelles and 2 aggregates; the volatiles collected from the
meats during stage II gave rise to a quenching response of 1
micelles but no response of 2 aggregates; the volatiles collected
from the meats during stage III result in a quenching response
of both 1 micelles and 2 aggregates. Figure 4 shows the distinct
fluorescence responses to the time-dependent volatiles emitted
from the four meats. Enhanced responses were observed but
no quenching responses were observed upon exposure of both
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Figure 3. Fluorescence responses of 1 micelles and 2 aggregates to water (a), trimethylamine (b), acetone (c), and ethanol (d) at different
concentrations. Note: these data were obtained by using a device with a silicon diode detector with high sensitivity. (e) Columnar comparison of
the fluorescence responses of 1 micelles and 2 aggregates upon exposure to dimethyl sulfide and various potential interferents. AI/I, represents the
change in fluorescence intensity. The error bars represent the standard deviation of five measurements.

1 micelles and 2 aggregates to the volatiles collected from the
four meat products kept at room temperature for 18 h, a time
period that was assigned to stage 1. Here, the observed
enhanced responses were restored within 1—2 s (Figure 4),
consistent with the aforementioned responses caused by most
VOCs (Figure 3) in the absence of organic sulfides. During
this stage, very low concentrations of organic sulfides below the
LOD of 1 micelles were released, which agrees with the PTR-
ToF-MS results (at 10 h), indicative of the freshness of these
meat products. Intriguingly, the exposure of 1 micelles to the
volatiles from the meats kept at room temperature for
prolonged period of time (e.g,, 1 d) gave quenching responses
following the initial enhanced responses.

Simultaneously, the exposure of 2 aggregates to the same
volatiles yielded no quenching responses but did exhibit
enhanced responses. These results indicate that at this stage
(termed stage II), organic sulfides were emitted because of
meat spoilage, but they were at such low concentrations that
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they could not be sensed by 2 aggregates, which have a
relatively low sensitivity. Of note, the spoilage process could be
largely delayed by storing the meat products at colder
temperatures, e.g., at 5 °C. As shown in Figure S17, 1 micelles
only began to exhibit fluorescence quenching responses when
they were exposed to the volatiles collected from the bass
samples stored at S °C for more than 132 h. This demonstrates
the greatly delayed time point for the onset of stage II for
refrigerated fish compared with that of fish kept at room
temperature. For the refrigerated pork, chicken, and shrimp
samples, the time points for the onset of stage II were further
delayed to 144 h, as shown in Figure S17. Following the
aforementioned standard curves and assuming the responses
were caused by only dimethyl sulfide, the estimated (fitted)
concentrations of the dimethyl sulfides released from the four
meats at 24 h fell in the range of 400—600 ppb (Tables S9—
12). Within some degree of error, the results at the
corresponding time points agreed with those of the PTR-
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Figure 4. Fluorescence responses of 1 micelles and 2 aggregates to the volatiles collected over 1 min from 5 g of the meat products that were stored
at room temperature for various durations: (a) chicken, (b) shrimp, (c) pork, and (d) fish.
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Figure S. Fluorescence responses of 1 micelles and 2 aggregates to the volatiles collected from (a) the chicken sold in the morning and chicken left
until the evening; (b) the pork sold in the morning and pork left until the evening.

ToF-MS results, supporting the reliability of our sensor array
for the detection of organic sulfides. Herein, stage II could be
considered the stage at which a slight degree of spoilage
occurred. As the spoilage time progressed, 1 micelles began to
exhibit substantial fluorescence quenching, and 2 aggregates
exhibited distinct quenching responses when exposed to the
volatiles from the meats. These observations indicate that
increasing amounts of organic sulfides were released as a
consequence of severe spoilage (termed Stage I1I). During this
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stage, typically at 48 h, the estimated concentrations for the
dimethyl sulfide released from the four meats fell in the range
of 900—3000 ppb (Table S9—12), consistent within error with
the PTR-ToF-MS results, again corroborating the reliability of

our sensor array.

Altogether, the preceding results highlight the capacity of the
sensor array comprising 1 micelles and 2 aggregates to quickly

assess the three stages of meat spoilage, including fresh, slightly
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spoiled, and moderately or severely spoiled, which is highly
favorable in practical applications.

Real-World Applications. To further illustrate the
practicability of the two-member sensor array, we utilized the
developed sensor to test the freshness of meat products that
were sold in at a farmers market where the meat products (e.g.,
pork and chicken) were kept on the shelf at room temperature
throughout the day to sell. As shown in Figure 5, both 1
micelles and 2 aggregates exhibited no fluorescence quenching
but did exhibit enhanced responses when exposed to the
volatiles from the chicken and pork sold in the morning,
indicating meat freshness, because these meats released
negligible quantities of organic sulfides at this time point. In
contrast, the exposure of 1 micelles and 2 aggregates to the
volatiles emitted from some of the chicken and pork products
that remained in the evening gave fluorescence quenching
following an initially enhanced response and a reversibly
enhanced response only, respectively, indicating that the meat
products that remained in the evening were at a stage II of
spoilage (i.e., slight spoilage). These results demonstrate that
the two-member sensor array enables the fast assessment of
meat freshness in the real world.

B CONCLUSIONS

In conclusion, we developed two D—A fluorophores 1 and 2
with differential sensitivities to organic sulfides and utilized
them to fabricate a two-member sensor array for monitoring
the stages of meat spoilage by the fluorescence detection of
organic sulfides as a freshness indicator. We demonstrated that
the first member of the array (ie., 1 micelles) had a much
higher sensitivity to organic sulfides than 2 aggregates, which
enabled monitoring of the transition from fresh (Stage I) to
slightly spoiled (Stage II) in meat products, while the second
member could assist in assessing the extent of meat spoilage.
Altogether, the two-member sensor array enabled the assess-
ment of the stage of spoilage for a given meat product, which
included fresh, slightly spoiled, and moderately or severely
spoiled. Furthermore, this sensor array required a short
duration of 1 min for the collection of volatiles from the
meat products, which greatly facilitates its practical applica-
tions.
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