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ABSTRACT: Near-ﬁeld communication (NFC) labeling technology has been
recently used to endow smartphones with nonline-of-sight sensing functions to
improve the environment, human health, and quality of life. For applications in
detecting food spoilage, the development of a sensor with high enough
sensitivity to act as a switch for an NFC tag remains a challenge. In this Letter,
we developed a nanostructured conductive polymer-based gas sensor with high
sensitivity of ΔR/R0 = 225% toward 5 ppm ammonia NH3 and unprecedented
sensitivities of 46% and 17% toward 5 ppm putrescine and cadaverine,
respectively. The gas sensor plays a critical role as a sensitive switch in the circuit
of the NFC tag and enables a smartphone to readout meat spoilage when the
concentration of biogenic amines is over a preset threshold. We envision the
broad potential use of such intelligent sensing for food status monitoring
applications in daily life, storage and supply chains.
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ecently, the application of near ﬁeld communication
(NFC) technology in wireless intelligent devices was
reported due to their portable, low-cost, battery-free and
smartphone-communicable features.1,2 An NFC tag is an
inexpensive and convenient paper-like resonant circuit that can
be easily placed anywhere, allowing contactless communication
with a smartphone to transfer stored information once the tag
is detected to be readable. On the basis of these advantages,
the NFC tag can be equipped with additional sensing abilities
by modiﬁcation with a sensor to switch the smartphone
readout upon contacting a certain amount of a chemical.3
A precise, convenient, and low-cost method to assess the
status of food is highly desired to help avoid spoilage for
consumers, storage, and supply chains. Analytical methods for
monitoring meat spoilage rely on the detection of the total
volatile basic nitrogen (TVBN), including biogenic amines
(BAs) and ammonia (NH3).4 Among them, BAs, such as
putrescine and cadaverine, are the most signiﬁcant markers and
the origin of the bad odor from meat decomposition; these
molecules are mainly formed through the decarboxylation of
amino acids under interaction with microbes.5,6 However, the
detection of BAs still relies on conventional methods, such as
chromatography,7 electrochemistry,8 chemiluminescence,9 and
spectrometry,10 which suﬀer from the shortcomings of bulky
and expensive equipment, poor portability, and complex
sample processing. An alternative method for the determination of biogenic amines in foods is the use of chemiresistive
gas sensors.11 However, the realization of a high-sensitivity BA
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sensor using nontoxic material still remains a challenge,
because the BA concentrations in spoiled food are relatively
low (ranging from 2 to 1500 mg·(100 g)−1 putrescine and
cadaverine in diﬀerent meat samples,4 that is, 5∼8 ppm at the
stage of initial decomposition with storage for 5 days at 5 °C
and 17−186 ppm at the stage of advanced decomposition with
storage for 7 days at 5 °C).12,13 The relationship between
amine concentration within meat samples and vapor phase
concentration (ppm) is in accordance to Raoult’s Law
(Supporting Information). These drawbacks impede consumers from precisely and conveniently assessing the status of a
food at low cost.
In this research, we aim to incorporate NFC tags with a
sensitive switch to detect food spoilage with a smartphone. As
an important parameter to determine the readability of the
NFC tag, the change in the reﬂection coeﬃcient (S11)
corresponds to the switchability of the tag.14 NFC tags have
been considered as a powerful platform for wireless sensing, yet
current detection methods still rely on expensive, professional
microwave network analyzers due to the diﬃculty in switching
NFC tags between on and oﬀ states.2,15 An ideal switch needs
to have a large On−Oﬀ ratio of S11, that is, high sensitivity, to
transform the TVBN concentration information into a large
variation in the complex impendence of the tag.
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intelligent sensing device realizes an eﬀective wireless sensing
assisted by mobile phones without requiring professional
equipment and shows tremendous promise in applications for
food status monitoring in daily life.
As schematically illustrated in Figures 1b and 2a, nanostructured polyaniline (PAni) is an ideal switch material
because PAni undergoes large changes in its electric properties
upon gas-phase doping/dedoping interactions with
amines.16−18 In this study, we found that iron(III) p-toluene
sulfonate hexahydrate-doped PAni shows very high sensitivity
as an amine-sensing material. PAni itself is nontoxic and has
excellent in vitro and in vivo biocompatibility, according to
previous research.19−21 PAni is easy to be micropatterned on
an NFC tag by inkjet printing technology (Figure 2d).16 We
chose p-toluene sulfonate hexahydrate (PTS) (Figure 2b) and
PTS is permitted to be used in food additives according to
regulations of the United States Food and Drug Administration (FDA)22 and because its sulfonate functional group
can dope PAni eﬃciently. The iron(III) ion acts as the initiator
of aniline polymerization and excessive ions were removed in
the puriﬁcation process. Figure 2c shows the Fourier transform
infrared (FT-IR) spectra of PTS-doped PAni (PTS−PAni).
The bands at 1560 and 1487 cm−1 are attributed to CN and
CC stretching mode of vibration for the quinonoid and
benzenoid units of PAni; 1298 and 1240 cm−1 are stretching
peaks of C−N for benzenoid units. 1031 cm−1 is stretching
peak of p-toluene sulfonic acid group. The scanning electron
microscope (SEM) and transmission electron microscope
(TEM) images show the morphology of PTS−PAni to have a
foam-like structure constructed from interconnected nanoﬁbers with diameters of approximately 60 nm (Figure 2e,f and
Supporting Information Figure S1).23−25 The morphology of
the interconnected nanoﬁbers oﬀers a more eﬃcient surfaceto-volume ratio than bulky materials, facilitates electron
transport and provides more active sites for gas adsorption

Herein we developed a nanostructured conductive polymerbased gas sensor that can detect various TVBN concentrations
with very high sensitivities ΔR/R0 of 225%, 46%, and 17%
toward 5 ppm of NH3, putrescine, and cadaverine, respectively.
The conductive polymer itself and the dopant are nontoxic.
Furthermore, the sensing material was printed on the NFC tag.
The gas sensor with a high On−Oﬀ ratio plays the role as a
sensitive switch in the circuit of the NFC tag, enabling the
smartphone to readout meat spoilage when the concentration
of biogenic amines is over a preset threshold (Figure 1). This

Figure 1. Schematic illustration of the wireless badge for food
spoilage detection. (a) PTS−PAni is exploited as a conductive
polymer switch to modify an NFC tag to detect food spoilage. (b)
The circuit of the modiﬁed NFC tag. The amine gas released from
spoiled meat dedopes PTS−PAni and increases the resistance of the
device and thus switches the readability of the NFC tag.

Figure 2. Characterization of PTS−PAni. (a) Schematic illustration of the general sensing mechanism of PTS−PAni. The color change of PTS−
PAni from green to blue indicates that PAni is dedoped into insulating emeraldine base (EB) form from its conductive emeraldine salt (ES) form
upon interacting with amine gas. (b) Chemical structure of PTS. (c) FT-IR spectra of PTS−PAni. (d) Photograph of an NFC tag modiﬁed with
printed PTS−PAni. (e,f) SEM and TEM images of PTS−PAni, respectively.
B
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Figure 3. Sensing performances of PTS−PAni. (a) Response of PTS−PAni to 5 ppm of NH3. (b) Dynamic responses of PTS−PAni to diﬀerent
concentrations of NH3. (c) Dynamic responses of PTS−PAni to diﬀerent concentrations of putrescine. (d) Dynamic responses of PTS−PAni to
diﬀerent concentrations of cadaverine. (e) Selectivity of PTS−PAni to diﬀerent volatile solvents. (f) Responses of PTS−PAni to four kinds of raw
meats, that is, beef, pork, ﬁsh, and chicken. The weight of each meat sample is 20 g, and the meats were stored at 30 °C for 20 h.

(Supporting Information Table S1).28,29 The resistance of
PAni approaches its original baseline level upon exposure to
air, suggesting the excellent reversibility of the sensor, which is
also demonstrated in Supporting Information Figure S2.
PTS−PAni exhibited high sensitivity toward BAs, which is
the key factor to identify spoiled food.5,6 As shown in Figure
3c,d, PTS−PAni achieved an unprecedented sensitivity of 46%
toward 5 ppm putrescine (9.20% change in the resistance per
ppm) and 17% toward 5 ppm cadaverine (4.25% change in the
resistance per ppm) at room temperature. As implied by its
sensing mechanism, PTS−PAni should be able to respond to
all kind of BAs.
The PTS−PAni exhibits a large response only to TVBN,
while its response to other volatile solvents is negligible (Figure
3e). This selectivity may be attributed to the fact that amines
are reducing agents, which can donate a lone electron to PTS−
PAni and result in signiﬁcant dedoping and increase the
resistance of PAni.30 To illustrate the capability of our sensors
to detect food spoilage, we employed PTS−PAni to detect the
spoilage of common meat products stored at 30 °C for 20 h
(pork, beef, chicken, and ﬁsh). Even the lowest ΔR/R0 is as
high as 100% for the sensor interacting with the odor of ﬁsh
and can be as high as 500% for the sensor detecting the odor of

(Figure 2a). The conductivity of PTS−PAni was measured to
be 16 S·m−1 by the standard four-probe method.
The porous nanostructure of PTS−PAni, with larger surface
area and smaller diameter, allows a sensitive response to
amines. Herein, the sensitivity is deﬁned as
S=

Rg − R0
ΔR
=
R0
R0

(1)

where R0 and Rg represent the resistance of the PAni ﬁlm
before and after exposure to NH3 gas, respectively. As shown
as Figure 3a, an immediate increase in resistance was observed
as soon as PTS−PAni was exposed to 5 ppm of NH3. The
color change of nanoﬁbers in Figure 2a indicates that PTS−
PAni is dedoped into its emeraldine base (EB) form
(insulating state) from its emeraldine salt (ES) form by
interaction with base gas, as shown in Figure 1b.26,27 The
sensitivity was measured to be as high as 225% (45% change in
the resistance per ppm) with a response time of approximately
112 s. PTS−PAni provides an excellent dynamic response to
NH3 in a wide range of concentrations, as shown as Figure 3b.
An linear increase in the resistive response was observed with
increasing concentration of NH3 gas (inset in Figure 3b) and
the sensitivity is among those of the best reported NH3 sensors
C
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Figure 4. Application of a wireless badge in food spoilage detection. (a) S11-frequency traces of NFC tags modiﬁed with diﬀerent amounts of PTS−
PAni. (b) S11-frequency traces of tags modiﬁed with ﬁxed-value resistors. (c) The real-time responses in S11 and f 0 toward 5, 10, 20, and 40 ppm of
NH3. (d) Application of modiﬁed NFC tags in using a smartphone to detect meat spoilage.
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chicken, indicating that the gas sensor will work as a sensitive
switch in our NFC circuit. As shown as Figure 3f, the diﬀerent
response levels may be related to the various protein levels
contained in diﬀerent meats, which determine the concentration of released amines.31
PTS−PAni was integrated into the NFC tag by an inkjet
printing process, as discussed in our previous report, to realize
an odor-sensitive switch function in the NFC tag.32 As an
information-indicating terminal, the NFC tag can communicate passively with smartphones at 13.56 MHz and is powered
wirelessly by generating a voltage across its antenna coil when
receiving a radio frequency ﬁeld emitted by mobile devices.
Then, the tag resonates the same signal and transfers data back
to the mobile device through load modulation.3 The
readability of an NFC tag depends on whether its complex
impedance matches the reading terminals. It is worth noting
that the response of the NFC tag can be designed to be either
“On-to-Oﬀ” (PAni is integrated in series with the circuit) or
“Oﬀ-to-On” (PAni is integrated in parallel with the circuit)
upon contact with chemicals.2,15 We chose the latter mode due
to its compatibility with nondestructive printing technology
and more selective working principle. Many factors can turn an
On state to an Oﬀ state (i.e., NFC tag is damaged), but only
more selective and rigid factors can turn an Oﬀ state to an On
state. To fabricate an Oﬀ-to-On tag, we simply short the coils
of the NFC tag directly by conductive PTS−PAni (Figure 2d).
When low-resistance PAni is applied to the circuit, less signal
resonates, as shown as Figure 4a. Then, the tag presents in the
Oﬀ state and is unreadable because of the mismatch in the
impedance of the NFC tag with the reader’s,33 which
corresponds to a reduced reﬂection coeﬃcient (S11). Herein,
S11 is deﬁned as

(2)

where ZL and Z0 represent the complex impendences of the tag
and reader, respectively. A higher S11 indicates that more
energy is absorbed by the NFC tag and the tag is more
readable.2 The tag will be reswitched to an On state upon
contact with TVBN, which dedopes PAni to the insulating
state and eliminates the direct short eﬀect.
To investigate the quantitative relationship between PTS−
PAni and S11, we compared the S11 of the tag in parallel with
diﬀerent amounts of PTS−PAni, as shown as Figure 4a.15
Diﬀerent numbers of dots of PTS−PAni were printed on the
coil (Figure 2d). When the direct short eﬀect was gradually
introduced to the circuit, a relation between S11 and the
amount of PTS−PAni was observed, indicating that the
printed PTS−PAni is an eﬀective way to switch S11 between
unreadable (Oﬀ) and readable (On). The S11-frequency
relationship in parallel with ﬁxed standard resistors modiﬁed
into the tag in the same way was used as a control (Figure 4b).
A lower resistance applied in the same way to the modiﬁed coil
decreased the ZL and S11 of the tag, in accordance with its
deﬁnitional equation. The actual resonance frequency (f 0)
remained constant with only a very slight oﬀset (<1.5 MHz).
This is consistent with the Thomson equation,
f0 =

1
2π LC

(3)

where f 0 has no relation to the resistive elements.34 The very
small oﬀset is caused by the actual manufacturing process but
has been proven to be acceptable for consistent device
performance. The quantitative relationship between the
resonance strength and printed PAni dots is very useful to
tune the response threshold of the tag toward TVBN.
D
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The PAni resistance related to S11 enables switchable
readability in the presence of TVBN. When the NFC tag
was exposed to TVBN, the resistance of PTS−PAni rose
sharply with such a high sensitivity that it results in a switch
back to the readable status of the tag because the tag’s
impedance rematches with the reader’s. We exposed the
modiﬁed NFC tag to diﬀerent concentrations of NH3 (Figure
4c). The detection limit is 5 ppm, which corresponds to the
initial decomposition of meat.13 The higher the concentration
of NH3, the more the resistance of PTS−PAni increased, while
that of S11 decreased. Notably, f 0 remained almost unchanged
(top inset of Figure 4c). ΔS11 is positively and sensitively
correlated to the NH3 concentration. The dashed line in Figure
4c indicates the readout threshold of the tag. Once S11 exceeds
the threshold, the NFC tag was switched on and sent signals
back to the smartphone. The switching time reveals the
concentration of amines and spoilage level. Higher concentrations of TVBN lead to greater and faster resistive changes
and result in a short switching time, demonstrating that the
sensitive PTS−PAni sensor is an ideal switch to use in an NFC
tag for amine sensing. Note that the threshold line can be
adjusted by controlling the direct short eﬀect by the number of
dots of PAni printed on the tag.
The PTS−PAni switch-integrated NFC tag can be used for
practical applications of detecting meat spoilage. In daily life,
lightly spoiled meat is not easily noticeable but indeed harmful
to health, and a precise and low-cost badge for food spoilage
detection via assistance of smartphones can be satisfying. As
shown in Figure 4d, a badge was put in a container with a piece
of spoiled meat, and a smartphone with NFC function can
receive the signal to produce an alarm when the meat is spoiled
(Supplemental Video). This process indicates that our
switchable badge has potential in the detection of spoiled or
spoiling food in daily life, storage, and supply chains.
In summary, we developed an easy-to-implement, sensitive
wireless food sensor based on nanostructured conductive
polymers for the convenient and low-cost detection of food
spoilage with the following advantages: (a) PTS-doped and
cross-linked PAni exhibits high sensitivity toward amines, for
example, 46% and 17% sensitivity toward 5 ppm putrescine
and cadaverine, respectively, and was proven to be a suitable
switch material for NFC tags; (b) the printed PAni-modiﬁed
NFC tag resulted in a complex impedance dependent on the
integrated conductive polymer gas sensor, where the resistance
of the conductive polymer directly switched the readability of
the NFC tag; (c) the sensing material is compatible with inkjet
printing technology, thus giving potential for the roll-to-roll
fabrication of active NFC tags. We demonstrated smartphonereadable meat spoilage detection using the modiﬁed wireless
badge and envision that such a switchable badge holds promise
in the ﬁeld of intelligent wireless detection and sensing.
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