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ABSTRACT: This paper outlines an improved design of inexpensive, wireless Novel RFID Tag
and battery free biosensors for in situ monitoring of food quality. This type of Design
device has an additional advantage of being operated remotely. To make the '
device, a portion of an antenna of a passive 13.56 MHz radio frequency

identification (RFID) tag was altered with a sensing element composed of -
conductive nanofillers/particles, a binding agent, and a polymer matrix. These ::::'::,,o)mpos“es R
novel RFID tags were exposed to biogenic amine putrescine, commonly used asa | m m < E-,?.u:?”'m
marker for food spoilage, and their response was monitored over time using a : Sosag
general-purpose network analyzer. The effect of conductive filler properties,
including conductivity and morphology, and filler functionalization was
investigated by preparing sensing composites containing carbon particles (CPs),
multiwall carbon nanotubes (MWCNTs), and binding agent grafted-multiwall
carbon nanotubes (g-MWCNTs), respectively. During exposure to putrescine, the
amount of reflected waves, frequency at resonance, and quality factor of the novel
RFID tags decreased in response. The use of MWCNTs reduced tag cutoff time (i.e., faster response time) as compared with the
use of CPs, which highlighted the effectiveness of the conductive nanofiller morphology, while the addition of g-MWCNTsS
further accelerated the sensor response time as a result of localized binding on the conductive nanofiller surface. Microstructural
investigation of the film morphology indicated a better dispersion of g-MWCNTs in the sensing composite as compared to
MWCNTs and CPs, as well as a smoother texture of the surface of the resulting coating. These results demonstrated that grafting
of the binding agent onto the conductive particles in the sensing composite is an effective way to further enhance the detection
sensitivity of the RFID tag based sensor.

KEYWORDS: RF communication, passive HF RFID tag, chemical sensor, food spoilage, nanocomposites, carbon nanotubes,
chemical grafting
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B INTRODUCTION

In the 21st century, detection and identification of gases in the
environment are becoming crucial in response to the increasing
awareness of the threat of chemical warfare agents, volatile
organic compounds, and other biological molecules. However,
traditionally used analytical techniques, such as gas chromato§-
raphy,l’2 ion mobility spectroscopy,” or mass spectrometry, &
suffer from factors including the size of the instruments, price,
and the need for specialized sample preparation and trained
staff. The need for novel sensing devices that are rapid, robust,
and cost-efficient and allow for real time monitoring is evident.
As a result, there is an emergence of novel techniques that
exploit advances in microelectronics and microfabrication
techniques,*” and/or use a biology-derived method.*® The

technique are referred to as electronic noses and have met
considerable success owing to their low price, size, and energy
consumption and have been applied to the detection of a large
variety of vapors.”” "

The application of nanomaterials with high surface reactivity
and dimensions approaching debye length have provided an
exciting platform for developing electronic noses with enhanced
sensitivity."> Accordingly, recent years have seen the emergence
of a wide range of 0- or 1-dimensional nanomaterials that
include nanoparticles,14 nanowires,'> nanotubes,'® and gra-
phene'” as active elements in vapor sensors. In addition to the
enhanced sensitivity, these materials offer various advantages
such as fast response kinetics, superior stability, low power
consumption, and low cost.’® Also, functionalization of the

latter method imitates the olfactory sense of mammals and
monitors the electrical, optical, or mechanical response of an
array of receptors to a target, the volatile analyte. The
identification of the analyte is then performed visually or by
using a pattern recognition routine. The devices using this
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surface of nanomaterials has provided a highly efficient method
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to discriminate between analytes in complex vapor mixtures.

Among the previously mentioned nanomaterials, carbon
nanotubes have attracted special attention owing to their
superior electrical, thermal, and mechanical groperties as
compared with those of carbon nanoparticles,” which have
promoted them as one promising nanomaterial for the next
generation of gas sensors.

A step forward in real time and remote monitoring of gas
composition in an environment was accomplished with the
implementation of biosensors and electronic noses on radio
frequency identification (RFID) transponders.n_25 However,
the previously developed methods suffer from either high
power consumption,”’ or resulting devices with low coding
capacity,”*~>* which hinder the large scale implementation due
to the short lifetime of the device or due to the signal confusion
in the case of simultaneous interrogation of multiple devices,
respectively. In a simpler approach, truly passive RFID sensors
with high coding capacity were fabricated by coating a material
on the transponder antenna and during exposure to an analyte,
with the change in dielectric or electrical properties of the
coating affects the signal collected by the RFID reader.”®™>°
The identification of the analyte is performed by exploiting the
reflected signal characteristics and by using pattern recognition
techniques. However, because of the need for an impedance
analyzer or an oscilloscope, expensive sensing films such as
Nafion or complex array of polymers associated with
multivariate analysis remain barriers to the commercialization
of these sensing devices.

In a previous study, a different approach was outlined, which
uses the reflectance response of a novel design of a passive
13.56 MHz RFID tag that incorporates a conductive polymer
composite (CPC) consisting of carbon particles (CPs),
polyethylene vinyl acetate (PEVA), and maleic anhydride
(MA) to identify and quantifgf a variety of volatile chemicals®"
and biogenic amines (BAs),** molecules generated during the
process of food spoilage.*® This method utilizes the changes in
the composite electrical response over exposure to a volatile
analyte resulting from the absorption of the analyte in the
polymer matrix and the disruption of the conductive filler
network. The change in electrical response of the composite
material affects the response reflected back by the RFID tag,
and above a certain threshold concentration of the analyte, the
tag ceases to operate. Hence, with carefully tuning of the
operating threshold according to the concentration of the
analyte, sensors operating in a turn on/off basis that are simple,
cost-effective, and wireless can be designed. These types of
devices are of special importance for food spoilage monitoring
in developing countries, in which food poisoning together with
the ingestion of contaminated water caused the death of 1.8
million children in 1998, excluding China. In addition, cost-
efficient food spoilage sensors would also help to reduce the
medical costs related to foodborne illnesses in developed
countries, evaluated as USD $6.5—34 billion in the USA in
199S. Although the previous devices successfully detected
various BAs, they suffered from a long response time due to
limited sensitivity. To alleviate these issues, two approaches can
be considered: selecting a molecular recognition element with a
higher partition coefficient and/or optimizing the transduction
mechanism.

In this study, we investigated the effect of different carbon
particles/nanomaterials of different properties including con-
ductivity and morphology and the influence of grafting the

binding agent on the surface of the nanomaterials on the

transduction efficiency of the composite on the passive 13.56
MHz RFID tags sensor. Previous studies reported the
difference in sensitivity between carbon materials with different
morphology on the chemoresistive sensing performance of
MWCNT /polymer composites,***> and the functionalization
of carbon surface with chemoselective polymers has been
previously reported to increase the selectivity and sensitivity of
carbon material composite to VOCs.*® Since our detection
system is composed of polymer matrix, binding agent, and
conductive fillers, we hypothesize that the dimensions and
electrical properties of the fillers as well as the functionalization
of filler surface with the binding agent (MA) will affect the
sensor sensitivity and response time toward putrescine. First,
two previously reported methods, Diels—Alder reaction®” and
radical polymerization,® that were successful in grafting MA on
carbon materials were tested. Then, three sensing composites,
PEVA/MA/carbon particles (CPs), PEVA/MA/multiwall
carbon nanotubes (MWCNTs), and PEVA/MA grafted-
multiwall carbon nanotubes (g-MWCNTSs), were coated on
passive RIFD tags, and their response upon exposure to
putrescine, a common BA, were characterized and compared.
The morphologies of the different films were investigated using
SEM, and some mechanisms were proposed to explain the
behavior of the tag during exposure. Finally, the composite
composed of g-MWCNTSs was exposed to biogenic amines with
a range of concentrations, and its sensitivity was compared to
what was reported in some previous studies by our group.

B EXPERIMENTAL SECTION

Materials. Salts of putrescine were received from Sigma-Aldrich
(Oakville, ON) and used as received. CPs (graphitized, particle size
<500 nm), MWCNTs (o.d. 10—1S5 nm, id. 2—6 nm, length 0.1-10
um, >90% AS MWCNT), maleic anhydride, and poly(ethylene-co-
vinyl acetate) (PEVA) (vinyl acetate 18 wt %) were purchased from
Sigma-Aldrich (Oakville, ON) and used as received. Passive copper
RFID tags (STMicroelectronics) operating at 13.56 MHz were
purchased from Digi-Key Corporation (Thief River Falls, MN).
Silicone elastomer kit was obtained from Dow Corning Corporation
(Midland, MI).

Preparation of MA Grafted MWCNTs. Maleic anhydride was
grafted on the MWCNT surface via Diels—Alder reaction and radical
polymerization. Diels—Alder reaction was achieved by mixing 0.1 g of
pristine MWCNTSs and maleic anhydride in 20 mL of toluene and
heating to 110 °C under reflux for 24 h. Radical polymerization was
conducted by using BPO as polymerization reaction initiator. A 0.1 g
portion of MWCNTs and maleic anhydride were placed in a three-
neck flask with 20 mL of toluene and excess initiator. The mixture was
heated to 110 °C for 8 h under reflux. Both reactions were conducted
under nitrogen atmosphere to prevent side reactions. Reacted
MWCNTs were collected using a crucible (medium size), and the
unreacted maleic anhydride was washed away via Soxhlet extraction
with boiling toluene for 24 h. Modified MWCNTSs were then oven-
dried at 65 °C prior to further testing.

Grafted Filler Characterization. Thermal stability of pristine and
modified MWCNTSs was investigated using a thermal gravimetric
analyzer (TGA, TA TGA-QS00, TA Instruments). TGA was used for
its ease in estimating grafting yield. A 10 mg portion of material was
placed in a platinum pan and heated up to 600 °C with a heating rate
of 10 °C/min under nitrogen. Surface characteristics of pristine
MWCNTs and modified MWCNTs were investigated via zeta
potential analysis (Zeta Plus, Brookhaven Instrument Corporation).
The 10 mg portions of pristine MWCNTSs and grafted MWCNTSs
were dispersed in 20 mL of water, and the zeta potential was calculated
as an average of 10 measurements. Mixtures were sonicated for 5 min
and left standing 30 min prior to testing. Surface functional groups for
pristine MWCNTSs and modified MWCNTs were investigated by
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FTIR (400 cm™ to 4000 cm™). A 2 mg portion of carbon nanofillers
was mixed with 200 mg of oven-dried KBr, which was then pelletized
and tested. The morphology of the composites coated on the RFID
tag was investigated by scanning the surface of the films using a
Hitachi S-5200 scanning electron microscope (SEM).

Device Fabrication. Passive RFID tags operating at 13.56 MHz
frequency were used as the sensor substrate and the antenna altered
following previously developed methods with slight modifications.>"*>
RFID tags were coated with composites composed of conductive fillers
(CPs, MWCNTs, and g-MWCNTSs), poly(ethylene-co-vinyl acetate),
and maleic anhydride at weight percentages of 18%/32%/50% or
50%/50%. Mixtures were dissolved in 15 mL of dichlorobenzene and
sonicated for 1 h at room temperature to ensure homogeneity. In this
procedure, the silver paste was left intact while in the previously
reported procedure a thin layer of paste was removed with tape. Final
target tag resistance was of 5.0 + 1.0 Q after applying multiple layers
of the composites. After modification of the RFID tags, the operating
frequency was found to increase from 13.56 to 14.20 MHz.

Biogenic Amine Detection. A general-purpose network analyzer
(PNA, Agilent HPE8361A) working in frequencies ranging from 10 to
16 MHz was used to monitor tag response after exposure to
putrescine. The PNA was equipped with a single coil copper antenna,
and the tag/antenna array was placed in a Petri dish containing 40 mL
of putrescine solution. The PNA antenna was placed at S mm from the
Petri dish lid. A putrescine solution of 0.25 M was then added and
heated to 35 °C, and the tag responses were recorded every 2 min for
30 min. Samples were repeated in triplicate to generate error bars.

Tag Operating Principle. In our experiments, the silver paste on
the bottom right of the tag is partially replaced with the composite
material; as such, the RFID tag equivalent circuit can be modeled as
shown in Figure 1.

| R R,

CPE
“ b e el
R; —]
Rst
Reader Tag

Figure 1. Equivalent circuit of the novel RFID tag design.

By assuming that the changes in electrical properties of the
composite over exposure to amines are mainly resistive, due to
increased distance between conductive fillers, the novel tag impedance
and quality factor can be derived as follows:

Ry
Ry,
tag —

+ +jw(ﬁ + R+ RZ) - w’L,C, + 1
Ry, Ry,

Z 1
— + jwC
Ry W (1)
By assuming that, at resonance, the antenna of the tag capacitive
element is related to the antenna inductance, we obtain
1
oL
Wola (2)

Hence, the novel tag quality factor (Q) can be expressed as

-1
o= (g L ROLR )
Ry wol, wol, 3)

Thus, the quality factor determined experimentally can be used to
obtain the variation in PEVA/MA/conductive filler composite
response using eq 3.

C,=

B RESULTS AND DISCUSSION

Preparation of Functionalized MWCNTSs. In this study,
two grafting methods were explored to attach MA molecules on
the surface of MWCNTSs. The Diels—Alder reaction, also
referred to as “click reaction”, allows grafting individual

molecules of MA on the surface of MWCNT's without inserting
other components beside the solvent, as shown in Figure 2. In

(a) Radical Polymerization

MA

[ .
Reflux, Toluene, 24h

MA

g-MWCNT

Figure 2. (a) Radical polymerization of MA on MWCNTs. (b) Diels—
Alder reaction of MA on MWCNTs.

this reaction, MA would act as a diene while MWCNT's would
act as dienophile. In contrast, radical polymerization of MA on
the surface of MWCNTSs requires the addition of benzoyl
peroxide to initiate the reaction and results in grafting long
chains of MA on the MWCNTs surface.

Following the MWCNT grafting and washing stages,
qualitative and quantitative investigation of the effectiveness
of the grafting reactions were conducted. FTIR and zeta
potential analysis were used to confirm the grafting of MA on
MWCNTSs, while TGA characterization provided an estimate of
the amount of material grafted.

Pristne MWCNTs and functionalized MWCNTSs were
characterized by FTIR, as shown in Figure 3b. Characteristic
functional groups for pristine MWCNTSs and functionalized
MWCNTs have been reported previously. The absorption band
of pristine MWCNTs at 3400 cm™" is characteristic of the —
OH group stretching, which may be due to MWCNT residual
impurities or humidity, while absorption bands in the 1475—
1600 cm™" region can be assigned to the MWCNTS’ aromatic
C=C stretching. FTIR spectra of modified MWCNTs revealed
different functional groups, with the emergence of absorption
bands at 2928, 2859, and 1744 cm™, which are characteristic of
—CH,— stretching and C=0 stretching.39 These results
suggest that MA was successfully grafted on the MWCNTS’
surface. It can be noted that MWCNTS functionalized through
radical polymerization had more intense absorption bands at
wavelengths characteristics of MA functional groups. To
confirm the grafting of MA on MWCNTSs, the zeta potential
of MWCNTs before and after functionalization was measured.
Table 1 summarizes the zeta potential values for pristine
MWCNTSs and functionalized MWCNTSs dispersed in water.
The negative zeta potential of pristine MWCNTSs could be due
to the presence of residual hydroxyl or carboxyl groups on the
surface. Grafting negatively charged molecules on the surface of
MWCNTs, such as MA, should further reduce the zeta
potential of the modified filler.** Higher surface charge
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Figure 3. (a) TGA thermographs and (b) FTIR spectra of pristine MWCNTs and modified MWCNTs via Diels—Alder reaction (DA) and radical

polymerization (RP).

Table 1. Zeta Potential of the Nanofillers

fillers zeta potential (mV)
pristine MWCNT —19.57 + 49
MWCNT (Diels—Alder) —25.00 + 3.5
MWCNT (radical polymerization) —35.01 + 2.1

indicates an increased repulsion force between the medium
(water) and the particles (MWCNTSs and g-MWCNTs), which

corresponds to a more stable dispersion system,*' and further
confirms the grafted MA on the surface of the MWCNTs.
The percentage of MA grafted, as determined by TGA, is
shown in Figure 3a. The degradation of organic fractions on
grafted MWCNTs usually occurs from 250 to 500 °C.*~** MA
was reported to fully degrade at temperatures below 200 °C.
The thermal degradation profile of pristine MWCNTs did not
reveal obvious mass loss at temperatures below 500 °C, while
the degradation of functionalized MWCNT's started at 200 °C.
It indicates that the mass loss likely resulted from the grafted
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Figure 4. (a) Representation of the novel RFID tag during exposure to a putrescine solution. Typical reflectance characteristics of a modified RFID
tag are shown. (b) Log plot of the amount of signal reflected from 10 to 16 MHz during exposure to BA. (c) Plot showing the relative amount of
radio waves reflected over time for the modified tag. The dashed line in part ¢ represents the cutoff, which occurs when less than 30% of the relative
amount of radio waves is reflected back to the network analyzer. (d) Plot showing the frequency at resonance over time for the modified tag.
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Figure S. SEM pictures of the 3 films coated on RFID tags: (a, d) gz-MWCNTSs composite, (b, e) MWCNTSs composite, and (c, f) CPs composite.
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Figure 6. Evolution of (a) relative amplitude and (b) average quality factor of tags coated with composites composed of CPs, MWCNTs, and g-
MWCNTs as conductive fillers during exposure to 0.25 M putrescine and water. Evolution of (c) relative amplitude and (d) time at which the tag
ceases to operate for composites of g-MWCNTs during exposure to different putrescine concentration.

MA. Thermal degradation of Diels—Alder reacted MWCNTSs
and radical polymerization reacted MWCNTSs occurred at 450
and 250 °C, respectively. This difference may be related to the
formation of one or two covalent bonds between MA and the
surface of MWCNTs in radical polymerization reaction and in
Diels—Alder reaction, respectively. Nevertheless, these results
allow the estimation of the mass fraction of MA grafted using
both reactions. It was found that 5 and 20 wt % of MA were
grafted on the surface of MWCNTSs after performing Diels—
Alder reaction and radical polymerization, respectively. The
amounts fell within the range of previously reported grafting

11943

yield of MA on the surface of MWCNTs by radical
polymerization, 10—25 wt 9%,**¢ and Diels—Alder reaction,
5—10 wt %.”

Sensor Operating Principle. Passive RFID tags were
coated with the composite material composed of PEVA,
selected for its weak ability to swell upon exposure to water,
and carbon nanofillers, used to generate a semiconductive
material. MA was added in the composite to act as a binding
agent toward BA.Y Binding or interactions between MA and
BA result in the progressive swelling of the polymer matrix over
time. In turn, the swelling of the polymer affects the network of
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fillers, and thus the electrical response of the CPC, which
transduces changes in the reflectance characteristics of the
RFID tags. The reflectance characteristics of an RFID
transponder can be expressed in terms of frequency at
resonance, F Hz, and the relative amount of radio waves
reflected, X%. They were both monitored in this study during
the exposure of the RFID transponder tag to BA for 30 min
using a general purpose network analyzer.

Figure 4a illustrates an RFID sensor exposed to a solution of
putrescine while Figure 4b—d shows the response of an RFID
sensor during exposure to a solution of 0.25 M putrescine for
30 min. As the CPC film absorbs BA, its electrical response
changes, which further affects the impedance of the trans-
ponder’s antenna and induces changes in the reflected response
signal. These fluctuations reduce both the frequency at
resonance and the relative amount of radio waves reflected
by the tag, as shown in Figure 4c,d. When only 30% or less
relative amount of radio waves is reflected, the RFID
transponder is considered as inoperable as the reflected radio
frequency signal from the tag is not detectable by the reader.
Hence, results for the novel tag shown in Figure 4 reveal that
after 20 min of exposure to 0.25 M putrescine the tag was
inoperable.

Morphology of the Coated Films. The morphology of
the composite films coated on RFID tags was investigated using
SEM; pictures are shown in Figure 5. There were no significant
microstructural differences observed between MWCNTS and g-
MWCNTSs at high magnifications, as shown in Figure Sa,b.
However, Figure S5d,e indicates a better distribution of the
conductive fillers in the g-MWCNT composite as compared to
MWCNTs. In addition, the surface of the g-MWCNTSs coating
was found to be smoother than that of the MWCNT and CP
composite, which could be due to a better compatibility
between the conductive fillers and the matrix resulting from the
grafting of MA at the surface of the conductive fillers.”
Previous studies have reported the importance of the
microstructure and nanostructure of CPCs on the sensitivity
toward volatile analytes.***” It was suggested that the swelling
of the matrix resulting from the sorption of the analyte in the
matrix causes the disruption of the conductive network, and
thus a chemoelectrical response of the device. Hence, achieving
a good dispersion of conductive fillers in the matrix is crucial to
optimize the sensitivity of CPCs toward volatile compounds as
a better dispersion facilitates the disruption of the conductive
network during exposure to volatile compounds and enhance
the sensitivity of the device.*”*"

Influence of Filler Type on the Sensitivity of the RFID
Sensors. The effect of CP, MWCNT, and g-MWCNT (radical
polymerization) composites on the sensitivity of the novel type
of RFID tags after exposure to 0.25 M putrescine is shown in
Figure 6a,b. A response to water was observed for the relative
amplitude of the coated tags. These results suggest that some
level of background noise exists due to interference by water
and the heat generated during the experiments. However, the
tags have achieved a good level of signal-to-noise ratio to be
considered effective for the intended application.’” An overall
faster response time by a factor of 2 was obtained due to the
change in the procedure of RFID tag preparation,32 and both
changing the filler type and using grafting instead of blending
for MA affected the tag cutoff time. Tags with PEVA/MA/CPs,
PEVA/MA/MWCNTs, and PEVA/g-MWCNTs had 20, 14,
and 10 min as the cutoff time, respectively. Less cutoff time
indicates a quicker or more sensitive response. It is likely that

the inoperability of the tag is related to the increase in the
resistance of the tag antenna, which induces a mismatch
between the antenna and the chip impedance, as shown in eq 3.
Hence, in the case of PEVA/g-MWCNTSs, the less time to
reach cutoff intrinsically is related to a faster increase of the
resistance of the sensing composite material. With consid-
eration of filler size and morphology, a higher initial
conductivity and a more complex network are obtained when
similar amounts of MWCNTs are added as compared to
samples with CPs.>> However, the opposite outcome was
previously reported, with an increase in sensitivity by a factor 4
with blending carbon black in poly(styrene-co-butadyene) as
compared to that with MWCNTs poly(styrene-co-buta-
dyene).>* This phenomenon may be related to the presence
of a binding agent (MA) in our system in addition to the matrix
and the conductive fillers, while the system reported in the
literature study only comprised a polymeric matrix and
conductive fillers. Thus, different synergies between MA and
MWCNT and CP in the composites could lead to this
outcome. In addition, a larger amount of PEVA/MA/CPs is
needed for the tag to reach 5 €, as compared with PEVA/MA/
MWCNTs. This resulted in a composite of lower thickness for
the latter, and thus an increased diffusion flow of putrescine (J)
into the composite film, following Fick’s first law of diffusion.>
This outcome could also be due to additional transduction
mechanisms in the current system rather than purely
chemoresistive sensing taking place. By grafting MA on
MWCNTs, the tag cutoff time was further reduced. This
phenomenon is likely due to the more homogeneous dispersion
of the conductive network in g¢-MWCNTs films, as previously
mentioned, and to the presence of BA at the surface of the
conductive filler, as shown in Figure 7. In Figure 7a, MA is

a. Traditional system b. Proposed system

Composite swelling (side view) Composite swelling (side view)
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Figure 7. Illustration of (a) blended MWCNTSs/MA/PEVA and (b)
grafted MA on MWCNT /PEVA detection principle of BA.

blended into the composite, and thus binding with BA will
induce a localized swelling; nevertheless, the distance gap
between MA and MWCNTs makes the disruption of the
conductive network less effective. In contrast, in Figure 7b,
binding of BA occurs at the surface of the MWCNTs, and thus
results in the larger disruption of the network faster. With
increasing the concentration of putrescine during exposure, the
tag cutoft time was reduced, as shown in Figure 6¢c. Cutoff times
were of 4, 10, 20, and 28 min with exposure to 0.5, 0.25, 0.1,
and 0.05 M of putrescine, respectively. The sensitivity of the
composite of g-MWCNTSs was further determined by plotting
the time at which the tags cease to operate (T,,) against the
concentration in putrescine during tag exposure, as shown in
Figure Sd. It was found that the T, followed a logarithmic
decay with increasing the concentration in putrescine during
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exposure, confirming the previously reported results.>> The
relationship between T, and putrescine concentration was T,
= —10.49 In(C,,,,)—3.84, which reveals a faster cutoff of the tags
with g¢-MWCNTs composites as compared to that of previously
reported for composites of CPs, T,, = —20.77 ln(Cput) +
31.62.%

The average quality factor for the tags containing the three
types of sensing composites after exposure to 0.25 M putrescine
solutions is shown in Figure 6b. The initial quality factor of the
RFID tags was between 23 and 27, which falls in the range for
operating REID devices.>* After being exposed to putrescine,
the RFID tags quality factor decreased first prior to a steady
increase. The quality factor for the PEVA/MA/CPs, PEVA/
MA/MWCNTs, and PEVA/g-MWCNTSs composites showed a
minimum at 16, 10, and 8 min, respectively. In the first stage,
the quality factor decreased, which highlights an increase in the
bandwidth of the transponder. During exposure to putrescine,
the shift from semiconductive to insulating material results in
an increase of the RFID tag bandwidth as suggested in eq 3.
The quicker increase of the quality factor when using
MWCNTs and g-MWCNTSs compared to CPs composites
indicates a quicker increase in the signal bandwidth, which
agrees with the previously obtained results. The transition from
first to second stage is likely due to the inoperability of the tag,
as the signal maximum intensity approaches —3 dB. As such,
the higher Q factor does not convey a reduction in the signal

bandwidth but the inoperability of the tag itself.

B CONCLUSION

Finding novel techniques that are cost-effective, simple, and
noninvasive for food quality monitoring is crucial for
developing countries. In this paper, we present the use of
novel inexpensive passive 13.56 MHz RFID tags to detect and
quantify the amount of putrescine, a common biogenic amine
byproduct generated during food spoilage. Passive RFID tags
were altered using CPCs composed of different types of
conductive nanofillers (MWCNTs, CPs, and g-MWCNTs), a
sensing agent (MA), and a polymer matrix (PEVA). Diels—
Alder reaction and radical polymerization were used to graft
MA on MWCNTs. With radical polymerization, the grafting
yield was higher, and the zeta potential of the nanomaterials
was lower, as compared to the Diels—Alder reaction. The novel
tags were then exposed to putrescine vapor, and tag response in
terms of relative amount of reflected waves, frequency at
resonance, and quality factor were monitored over time using a
network analyzer. Tags became inoperable after 20, 14, and 10
min exposure when using CPs, MWCNTs, and g¢-MWCNTs as
the conductive fillers, respectively, with less time indicating a
higher sensitivity. RFID tag quality factor was determined
experimentally and shown to first decrease as a result of the
increased tag resistance and then increase due to the tag
becoming inoperable. This study demonstrated that MWCNTs
and grafted MWCNTs can be used to make more sensitive
RFID tags capable of faster detection/sensing of spoilage in
food. Future work will focus on the investigation of the
difference in synergy between MA and CPs/MWCNTs, testing
the sensors against interfering substances and the elucidation of
the nature of the electrical response of the composite resulting
in RFID tags cutofl.
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