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ABSTRACT: Quality control in the production and processing of raw
meat is currently one of the biggest concerns for food industry and
would benefit from portable and wireless sensors capable of detecting
the onset of spoilage. Raw meat is a natural source of biogenic and | w,\
volatile amines as byproducts of decarboxylation reactions, and the
levels of these compounds can be utilized as quality control parameters.
We report herein a hybrid chemiresistor sensor based on inorganic
nanofibers of SiO,:ZnO (an n-type material) and single-walled carbon
nanotubes functionalized with 3,5-dinitrophenyls (a p-type material)
with dosimetric sensitivity ~40 times higher for amines than for other
volatile organic compounds, which also provides excellent selectivity.
The hybrid nanomaterial-based chemiresistor sensory material was used
to convert radio-frequency identification tags into chemically actuated
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resonant devices, which constitute wireless sensors that can be

potentially employed in packaging to report on the quality of meat. Specifically, the as-developed wireless tags report on
cumulative amine exposure inside the meat package, showing a decrease in radio-frequency signals to the point wherein the sensor
ceased to be smartphone-readable. These hybrid material-modified wireless tags offer a path to scalable, affordable, portable, and
wireless chemical sensor technology for food quality monitoring without the need to open the packaging.
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B INTRODUCTION

Sensors for detecting volatile compounds are in high demand
nowadays once some of them can present toxicity.' > This is
the case of volatile amines, which are widely used in
pharmaceutical and chemical industries and can cause severe
injuries such as eye and skin irritation and tearing.*’ In
addition to the toxicity concerns, the monitoring of volatile
amine emissions is important for food and beverage quality
determination.”” In particular, biogenic amine formation in
food products is a robust indicator of the quality and state of
preservation.” Biogenic amines are generally present in low
concentrations and are natural metabolic compounds in a
number of food products. These compounds are formed by
enzymatic activity in raw meats and/or are produced by
microbial decarboxylation of amino acids during storage. The
most significant biogenic amines found in foods and beverages
are histamine, putrescine, cadaverine, spermine, and spermi-
dine.” When consumed in high concentration, biogenic amines
cause diarrhea, vomiting, respiratory difficulties, and even
neurotransmission disorders as a result of their ability to
behave as false neurotransmitters.”' Raw meat-based products
would benefit from smart packages capable of monitoring the
quality and preventing spoiled food consumption through pre-
emptive volatile amine detection.'"”'” Wireless chemical
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sensing platforms are ideal for smart food and beverage
. 13,14
packaging to ensure food safety.

Wireless communication integrated with chemical sensors
will have increasing significance in the future, allowing the
sensing platform to be physically separated from data
acquisition, readout, and computational resources.”> Wireless
chemical sensors have great versatility and can be used to safely

Lo . 15,16
monitor isolated, remote, and hazardous environments.
The integration and specifications of a chemical sensor with a
wireless technology depend on the intended application,
connectivity requirements, signal transduction features, and

e . 17,18 .
acceptable limitations. The most common wireless
technologies used in chemical sensing are Bluetooth,
representing 34%, followed by radio-frequency identification
(RFID), with 29% share, and ZigBee, representing 15% of total
wireless technologies presently used.'® RFID deserves special
attention as a result of its power requirements, which can result
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Scheme 1. Schematic Representation of Sio,:Zno Ceramic Nanofibers Combined with Single-Walled Carbon Nanotubes
Functionalized with 3,5-Dinitrophenyl Groups (NF/DNP-CNT) Deposited in Parallel to the Existing Circuit (P) of a
Commercially Available RFID Tag (p-CARD) and Its Radio-Frequency Signal Response over Exposure to Ammonia
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Figure 1. (a) SEM image of SiO,:ZnO nanofibers (larger light gray fibers) combined with DNP-CNT (light brown structures) as a hybrid
chemiresistor composition (NF/DNP-CNT). (b) FTIR spectra of DNP-CNT (black), NF/DNP-CNT (green), and pristine SiO2:ZnO NF (blue).
(c) Raman spectra of pristine SWCNT (black), DNP-CNT (blue), and NF/DNP-CNT (green).

in low-cost passively powered devices, and the capability of
incorporating and transmitting measured data (e.g., environ-
mental characteristics) without physical contact between the
tag and the RF reader. RFID wireless communication is based
on coupling of electromagnetic waves and fields and can
operate at a low frequency (9—135 KHz), high frequency
(13.55—15.567 MHz), or ultrahigh frequency (2.45-5.8
GHz)."” RFID technology is also widely implemented in
logistics and in access control. Commercially available RFID
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tags can be converted into chemically actuated resonant
devices (CARDs), and modification of the resonant circuit of
passive tags with chemoresistive materials creates smartphone-
readable sensors.”’”**

We converted wireless RFID tags into CARD sensors by
adding a composite of Si0,:ZnO ceramic nanofibers (NF) and
single-walled carbon nanotubes functionalized with 3,5-
dinitrophenyl groups (DNP-CNT), as shown in Scheme 1.
Functionalized CNT that have chemiresistor properties had
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previously been shown to be effective in creating CARD gas
sensors.” ">’ It has also been previously shown that a
combination of carbon nanotubes and inorganic metal oxides
can provide improved performance as chemiresistive gas
sensors.”* Herein, we combine metal oxide NF, DNP-CNT,
and passive RFID tags to create dosimetric sensors and detail
their sensitivity to amines according to the degree of
substitution at the amine and alkyl chain length. We have
found that n-butylamine gives a particularly strong signal and
this analyte was employed in the NF/DNP-CNT chemiresistor
characterization and development of the extension to the
smartphone-readable CARD sensors for the detection of
biogenic amines in meat packaging. The dosimetric nature of
the sensors provides high sensitivity and is appropriate to
determine the quality of meat.

B RESULTS AND DISCUSSION

Our amine chemiresistive dosimeters are based on hybrid
composition of Si0,:ZnO semiconductor ceramic nanofibers
and DNP-CNT, as presented in Scheme 1. The DNP group is
known to react with primary amines to produce zwitterionic
Meisenheimer complexes.”>*® The DNP-CNT functionaliza-
tion was characterized by XPS (described in the Supporting
Information (SI) material, Section 1.2, Figure S4), indicating
successful functionalization of SWCNT with a 3/100 ratio (3
DNP per 100 CNT). Pristine SiO,:ZnO nanofibers were
characterized by SEM and EDS, confirming the 1D
morphology and expected element composition, as presented
in Figure S5, and XRD in Figure SSc. The amorphous
character of SiO, is evidenced by a broad band between 15 and
35°, while a ZnO feature is observed at 36.1°, which is
attributed to the preferred diffraction plane (101) of the
hexagonal zincite crystalline structure (JCPDS n° 36-
1451).”’7*” The SEM image of NF/DNP-CNT, shown in
Figure la, confirms that the $i0,:ZnO nanofibers (larger gray
structures) and the modified carbon nanotubes (light brown
structures) create an interconnected porous NF/CNT net-
work.”® The FTIR spectra of DNP-CNT, pristine SiO,:ZnO
NF, and NF/DNP-CNT are presented in Figure 1b. DNP-
CNT spectra (black line) show two peaks at 1538 and 1340
cm™ related to the asymmetric and symmetric stretch,
respectively, of N—O from the dinitro group.’"*” $i0,:ZnO
NF spectra present two bands around 1040 and 800 cm™'
associated to the symmetric and asymmetric Si-O-Si vibra-
tional stretch and a shoulder at 940 cm™' related to surface
silanol (Si—OH) groups,” > corroborating the presence of
the silica matrix. NF/DNP-CNT spectra present all vibrational
modes related to DNP-CNT and SiO,:ZnO NF with a N—-O
peak shifted from 1538 to 1546 cm™’, suggestive of van der
Waals interactions between the SiO,:ZnO NF and DNP-CNT
in the hybrid material.***” Raman spectroscopy was employed
to evaluate the SWCNT’s characteristic G-band, corresponding
to an sp> C—C stretching mode, for the unfunctionalized CNT,
DNP-CNT, and the NF/DNP-CNT composite. The Raman
spectrum (Figure 1c) shows a 4 cm™' G-band shift to lower
frequency after SWCNT functionalization with DNP and
another 4 cm™' shift for the hybrid NF/DNP-CNT material,
both for lower wavenumbers. A G-band shift to lower
wavenumbers is observed when nanotubes interact with n-
dopants.”® This small shift suggests that both DNP groups and
Si0,:Zn0O nanofibers increase electron density to the CNT.
The electrical properties of SiO,:ZnO NF, DNP-CNT, and
NE/DNP-CNT were evaluated through electrical impedance
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measurements (Figure S6), revealing a synergistic effect
between the SiO,:ZnO NF and DNP-CNT. The Nyquist
plot of NF/DNP-CNT (Figure S6c) shows a capacitive
pattern, corroborating with the one observed for DNP-CNT
(Figure S6b). However, the electrical resistance represented by
a parallel R/C increases S times relative to DNP-CNT upon
forming a composite with SiO,:ZnO NF (Figure S6d), as
expected when p-type CNT are combined with n-type
materials.”

To evaluate the sensitivity to amines, pristine SWCNT,
pristine SiO,:ZnO NF, DNP-CNT, and NF/DNP-CNT were
tested with exposure to n-butylamine at 50 ppm for 1 min
(light gray area in Figure 2a). The response based on DNP-
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Figure 2. (a) Dynamic curve of amine-sensing response for $i0,:ZnO
NF, SWCNT, DNP-CNT, and NF/DNP-CNT for a 1 min of
exposure to SO ppm n-butylamine. (b) Average device response (n >
4) for pristine and hybrid chemiresistors.

CNT conductance is in accord with that expected for a p-type
semiconductor (Figure 2b) and is more than 3 times higher
than that observed for pristine, indicaginég the higher amine
affinity imparted by the DNP groups.””*° Pristine SiO,:ZnO
nanofibers have an inverse response pattern characteristic of n-
type materials when exposed to the reducing amine vapor.*’~**
The hybrid chemiresistor composition (NF/DNP-CNT)
shows an improved response, 8 times higher than that of the
pristine SWCNT and double that of the DNP-CNT. Similar to
DNP-CNT, NF/DNP-CNT sensitivity is governed by DNP
affinity to amines, leading to the formation of Meisenheimer
complexes, as presented in Scheme 1. The Meisenheimer
complex formation could be corroborated by FTIR measure-
ments, presented as Figure S7, which shows that the N—O
stretch at 1538 cm™ shifts to 1490 cm™' after exposure to
amine vapor.”” The overall improved sensor response is a
consequence of the synergistic effect between NF/DNP-CNT
constituents. The interaction of amines with the DNP group
induces changes in the CNT charge carrier’s mobility/density,
decreasing its conductance. The improved electrical response
is a consequence of the Schottky barrier height modulation as a
result of the variation of the space charge density at the NF/
DNP-CNT interface.”" The proposed synergistic effect could
be corroborated by electrical impedance characterization
(Figure S6), which shows that, in the hybrid material, the
DNP-CNT phase has a more capacitive contribution, whereas
the NF phase has a major resistive character, as previously
discussed.”* It is important to emphasize that the sensor
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Figure 3. (a) Dynamic sensor response curves for NF/DNP-CNT over exposure to different concentrations of n-butylamine for 1 min. (b)
Calibration curve of NF/DNP-CNT showing two linear response ranges.

displays an irreversible response, and this dosimetric behavior
is further confirmed by three sequential exposures to 50 ppm
n-butylamine (Figure S8a), resulting in a sensitivity decrease of
~93%. A response time of 23 s is needed for the sensor to
reach 90% of total response (Tyo) to SO ppm n-butylamine
(Figure S8b).

A calibration curve was obtained by exposing an NF/DNP-
CNT sensing unit to different concentrations (2.5—100 ppm)
of n-butylamine (Figure 3). Dynamic curves for all
concentrations confirm the irreversible response after 1 min
of exposure to n-butylamine (Figure 3a). The calibration curve
showed two linear regimes, one at lower concentrations (2.5—
25 ppm) and another at higher concentrations (30—100 ppm)
(Figure 3b). This response profile may be explained by the
decrease in the number of active sites exposed on the
outermost layer, requiring the gas to percolate into the 3D
NE/DNP-CNT network to reach new active sites. The linear
range at lower concentrations of n-butylamine can be fit to
AG/G, (%) = —1.223[n-butylamine](ppm) — 5.815 (R* =
0.9939). The limit of detection was estimated to be 20 ppb
based on a signal-to-noise ratio of three (S/N = 3) following
the methodology described by Fong et al.** The response is
conserved for relative humidity (RH) values of 10 and 25%,
and a decrease of ~20% in the response to S0 ppm n-
butylamine is observed with RH values of 45 and 65% (Figure
S8¢).

The NF/DNP-CNT sensitivity and selectivity were
evaluated by testing with ammonia and propylamine, diethyl-
amine, and triethylamine (Figure 4a). The sensitivity of the
NF/DNP-CNT chemiresistors to organic amines is a function
of the alkyl substitution. Kinetics and equilibrium constants of
Meisenheimer complexes formed with different amines have
been explored previously in the literature, showing such order
of preference including the lower sensitivity to ammonia.*
The selectivity toward organic volatile compounds (VOCs)
was determined and is presented in Figure 4b. Our hybrid
material presents an excellent selectivity to amino compounds
against various VOCs. The device response is more than 40
times higher for n-butylamine compared, for instance, with
EtOAc and THF.

After characterizing the NF/DNP-CNT chemiresistor’s
amine sensitivity, we integrated this material into the circuit
of an RFID tag for wireless sensing studies. To ensure a
monotonic variation in the RF reflection signal at the
frequency of the original device, the chemiresistor (Rs) was
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Figure 4. (a) Average NF/DNP-CNT device responses (n > S) to SO
ppm amine exposures. (b) NF/DNP-CNT selectivity as revealed by
the responses to 200 ppm of various VOCs in comparison with the
responses to S0 ppm n-butylamine and ammonia. Each device was
exposed to the analyte for 1 min.

added to the RFID tag using the protocol developed by Zhu et
al,”" as described in the SI to obtain what is referred to as a p-
CARD. The reflection signal magnitude of the wireless device
is referred to as “Gain” and is determined at 13.57 MHz (S11),
which is the resonant frequency minimum gain value, given in
dB (numerically negative).47 An advantage of using this
protocol with RFID tags is the large gain response region
wherein the resistances of the chemiresistor layer vary from 0.1
kQ to 1 MQ.** This same range was found in our NF/DNP-
CNT electrical impedance measurements (Figure S6).

We employed the p-CARD in packages for meat to create a
simulated real-world application. Gain was monitored during
the room temperature storage for beef, chicken, and fish
samples (Figure Sa). The gain values displayed only small
changes during the first 12 h, indicating a low concentration of
volatile amines. However, after 24 h of storage, the gain
showed a more pronounced decrease for beef samples and
became relatively constant from 36 to 80 h. Fish samples,
which are known to give large amine signatures, showed
changes in gain for up 72 h. For chicken samples, the gain
shows a significant decrease, reaching gain values lower than
—1 dB, which is the threshold levels of detection using
smartphone communication (indicated by the gray area in
Figure S). These results indicate the potential of NF/DNP-
CNT p-CARD wireless sensors for monitoring meat quality if
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Figure 5. Gain plot over storage time of (a) different kinds of meats

(chicken, beef, and fish), (b) chicken stored at different temperatures,
and (c) different cuts of chicken meat (ground and filet cuts).

an application is developed that reveals the signal (gain) level.
The more pronounced p-CARD attenuation for chicken
(compared to fish and beef) might be explained by the
difference in the degradation process. The literature has
demonstrated that chicken usually emits a higher concen-
tration of amines with higher volatility, whereas beef will
present solid amines (e.g., cadaverine and tyramine) in higher
concentrations.”*” We emphasize that the p-CARD was only
monitoring the package atmosphere without physical contact
with the meat. Quantification of total amines and volatile/solid
amine ratios in meat over time of storage can be performed by
gas chromatography as the work presented by Wojnowski and
co-workers.
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It is worth recalling that both metal oxide and carbon
nanotube electrical properties are susceptible to the operating
temperature and, in most cases, will present better perform-
ance at higher temperatures.”’ Considering the proposed
application as a sensor for raw meat quality and the material
behavior susceptibility to temperature, an investigation of the
storage temperature influence on chicken quality and sensor
response was also conducted and is displayed in Figure Sb.
Chicken stored at low temperatures (4 + 2 °C) showed
complete attenuation of p-CARD gain after 128 h. The gain
(dB) displays a variation of ~20% within the first hour of
experiments, while at room temperature, the gain remained
approximately the same (~9.5 dB) for the initial 2 h. Such a
decrease in gain observed for the low temperature test can be
interpreted as an indication of temperature influence on the
sensor response since negligible spoilage is expected under
both conditions for such a short period of time. These initial
studies were conducted with ground meat that was equally
distributed in the package container (Figure S3a), and to
survey other form factors, we investigated chicken filets. As
presented in Figure Sc, filet cuts show a more pronounced
attenuation of gain values. We were initially surprised by the
faster generation of biogenic amines from filet cuts, and we
rationalized that this is caused by the surfaces exposed prior to
the experiment, whereas the ground chicken had the fresh
inner meat being exposed to oxygen within the containers.

Although the p-CARD worked very well for monitoring
meat spoilage over time in storage, the gain changes are not
consistent with DC electric resistance measurements upon
amine exposure. Motivated to better understand NF/DNP-
CNT chemiresistor behavior at high frequencies, we measured
the AC electric impedance of NF/DNP-CNT chemiresistors at
various concentrations of ammonia. Figure 6a shows a
frequency-dependent behavior and inverts the sensing
response depending on the frequency range. At lower
frequencies, the resistance increases with amine concentration,
corroborating DC measurements performed with n-butyl-
amine; however, at higher frequencies, the resistance decreases
with amine concentration, corroborating with gain changes
when exposed to meat. These findings indicate that for NF/
DNP-CNT, it is not only the chemiresistor resistance (Rs) that
governs the p-CARD gain, but also there is a contribution from
the entire complex impedance spectrum. This behavior can
also be explained by the synergistic contribution of both
Si0,:ZnO NF, which provides the resistive component, and
the DNP-CNT, which provide the capacitive component. The
R/R, ratio for the entire spectrum was determined (Figure 6b),
and a linear relation is found with concentration of ammonia at
1 MHz (a frequency close to 13.57 MHz where the
smartphone operates). Specifically, the ammonia concentration
could be determined from the equation R/R; = 0.5282 — 0.25
log[NH;], R* = 0.99943, as depicted in the inset of Figure 6b.

Considering these significant differences in response
depending on the frequency, the R/R, ratio was determined
at 1 MHz during chicken meat storage (Figure 7, right Y axis).
The R/R, ratio could be related to the linear relationship
between the R/R, ratio and log[NH,], indicating a
concentration of 114 ppm ammonia at 72 h of storage (the
time when a smartphone signal is below the detection limits).
It is worth noting that NF/DNP-CNT display lower sensitivity
to ammonia than to other higher-molecular-weight amines.
This indicates that the same gain change will be reached with
lower concentrations of other amines.
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Figure 6. NF/DNP-CNT sensitive response to ammonia as a function of frequency as (a) conductance variation (AG/GO (%)) and (b) R/R, ratio.
The inset in (b) presents the linear relation between R/R, and log[NH;] at 1 MHz.
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Figure 7. p-CARD gain (left Y axis, black curve) and R/R, ratio (right
Y axis, blue curve) as a function of chicken meat storage. Smartphone
representation of active identification of p-CARD (green screen) and
below the detection limit (red screen).

B CONCLUSIONS

Herein, we presented a hybrid (inorganic n-type/organic p-
type) chemiresistor based on Si0,:ZnO nanofibers and single-
walled carbon nanotubes functionalized with 3,5-dinitrophenyl
functional groups for wireless sensing of biogenic amines
emitted from decaying meat. The chemiresistor showed a
dosimetric response for volatile amines and excellent selectivity
relative to representative VOCs. The chemiresistor was
incorporated into a resonant radio-frequency tag, resulting in
a wireless amine sensor (NF/DNP-CNT p-CARD). It was
shown that the reflection signal (gain) of the p-CARD
decreased in response to chicken meat exposure with extended
storage. We also showed that the complex impedance variation
of the sensor response is a function of frequency and suggested
that this unusual feature has its origins in the hybrid nature of
the materials in the chemiresistor. Furthermore, a smartphone
app was used for binary (on — off) identification of the p-
CARD at different cumulative amine exposures, thereby
indicating that this method can give rise to portable, low-
cost, reliable, and easy-to-operate wireless chemical sensors for
on-site food quality monitoring,
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