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ABSTRACT

Monitoring and maintaining food quality, safety, and authenticity are the most important concerns in the food industry. The
cutting-edge flexible sensors for food monitoring precisely satisfy the needs of acquiring information on multiple parameters
in a small space, they provide for the more reasonable layout, get data on the mechanical deformations, and can be conform-
ably attached to arbitrarily curved surfaces. The flexible sensing materials with a large area of specific surface, that ensure
high mobility and density of the media, feature dense active sites, outstanding adjustability and high processing capacities,
such as two-dimensional carbon nanomaterials, conductive polymers, and nano-hybrid materials; those materials have fur-
ther improved the sensitivity, stability and selectivity of the flexible sensors’ perception. This article attempts to critically re-
view the present state-of-arts developments in relation to the materials, manufacturing techniques and sensing mechanisms
of the devices, as well as the applications of the electrically-transduced flexible sensors. Moreover, this article elaborates on
the transduction mechanisms of the several typical transducers, with a focus on the physics behind, including the modula-
tion of the doping level, Schottky barrier, and interfacial layer that typically cause changes in conductivity, functionality and
permittivity. We also highlight the benefits and the technical challenges along with the appropriate solutions provided by the
presented flexible sensors, and we also consider the potential strategies that allow overcoming limitations in power consump-
tion, quantitatively assess the trade-offs in maintaining the quality and marketability, to optimize wireless communication
and explore new sensing patterns.
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I'MBKUWE CEHCOPBI 11 MOHUTOPUHTA ITUITEBBIX MTPOAYKTOB:
YACTDH II — ITPUMEHEHUE
JIyo I.!, Hukutuna M. A.%, Csio 11.1*

! IH>xeHepHBIN KoJlteIK, Kuraiickuii cenbCKOX03s/iCTBEHHBIN yHUBepcuTeT, [lekuH, KHP
? @epepaibHbIi HAYUHBIN LEHTP MKILEBbIX cucTeM uM. B. M. Top6aToBa, MockBa, Poccust

KJIOYEBBIE CJIOBA: AHHOTALIM A
2u6KULl ceHcop, MOHMUTOPYHT U MTOAePKaHMe KauecTBa MUIIEeBbIX TPOAYKTOB, X 6€30MaCHOCTb ¥ ayTEHTUYHOCTH SIBJISIOTCS Hanbosee Bax-
MOHUMOPUHE HBIMM TIpO6JIeMaMy B ITPOM3BOACTBE IIPOAYKTOB MuTaHus. Hoejilme rm6Kme CeHCOPhI [Jisi MOHMTOPUHTA KavyecTsa Mulie-
nuujesslx NPoOyKmMos,  BBIX MPOLYKTOB UIEATbHO YIOBIETBOPSIIOT IOTPEGHOCTH MOMyIeHMsT MHGOPMAIM [0 MHOTOYMCIEHHBIM MTapaMeTpam, TIpu
anacmuuHsle no céoeli  ITOM 3aHUMast OUE€Hb MaJIOe TPOCTPAHCTBO 1 06eceunBast BOSMOXKXHOCTh Haubo/ee pa3yMHOTO PasMellleHus B IPOU3BOACT-
npupode, MexaHu4eckoe BeHHOM IIPOILecce. DTU CeHCOPbI IIPeIOCTABISIIOT JaHHbIe 0 MeXaHNUeCKMX nedopMalysx, ¥ MOTYT yIO6GHO pa3sMeIaThcsa Ha
coomeemcmaue, MPOM3BOILHO BOTHYTBIX MIOBEPXHOCTSIX. 16K UYBCTBUTENbHBIE MATEPUAIbI C GOJBIION TJIOIALBIO YIETbHOI TOBEPXHO-
nposodswuii 3nekmpod, cTu, 06eCIIeUNBAOIIE BHICOKYIO MIOABVKHOCTD M MTOPTATUBHOCTD UyBCTBUTEIbHBIX 3JIEMEHTOB, XapaKTEPU3YIOTCS BBICOKOM
2nekmpuyeckoe IJIOTHOCTBIO JIEVICTBYIONINX STUeeK, IIPEBOCXOIHOM HaCTPaMBaeMOCThIO M OTJIMUHBIMY TEXHOIOTMUECKMMIM BO3MOKHOCTSIMMA.
ceoticmea, CeHCOpHbIli B 4acTHOCTHM, IByMepHbIe YITIepofHble HaHOMAaTepyasIbl, IPOBOASIIIE MTOMMepbl, ¥ HAaHOMEpHbIe ITM6PUIHbIE MaTepPyUasIbl
MEeXAHU3M, MEXAHU3M  elle GOJbIIe TOBBICU/IV YYBCTBUTEIbHOCTb TMOGKMX CEHCOPOB, 00eCTIeunIv CTabMIbHOCTb CUUTHIBAHMS U CEIEKTMBHOCTH Cpa-
npeobpazosaHust 6aTbIBaHMS. B JaHHOI CTaThe aBTOPbI MTOMBITAINCH JATh KPUTUUECKUIT 0630p HOBEMIIMX pa3paboToK B chepe IMpuMeHsieMbIX
MaTepuaaoB, IPOU3BOACTBEHHBIX TEXHOIOIUIA, Pa306paTh MPUHIMUIIBI AECTBUSI CEHCOPHBIX MEXaHM3MOB 3TUX YCTPOICTB,
a Takke JaTh 0630p crioco6aM MpUMEHEHMS TMOKMX CEHCOPOB C IEKTpUUECKMMU TpeobpasoBaTesiMu. Kpome Toro, B 3TOi
CTaThe MOAPOGHO PacCMaTPUBAIOTCS MEXaHM3MbI IIPe06pasoBaHys, 06yCIOBIMBAIOIIME [eiiCTBIME HEKOTOPBIX TUITOBBIX IIpe-
obpasoBaresneii, ¢ yropom Ha (GhU3MKY, JIEKAIYI0 B OCHOBE TaKOBbIX SIBIEHWIT, BKTIOUAsT MOIYJISIIMIO YPOBHS JIETVPOBAHWS
MarepuasoB, 6apbepa LIOTTKM 1 MeKGba3HOTO C/I0s, KOTOPbie OGBIYHO BbI3BIBAIOT M3MEHEHMsI IIPOBOAUMOCTHM, IUITEKTPU-
YeCKOM MPOHMIIAEMOCTH M QYHKIMOHATBHOCTH. MbI TaKKe TIOTUEPKMBAEM MTPEMMYINECTBA Y TEXHUUECKME TPO6IIeMbl, Te-
peuncisieM COOTBETCTBYIONINE pelleHus], obecreurBaemMbie TMOKMMY CEHCOpaMi, a TaKKe pacCMaTpUBaeM IMOTeHIMaIbHbIe
CTpaTeruu, Mo3BOJISIONINE IPEONONeTh OTPaHMUEHSI B SHEPrOMOTpe6IeHN I, KOMMUECTBEHHO OIIeHUTh KOMITPOMMCCHI B ITOJI-
IepKaHuM KauyecTBa M KOHKYPEHTOCIOCOGHOCTH MPOAYKTa, ONTUMMU3MPOBATh GECTIPOBOAHYIO CBSI3b M MCC/IENOBATH HOBbIE
MOZE/IV CYMTHIBAHMSI JAHHBIX ITYTEM UX CEHCOPHOTO OOHAPYKEHMSI.

1. Flexible sensors for food monitoring

The wide range of flexible sensing techniques, shapes and forms that
have been applied to food monitoring will be considered here. In this sec-
tion, we will systematically discuss three types of electrically-transduced
analytical flexible sensors. These sensors include physical sensors, which
are used for monitoring food texture, fruit ripeness, and temperature/
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humidity variations in the warehouse environment during their stor-
age; chemical sensors, which are used for monitoring pH, heavy metals
content, marker gases of food spoilage (e. g., H,S, NH,, etc.), content of
pesticide and residues of antibacterial substances; and biosensors which
are used for monitoring bacteria, organophosphates, biogenic amines and
pesticide residues. Flexible sensors based on simple colorimetric, fluores-
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cent, and paper chromatography surface enhancement of Raman scatter-
ing (SERS) have also been widely used in food quality, safety, and authen-
ticity monitoring due to their simplicity and cost-effectiveness. However,
they are not strictly considered as electrically-transduced sensors as de-
fined previously. Therefore, we will not consider these sensors here.

1.1. Flexible physical sensors

1.1.1. Temperature

Temperature is one of the important factors that affect the quality and
safety of food. Temperature fluctuations at any point within the chain
of the cold storage and distribution, like handling, loading, unloading,
temperature cycles in the walk-in coolers, at the storage displays, and
during its transportation home provide a strong impact on the shelf life
of refrigerated food products [1,2,3,4,5]. Temperature plays a significant
role in determining the rate of microbial activity development, chemical
changes, and loss of nutritional value. Specifically, during refrigeration
there is a potential risk for the staple food products, as the temperature
between 4 and 12 °C is optimal for the growth of psychotropic bacteria
and thermo-tolerant fungi. To ensure food safety and quality it is crucial
to monitor and regulate temperature at every step of food production,
storage, transport and distribution [6,7].

Escobedo et al. [8] designed a flexible printed temperature sensing
cell. This sensor uses a commercially available PVC board as its flexible
substrate; its conductive electrodes are made of silver conductive paste
applied by stencil printing method. The temperature sensing material
is a conductive polymer PEDOT: PSS. The sensing mechanism can be
described as follows: change in environmental temperature affects as a
physical perturbation on the sensing material, the sensing material acts
as a resistor, and the mobility of the internal charge carriers in PEDOT:
PSS polymer increases along with the increase of temperature, thus
leading to an increase in its conductivity. The conductivity increase is
transduced by the transducer into a resistance decrease, which in its turn
raises circuit current and makes the LED indicator flash brighter. Being
combined with another strain sensor integrated on the substrate card, the
originally lit LED will turn off when the food packaging bag shows signs
of Blown Pack Spoilage (BPS) due to food spoilage, which process proves
that the food is no longer suitable for consumption. The temperature sen-
sor based on PEDOT: PSS showed 70% change of resistance for a tem-
perature variation of approximately 60 °C. Although the resistance-based
sensing mechanism lacks a quantitative correlation between the sensor
response and the precise level of spoilage, its threshold detection is quite
sufficient for the intended application in the field of BPS detection.

1.1.2. Humidity

The level of humidity plays a crucial role in various sectors of the
food industry, ranging from dairy and meat to dehydrated products [9].
Humidity is a key indicator to monitor when testing food quality, as in-
creased moisture provides a favorable environment for the growth of bac-
teria and fungi, thus becoming a safety issue for product consumption
[10]. In addition to microbial growth, humidity can also cause spoilage of
dehydrated products, result in product softening and moisture absorp-
tion, thus shortening the shelf life [11]. Therefore, monitoring and main-
taining the due humidity levels in food packaging and storage rooms are
crucial for preserving the quality and texture of food [12,13].

Molina et al. [14] created interdigitated electrodes (IDE)-based capaci-
tive humidity sensor using flexible PET foils as substrate. Firstly, silver
nanoparticles ink was inkjet-printed onto a PET substrate to patternize the
planar IDE. Then, electrodeposition was performed on PET foil in a nick-
el sulfamate bath at 54°C and current intensity of 20 mA/cm?, resulting
in electrodeposition of layers ranging in thickness from several hundred
nanometers to 15 um. Cellulose acetate butyrate (CAB) was used as the
sensing material and was inkjet-printed onto the IDE capacitor. Thus, the
sensor creation was completed. It should be noted that pretreating PET
substrates with oxygen plasma does not improve the adhesion of metal to
the substrate; it does demonstrate any beneficial results in enhancing the
smoothness of line edges. Additionally, when the printed electrodes come
into direct contact with the environment, silver is highly likely to interact
with moisture, oxidizing and/or releasing some organic residues that may
have been extracted from the ink. Passivation of the inkjet-printed silver
electrodes with nickel can improve the stability of electroplated sensors.
The sensing mechanism of this capacitive humidity sensor can be sum-
marized as follows: the water vapor, which is the target gas, is absorbed
by the polymeric sensing layer. Consequently, the sensing layer swells and
increases its thickness, which alters its dielectric constant es, and modifies
the value of C. When the thickness of the sensing layer is increased (up to
the saturation value of rs,1 ~ 0.5), it can absorb greater number of mol-
ecules in the fixed concentration of ambient gas. This causes larger shifts

of C and leads to higher sensitivity but can also lead to unfavorable factors
such as long-term response and hysteresis of the sensor. The sensitivity of
this device is 2.36 + 0.08 fF per 1% R. H. It is worth noting that the tech-
nique used to fabricate the sensing layer, electrodeposition on inkjet-print-
ed patterns, is a smart technical solution for the simultaneous production
of temperature and gas sensing platforms.

1.1.3. Pressure

The growing competition in both domestic and international fruit
markets has created a demand for better techniques to evaluate ripeness
of fruit. This is necessary to minimize potential losses for the growers and
the packers, as well as to prevent spoilage of fruit supplied to the con-
sumers. While determining the optimal harvest time and precise stage
of ripeness are crucial in evaluating the quality of many fruit varieties,
there is still a necessity to find the appropriate techniques to monitor
the ripeness degree of numerous varieties [15,16]. Flexible tactile sens-
ing technology can serve as useful approach in agriculture to evaluate
the inherent quality of fruit and supplement the information obtained
from visual inspection [1,17]. However, tactile sensors that rely on a sin-
gle mechanism typically cannot comprehensively assess fruit quality in
both qualitative and quantitative terms, which may not provide sufficient
guidance for terms of logistics and shelf life longevity [18]. Thus, highly
sensitive flexible pressure sensors which use multiple mechanisms are
greatly needed [19].

Xia et al. [18] designed a dual-mechanism pressure sensor (DMPS)
that is made up of Ag nanowire/PDMS electrodes and ZnO nanoparticle-
based membranes that are able to sense pressure. The sensor features
sandwich-like structure and is very flexible because of chemical bonding.
It can detect both high-frequency dynamic pressure and static load at
the same time by using both piezoelectric and piezocapacitive effects. It
provides certain benefits in comparison with the traditional piezoelectric
sensors, which cannot continuously detect static pressure. Firstly, the Ag-
NW ethanol dispersion was drop-applied onto PDMS flexible substrate to
create a flexible AgNW/PDMS electrode through solvent evaporation and
annealing. Second, PDMS mixture solution containing Zinc oxide powder
was spin-applied onto a glass substrate and allowed to cure before its
peeling off from the glass substrate. Third, both sides of the PDMS-ZnO
film were plasma-treated with O, and amine-modified to prepare for the
next step of assembly. Finally, two flexible electrodes and piezoelectric
film were assembled into a sandwich structure at 60 °C. Due to the strong
covalent bond between the -OH modified PDMS and APTES modified PZO,
the multilayered structure layers adhere tightly to each other. The sens-
ing mechanisms of this dual mechanism pressure sensor can be described
as follows: (1) In piezoelectric mode, the piezoelectric potential that ap-
pears between the electrodes is created by deformation of the crystal-
line material and internal dipole polarization initiated by mechanical
stimulation. (2) In piezocapacitive mode the addition of nanofillers into
the polymer creates bulges on the membrane surface with empty spaces
between each one. When the membrane is compressed, these spaces are
filled by neighboring composites, thus causing the increase of the com-
prehensive dielectric constant of the dielectric layer. It is worth to under-
line that: (a) In piezoelectric mode, after optimizing the content of ZnO
nanoparticles, this pressure sensor shows the improved electrical output
properties, resulting in an open-circuit voltage of approximately 2 volts
when subjected to an external force of 20 newtons. And it is basically
able to ensure stable functioning under 5,000 load cycles in this mode. (b)
In piezocapacitive mode, the sensor’s pressure sensitivity varies within
0-16 kPa and 16-100 kPa, which is equal to are 17.82 and 5.75 MPa-1
respectively. This is approximately double the sensitivity levels observed
in a sensor produced with flat copper foil electrodes under similar condi-
tions. Moreover, the output of the sensor’s capacity remains stable even
after being subjected to 5,000 load cycles.

1.2. Flexible chemical sensors

1.2.1. pH

During the food spoilage processes the original chemical compounds
like glucose, lactic acid and certain amino acids are catabolized by mi-
crobes or microflora [20]. The pH of the chemical environment of food
can be altered by acidic or basic metabolites produced during microbial
spoilage [21]. These markers, such as liquids (e. g., fatty acids, lactic acid,
etc.) and gases (e. g., amines, carbon dioxide, etc.), can form acidic or ba-
sic substances when dissolved [22]. Therefore, monitoring pH profiles in
food provides a tool for food quality measurement [23].

Xiao and his team [24] developed a flexible battery-free wireless elec-
tronic system (FBES) equipped with electrochemical pH sensor. Double-
electrode pattern is implemented on a thin commercial PET/ITO film
(~125pm) using a carbon dioxide laser for its scribing. Then, Ag/Cl is
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applied to the reference electrode through a drop-coating process to fi-
nalize the production of a flexible electrode. However, the first issue was
the inflexibility of ITO film, which makes it unsuitable for its application
in flexible devices because of the oxide material brittleness [25,26,27].
However, growing ITO into nano-branched structures has solved this is-
sue [28]. At second, the sensing mechanism can be analyzed as follows:
this two-electrode pH sensor can utilize the activity of target ions (H",
OH’) as an input signal, and the potential as an output signal, for effec-
tive conversion of ions to electrons [29]. According to Nernst equation,
when the activity of measured ions increases by 10 times, the poten-
tial/electromotive force (EMF) increases by 59.2 mV/zi (zi is the ionic
charge of the ion “i”) [30]. The activity of ions has a close correlation
with the concentration of hydrogen ions or hydroxide ions. Ag/Cl elec-
trode has made major contribution to the stable potential difference be-
tween the working electrode and the reference electrode: ion-to-electron
transduction proceeds through the reversible redox reaction between
AgCl(s) + e 2 Ag(s) + Cl(aq), which provides stable interfacial potential
between the AgCl/Ag electrode and the inner filling solution [30]. It is
worth emphasizing that the analysis is run under thermodynamic equi-
librium conditions, which means that the system can be observed without
applying the potential that can induce chemical reactions, and thus can
detect chemical substances without involving any redox processes [31].

1.2.2. Gases

Oxygen (0,): Oxygen is essential for life but also can spoil food through
its oxidation (lipid and ascorbic acid), enzymatic reactions (accelerated
ripening, darkening or browning), and microbial growth [32,33]. Thus, it
is crucial to keep track of the levels and variations of oxygen within the
food packaging to ensure food quality and safety.

Seoyeon et al. [34] designed a cut-the-edge self-powered flexible oxy-
gen gas sensor for the smart food packaging. This self-powered sensor
is based on metal-air batteries designed to generate power by oxidizing
metals with the air oxygen. This flexible oxygen sensor was fabricated
through a layer-by-layer process. Firstly, an adhesive gel electrolyte
(thickness 600 pm) was attached to a zinc sheet (anodic adhesion, thick-
ness 100 um), followed by coating with Ag-OPP (oriented polypropylene)
film on the electrolyte. Silver, serving as catalyst (thickness 0.1 pm), was
deposited onto the OPP film (25 pm). Second, the three layers were lami-
nated with an automatic adhesion roller. Compared to gel electrolyte,
both the Ag-OPP film and zinc sheet extended 1cm as conductive elec-
trodes in the opposite direction. The sensing mechanism of this self-pow-
ered flexible potentiometric/voltammetric/amperometric sensor is based
on a metal-air battery capable to generate energy sufficient for monitor-
ing analytes through electrochemical reactions. They are composed of a
metal anode (Zn), an air cathode (0,), and an electrolyte. The pure metal
zinc is oxidized into Zn?* at the anode by providing electrons, which are
then captured by oxygen to diffuse through a gas diffusion layer from
the air at the cathode. The slow redox reaction at the cathode is cata-
lyzed with the help of Ag as an electrocatalyst. The electrochemical reac-
tions of zinc-air battery in acidic or neutral electrolytes are described by
the following equations: Zinc anode: Zn — Zn* + 2e" (E° = -0.762 V), air
cathode: 1/20, + 2H* + 2e” » H,0 (E° = +1.229 V). Under potentiometric
mode, according to Nernst equation, the open circuit voltage (OCV) be-
tween the two electrodes is proportional to the logarithm of the analyte
concentration. Under voltammetric/amperometric mode, when the two
electrodes are connected to the load resistor to form a closed circuit, the
flow of electrons from the anode to the cathode gets proportional to the
analyte concentration. Moreover, according to Ohm’s law, the voltage of
the closed circuit is proportional to the current. In addition, it should also
be emphasized that (1) a sensitivity of 18 mV/% O, and good linearity
(R?=0.999) were achieved within the range of 0-21% O, gas, (2) the silver
catalyst was deposited on a thin and transparent OPP film in the gas dif-
fusion layer because it is oxygen-permeable. Silver is not only non-toxic
but also has antibacterial activity. (3) The gel electrolyte is slightly acidic,
so it is more environmentally friendly and less sensitive to CO, in com-
parison with the strongly alkaline electrolyte widely used in metal-air
batteries (4). In the bending test the initial OCV of the sensor has hardly
decreased after 250 bending cycles (Rc = 3.3 mm).

Carbon dioxide (CO,): carbon dioxide can inhibit the growth of bacte-
ria and fungi, while also lowering the pH level in the food environment
[11]. Carbon dioxide inhibits the growth of gram-negative aerobic bacte-
ria, such as Pseudomonas spp, which can produce bad odors and harmful
chemicals such as sulfides and acids during their growth and metabolism
in food, thus leading to food spoilage [35]. The antimicrobial effect of CO,
is attributed to its ability to create an anaerobic environment that pre-
vents enzymatic decarboxylation [11]. Accumulation of CO, may also dis-
rupt the permeability of certain microbial membranes [36]. Any change

in gas concentration/composition can indicate the deterioration of food
quality and signal the presence of microbial activity undesirable for the
consumers [37]. Monitoring and controlling the amount of CO, is, there-
fore, crucial for extending the shelf life of food [38].

Shahrbabaki et al. [39] developed a flexible CO, sensor through depos-
iting poly(N-[3-(dimethylamino)propyl]-methacrylamide-co-2-N-mor-
pholinoethyl methacrylate) (p(D-co-M)) on planar double-parallel-lines
CB electrode which was stenciled on a PET substrate. The less basic
monomer 2-N-morpholinoethyl methacrylate (MEMA, pKaH of homo-
polymer = 4.9) [40,41] provides more free amine sites for p(D-co-M),
especially at lower pH. This solves the issue of non-linear and irrevers-
ible response by allowing for the adjustment of the basic parameters
of pPDMAPMAm [42]. The sensing mechanism of this chemiresistor can
be described as follows: (1) In transduction, the CO,-responsive amine
side groups of p(D-co-M) can alternate between the neutral and charged
states depending on presence or absence of CO, [43]. This switchable be-
havior in the charge state of amine side groups is translated to the cor-
responding changes in the electrical resistance of the polymer. (2) For
reverse procedure the polymer chains of p(D-co-M) contain primary,
secondary and tertiary amines, which are the organic bases that can re-
act with carbonic acid generated by CO, in the presence of water or wet
organic solvents. In the presence of CO,, the functional groups in the
polymer chains change from neutral to charged state (or vice versa) as
this equation: B + CO, + H,0 2 [BH'] [HCO,]. For reversible CO, sensors,
switchable CO,-responsiveness is required which involves hydrogen pro-
tonation and deprotonation. The deprotonation process is often referred
to as good reversibility. Higher pKaH values indicate stronger bases and
produce higher degrees of protonation (DOP). However, the deproton-
ation process gets more complicated. Higher pKaH values make charged
bases more difficult to deprotonate [44]. The pKaH of tertiary amines is
approximately 6.0-7.0 [45,46], which means that they are mild bases and
are expected to have good conversion properties, i. e., they are easy to
protonate and have good reversibility. Primary and secondary amines
possess N-H bonds that react with CO, in water, thus forming carbamate
salt [47]. Carbamate formation is not desired for sensing applications be-
cause it is not reversible unless exposed to high temperatures, which re-
quires additional heating, expenses and time [43]. Therefore, the tertiary
amine in the polymer chains plays a significant role in improving the re-
versibility and reducing operating temperature of the sensor.

Ammonia (NH,): the spoilage of high-protein food, like fish and
shrimp, releases nitrogen-containing compounds, which are the source
of the unpleasant odor produced during meat decomposition [48,49,50].
Volatile amines such as ammonia, dimethylamine, and trimethylamine
are produced by amino acids decomposition and activity of Pseudomo-
nas bacteria, usually referred to as total volatile basic nitrogen (TVBN)
[51]. Ammonia, as the main component of TVBN, may serve as potential
indicator of protein-rich food spoilage [52]. Real-time measurement of
ammonia emitted from food has great significance for evaluating the food
quality, reducing food waste, controlling the occurrence of foodborne dis-
eases, and studying the relationship between ammonia generation and
food quality [48].

Tang et al. [53] designed a NH, sensor based on flexible PEDOT: PSS
nanowire. The NH; sensing system that was integrated showed improved
performance, with the ability to detect as low as 100 parts per billion
(ppb) of NH,, along with high selectivity and reproducibility. Addition-
ally, the flexible nanowire sensor consumed very little power, as low as
3 uW. Firstly, a soft nanomold containing well-defined parallel nano-
grooves was prepared by thermal nanoimprint lithography (NIL) on a
flat PDMS substrate. Second, after soft bonding to a plasma-treated PET
substrate, the nanogrooves turned into parallel nanochannels. Third, a
few drops of aqueous solution containing functional materials PEDOT:
PSS were applied at the edges of the nanochannels to shape the sensitive
PEDOT: PSS nanowires. Finally, the Au interdigital electrodes (IDE, N=9,
length = 8mm, width = 300 um) were deposited by vacuum evaporation
through a designed shadow mask. The sensing mechanism of this flex-
ible NH, chemiresistor can be explained as follows: during the interac-
tion between the analyte and the sensing material, the distance between
the target molecule and the sensing material becomes close enough to
allow electron transfer between them [54]. The analyte NH, acts as an
electron donor, increasing or compensating for the doped charge density.
This process is commonly referred to as secondary doping of the sensing
material [31]. The modification of the doping density thus changes the
state density in the barrier area and consequently alters the conductivity
of the sensing material PEDOT: PSS. By modulating the doping level, the
change in conductivity of the sensor is closely related to the rate of the
analyte molecule occupancy on the sensing material surface. Specifically,
when being in contact with NH,, the holes in the valence band of the con-
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ducting polymer PEDOT: PSS are depleted by the electron-donating gas
NH,, leading to a significant decrease in conductivity and a macroscopic
increase in its resistance. This mechanism is described by the binding site
hypothesis, where the atoms on the surface of sensing material can serve
as binding sites for molecule adsorption [53,55]. It is worth to mark that
even after 1,200 bending cycles this flexible device still demonstrates ex-
cellent mechanical flexibility and durability with no significant decrease
in performance. And in a dynamic response test to VOCs containing NH,,
ethanol, IPA, p-xylene, acetone, n-heptane, and n-hexane, the flexible
chemiresistive sensor showed a preferential response to NH, (with sen-
sitivity up to 0.25), while the response to other VOCs can be neglected
(with a maximum sensitivity of 0.065) [56].

Ethylene(C,H,): ethylene is the colorless and odorless plant hormone
that plays a crucial part in fruit ripening, especially in climacteric fruits
[57]. The sharp increase in climacteric ethylene production at the ripen-
ing onset is considered as controlling the beginning of changes in color,
aromas, texture, flavor, and other biochemical and physiological param-
eter [58]. Generally, climacteric fruits are harvested before the climacteric
stage, and the ripening process is managed during transportation and
storage by controlling the level of ethylene to maintain optimal fresh-
ness when displayed for sale [59]. Meanwhile, controlled atmosphere was
developed to allow longer storage periods and, subsequently, to provide
a wide variety of fruits to the consumers over the entire year. Therefore,
it is extremely important to monitor and control the ethylene emission
in growth chambers, greenhouses and storage facilities to optimize fruit
freshness [60].

Yan et al. [57] developed a wearable paper-based chemoresistive ethyl-
ene gas sensor which consists of a paper-based substrate, gold interdigi-
tated electrodes (IDE), sensing layer, and encapsulation layer. Firstly, la-
ser direct writing was carried out to pattern the interdigitated electrodes
(IDE) on gold foil which was glued to high-temperature resistant paper
using polyvinyl alcohol glue based on local heating with steam iron. Sec-
ond, a liquid polyimide solution (50 wt%) was coated on both sides of
the interdigitated electrodes as an encapsulation layer, which only left
the sensing area exposed to the target ethylene gas. Finally, modify the
sensing area of IDE through pipetting 10 uL of the SWCNT-PdNP-poly-
styrene microsphere (SPPM) dispersion and drying at room temperature.
Sensing material SPPM contains the following characteristics: (1) The
unique properties of CNTs (i. e., high carrier mobility, excellent physical
properties, ease of modification, sizeable surface-area-to-volume ratio,
etc.) enable the sensor to have a fast response and substantially higher
sensitivity at room temperature. More detailed discussion on the elec-
trical, physical, mechanical, and chemical properties of SWCNTSs can be
found in section 2.3.1 ‘Single-Walled Carbon Nanotubes’ part of the Car-
bon Nanomaterials chapter. (2) As a potential C,H, acceptor and catalyst,
PdNPs are expected to achieve a high and rapid response and a low detec-
tion limit [61], wherein PANPs can both provide a larger surface area and
catalyze the cleavage of carbon-carbon double bonds [62]. Hydrocarbons
can have a good affinity for transition metals, which are located in the
middle of the periodic table, have partially filled d-orbitals that can inter-
act with hydrocarbons in various ways. (3) Polystyrene microspheres fur-
ther improved the sensitivity by increasing the surface area of the SWCNT
network, upgrading the charge distribution and transfer in the SPPM for
ethylene gas sensing, and possibly enhancing the local concentration of
ethylene in the device as it partitions into the polystyrene beads [63,64].
The sensing mechanism can be analyzed as follows: (1) The work function
of Pd (5.12 eV) is higher than that of SWCNT (4.7~4.9 eV) [65], forming
a Schottky junction between them, which causes electrons to flow from
SWCNT to PANP. Oxygen molecules quickly adsorb onto the surface of the
SPPM and, with the help of the Schottky junction, the adsorbed oxygen
molecules combine with the electrons provided by SWCNT to form ad-
sorbed oxygen O,- as shown in the equation: O, + e —» O% (a). This helps
to create an electron depletion layer around the SWCNT [66], leading to
an increase in resistance [67,68,69]. (2) The adsorbed oxygen O,- reacts
with the target ethylene molecules as shown in the equation: 2C,H, +
0% - 2C,H,0 + e (b), which releases electrons. This weakens the electron
depletion layer, leading to a decrease in resistance. (3) The intermediate
product C,H,0 continues to react with the adsorbed oxygen O* as shown
in the equation: 2C,H, + 50* - 4CO, + 4H,0 + 5e" (c). Reaction (c) releases
more electrons, further reducing the resistance of the SPPM. Finally, it
should be emphasized that the concentration of C,H, can be detected
down to 100 ppb using the SPPMs/FWPCS at 25°C.

1.2.3. Pesticides

Pesticides are extensively used in modern agriculture in order to meet
the global demand for food [70,71]. As the pesticides (organophospo-
rus, organochlorine, carbamate, dithiocarbamate, etc.) are carcinogenic,

they are harmful for humans when being included into the food chain
[72] which resulted to the requirement to monitor the availablity of pes-
ticide remnants in soil, their effluents from wastewater, surface water,
primary sources of drinking water, and food items [73,74]. Analytical
techniques such as gas chromatography (GC) [75] and high performance
liquid chromatography (HPLC) [72] demand expensive equipment and
time-consuming processing by the skilled personnel. On the one hand,
enzyme-based sensors are limited in terms of non-specific interactions
with interferents, storage and long-term stability [71,76]. On the other
hand, immunosensors face issues concerning storage, stability, and high
cost when it comes to the use of antibodies [77].

Zhu Xiaoyu and colleagues [78] created a sensor for detecting very
small amounts of the plant growth regulator a-naphthalene acetic acid
(NAA). This sensor was made of combination of two-dimensional phos-
phorene (BP) and graphene-like titanium carbide MXene (Ti,C,-MXene)
materials (MXene, 2D material, it can be synthesized by etching “A” from
MAX phase (“M” represents transition metals, “A” represents group II1A/
IVA elements and “X” represents C and/or N elements)), which were ap-
plied onto a flexible substrate made of laser-induced porous graphene
(LIPG). Using ultrasonic assistance in an organic solvent, a stable nano-
hybrid of BP-Ti,C,-MXene was created by liquid-phase exfoliation of
black phosphorus with cuprous chloride and Ti,C,-MXene, which had
been obtained by etching the aluminum layers from Ti,AlC,. MXene fea-
tures distinct thin-layered nanostructure that offers abundant room for
accommodating the other functionalized nanomaterials. Nonetheless,
the efficiency of MXene can be deteriorated when its nano-layers stack
too much, leading to damaging of the active surface area [79]. In order to
resolve this issue, a noncovalent nanohybrid of BP and MXene has been
proposed as a solution to prevent the aggregation of either material while
also leveraging the benefits of both substances [80]. This electrochemi-
cal sensor operates on the following sensing mechanism: The working
electrode, which has been modified with Ti,C,-MXene/BP biomimetic en-
zymes, demonstrates oxidase-like properties (acting as a nanozyme) in
amperometric mode when the zymolyte NAA is electrocatalytically oxi-
dized. As a result of electron transfer reactions, detectable alterations in
current take place. As the magnitude of the current generated is directly
proportional to the quantity of NAA molecules present in the solution,
the concentration of the molecules can be tracked in a time-dependent
manner [81]. This sensor exhibits an extremely low detection limit (LOD)
of 1.6 nM and an expansive linear range within 0.02-40 puM.

1.2.4. Antibacterial substances

Sulfonamides (SAs) are the derivatives of sulfanilic acid (p-aminoben-
zenesulfonic acid) and are included into the list of the most widely used
antibiotics. Residues of these antibiotics in food pose a serious health
hazard [82]. The antibacterial mechanisms of SAs can be described as:
The sulfanilamide part is structurally similar to p-aminobenzoic acid
(PABA), which is involved in the biosynthesis of dihydrofolic and folic
acids, as well as other substances utilized by microorganisms. SAs act
as competitive inhibitors of the enzyme dihydropteroate synthease, in-
hibiting the catalytic conversion of p-aminobenzoic acid (PABA) to di-
hydropteroic acid, which is a precursor compound of dihydrofolic acid.
Dihydrofolic acid is further reduced down to tetrahydrofolic acid by di-
hydrofolate reductase. Tetrahydrofolic acid participates in the synthesis
of nucleic acids. The lack of nucleic acid synthesis would result in an in-
ability to produce the associated proteins. Therefore, SAs competitively
bind with the enzyme dihydropteroate synthase, inhibiting the synthesis
of dihydropteroic acid, which in turn inhibits the synthesis of nucleic ac-
ids and ultimately protein synthesis, leading to the antibacterial effect
[83,84,85]. Sulfamethoxazole (SMZ) is an important antibiotic obtained
from the sulfonamide class that is used to prevent and treat infections.
However, it is considered a persistent pollutant that can have significant
toxicological effects on both the food of animal-origin and aquatic envi-
ronments [86,87]. Exposure to low levels of antibiotics over a long period
of time can increase the risk of development of antibiotic resistance and
even thyroid cancer in humans [88,89]. Therefore, it is crucial to develop
efficient and convenient methods to detect residual antibiotics in the
food and water [90].

Zeng et al. [91] developed the portable electrochemical sensor for fast
detection of sulfonamides (SAs). At first, the original laser-induced po-
rous graphene (LIPG) with an ordered-porous flake foam-like structure
was prepared and applied on a polyimide (PI) film according to the de-
sign drawing. As the laser stencil scribing was carried out in air, the local
availability of oxygen and moisture could cause the burn-off of some car-
bon during graphitization, thus releasing CO and CO, gases and leading
to porosity [92]. At second, the working electrode was electrochemically
modified with two-dimensional hexagonal boron nitride (2D h-BN), and
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then Ag/Cl ink was drop-coated on the reference electrode. The sensing
mechanism can be described as follows: this voltammetric sensor pro-
duces a measurable response by the variation of the current at different
potentials [93]. The surface of the working electrode was functionalized
with an electroactive layer of hexagonal boron nitride (h-BN) to induce
selectivity towards the targeted analytes. The applied potential is the
driving force for electron transfer reactions, which generate measurable
current changes. As the magnitude of the measured current is directly
proportional to the number of oxidizing/reducing molecules in the solu-
tion, the relevant concentrations of the molecules can be monitored on
physiological timelines [81]. It is worth emphasizing that this voltamme-
try-based sensor displayed a good linear range from 0.5 to 362.5 uM, a
low limit of detection was 0.011 uM, and satisfactory recoveries of SMZ in
the range of 97.5%-101.3% in milk and lake water. It also exhibits excel-
lent repeatability with a 4.01% RSD value for the repeatable peak currents
under the 20" successive measurement, and features good reproducibility
with a 4.65% RSD value. Moreover, after 50 bending cycles, the sensor still
demonstrated good mechanical stability. This sensor was also applied for
the detection of four other SAs, including sulfanilamide, sulfapyridine,
sulfadimidine, sulfisoxazole.

1.3. Flexible biosensors

1.3.1. Foodborne pathogens

Food has been considered as a potential carrier for intentional con-
tamination that could result in human or animal illnesses and deaths, as
well as economic losses [94]. Salmonella enterica, which is found in raw/
undercooked eggs, poultry meat, etc., is one of the most prominent food-
borne pathogens [95,96,97,98,99]. Therefore, monitoring of Salmonella
enterica in food is the solution for prevention and recognition of the is-
sues related to health and food safety.

Soares et al. [100] designed a LIG-based impedimetric immunosensor
which functions with polyclonal anti-salmonella antibody to detect Sal-
monella enterica. The LIG electrodes were produced by laser induction on
the polyimide (PI) film in ambient conditions. And then the working area
was separated from the connector ends of the working electrode with a
passivation layer (fast-drying varnish) to cover the non-active areas of
the electrodes. During the process of electrochemical sensing, passiv-
ation was run to ensure that the working electrode retained a consistent
surface area exposed to the redox solution [101]. The antibody functional-
ization of LIG electrode can be described as follows: firstly, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) are fixed on the surface of the LIG working electrode in a ratio 3:1.
Then, the polyclonal anti-salmonella antibody is incubated at 4 °C for a
certain period of time, and the biofunctionalization of the sensing mate-
rial is completed through carbodiimide cross-linking chemical reaction
with EDC/NHS. The sensing mechanism of this impedimetric immuno-
sensor can be described as follows: the change in charge transfer resis-
tance (Rct) on the electrode surface is directly proportional to the adhe-
sion of bacterial cells to the biofunctionalized area of the electrode [102].
This “bio-barrier” hinders the entry of electrolytes, acting as an electron-
blocking agent, thus increasing the Rct [103,104,105]. Furthermore, the
presence of adhered bacterial cells acts as an electron kinetic barrier and
steric hindrance [103], thus reducing the electronic transmission path be-
tween the electrolyte solution and the electrode, leading to increase of
Rct. According to this technique, a larger diameter corresponds to a larger
Rct, thus indicating a higher number of bacteria bound to the antibodies
on the electrode surface [102]. It is worth emphasizing that this LIG bio-
sensors showed the capability to detect live Salmonella in chicken broth
within a broad linear range (25 to 105 CFU mL") and at low detection
limit (13 + 7 CFU mL'; n = 3, mean * standard deviation). These results
were obtained within an average response time of 22 minutes, without
the requirement for preconcentration of the sample or methods of redox
labeling. Furthermore, the LIG immunosensors demonstrated high selec-
tivity, as it was proven by the absence of significant responses to other
strains of bacteria.

1.3.2. Pesticides

Organophosphate (OP) nerve-agent are routinely used as pesticides
in agriculture and household purposes [106,107]. It represents a serious
concern as they can be weaponized as chemical warfare agents (CWA)
[108,109], which represents a major security challenge [110]. Therefore,
there is an urgent need for rapid and selective pesticides monitoring due
to the high toxicity of OP nerve-agents and pesticides [108,111,112].

Mishra et al. [113] developed a stretchable glove biosensor for moni-
toring of the organophosphorus chemical threats. Firstly, the reference
electrodes and long serpentine structures of three-electrode system
were fabricated on the index fingers of nitrile gloves using intrinsically

stretchable Ag/AgCl ink with platinum-catalyzed silicone elastomer
Ecoflex through screen printing. Secondly, the working electrode and
counter electrodes were printed by carbon inks mixed with polystyrene-
block-polyisoprene-block-polystyrene (PS-PI-PS). Third, the serpentine
interconnects were coated with a precise layer of insulation to create a
dielectric barrier between the three electrodes and to prevent any po-
tential short-circuits in the device while exposing the sensing area to
square contact pads. Finally, the working electrode was modified by drop-
coating with the mixture of solutions of organophosphorus hydrolase
(OPH) and Nafion onto it (on the index finger) after cleaning it by cyclic
voltammetry (CV) in the range of 0 to +1.0 V using 0.01 M sodium ac-
etate buffer (pH 4.6) with a scan rate of 0.1 V/s for 20 cycles. Square-wave
voltammetry (SWV) can be used for the analysis of catalytic reactions.
The increased ratio of faradaic current to non-faradaic current allows for
a lower limit of detection and for a higher sensitivity [114]. It features
the following advantages: at first — it can be operated at high frequency
[115] allowing for quick experiments that conserve electroactive species
[116] and tend to result in less hindrance induced by non-electroactive
products on the electrode surface [114]; at second — there is no need
to exclude oxygen from the solution, because the reduction of oxygen
is included in the background current [117]. The sensing mechanism of
this biosensor can be described as follows: organophosphate (OP) nerve
agents diffuse through the conductive semisolid gel matrix on the index
finger sensing area and reach the OPH enzyme layer on the working elec-
trode, where they are catalytically hydrolyzed by the organophosphate
hydrolase (OPH) to yield p-nitrophenol. The presence or absence of the
analyte is determined based on the presence or absence of the character-
istic SWV peak (in this case it occurs at +0.85 V) which corresponds to the
oxidation peak of p-nitrophenol. It should be noted that this glove sen-
sor is intended for single use, which effectively eliminates the risk of the
cross-sample contamination. The special serpentine structures provide
sensors with superior intrinsic stretchability and mechanical deforma-
tion adaptability, with more detailed discussion in paragraph 2 of the sec-
tion 2.2 Conductive electrodes.

Ahmad et al. [118] developed zinc oxide (ZnO)-based biosensor ar-
ranged on porous and flexible substrates (i. e., carbon paper and car-
bon fabric) assigned for the detection of organophosphate (OP) such as
paraoxon. This sensor runs three-electrode system: firstly, Ag/AgCl wire
saturated in 1M KCl was used as the reference electrode, and 2 mm di-
ameter platinum wire was used as the counter electrode. Secondly, ZnO
nanostructures were electrodeposited onto carbon paper/fabric after be-
ing treated with acetone bath and ultrasound, followed by oxygen plasma
treatment to enhance the wettability of the substrate for manufacturing
of the biosensor. Thirdly, the working electrode was immersed in acetyl-
cholinesterase (AChE) solution to immobilize the AChE enzyme on Zn O.
The sensing mechanism of the sensor can be described as follows: firstly,
the three-electrode system and buffer phosphate saline electrolyte (PBS,
pH=7.4) made up an electrochemical cell. Upon the addition of AChCl
to the electrolyte, the amperometric current was measured. Here, the
following reactions were observed: acetylthiocholine + H,0 = AChEth-
iocholine + acetic acid (with AChE catalyzing, a); 2thiocholine — 2e- —
dithio-bis-choline + 2H*(b). The amperometric measurement obtained at
the oxidation potential of AChCl was equal to 0.4 V. Secondly, when the
sensing material was exposed to OP, AChE interacted with OP. This led to
the inactivation of AChE, which could no longer catalyze the hydrolysis
of AChCI to generate thiocholine. As a result, reaction (a) was inhibited,
thus leading to a decrease in the rate of reaction (b) eventually mani-
fested as a decrease in the amperometric response. It is worth to note
that the ZnO biosensors produced on the carbon fabric featured the more
than sufficient results, including increased sensitivity, improved stability
along with the detection range for OP of 0.5 nM-° uM.

1.3.3. Biogenic amines

High concentrations of biogenic amines (BA) found in food are formed
by microbial metabolism, which can be influenced by storage conditions
and temperature. Consequently, the certain amount of BA is frequently
utilized as an indicator for the food quality and safety [119]. High levels
of BA in food can cause food poisoning, while low levels may lead to food
intolerance [120]. Therefore, it is crucial to monitor BA to gain a useful
insight into the real quality and preservation conditions of food products,
and as a consequence, enable risk-reduction of food waste and foodborne
illnesses [121,122].

Vanegas et al. [119] developed Laser scribed graphene (LSG) ampero-
metric biosensor for the detection of BA levels in food samples. Firstly,
the three-electrode system was fabricated using a UV laser stencil en-
graver (laser energy density was 1.7 ] cm2). Ag/Cl ink was applied to the
reference electrode and the solder pads of the three electrodes to pre-
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vent electrode breakage due to repeated application. Subsequently, a
passivation layer of fast-drying nitrocellulose lacquer (approximately
200 pm thick) was applied between the electrodes and the connectors
to insulate the non-active features. Secondly, electroplated copper nano-
cubes were applied on the surface of the working electrode. Thirdly, the
working electrode was biofunctionalized with purified diamine oxidase
(DAO). The sensing mechanism can be described as follows: DAO enzyme
catalyzes the deamination of primary amines, diamines, and substitutes
amines via oxidation to generate aldehyde, ammonia and hydrogen
peroxide(H,0,) [123]. H,0, is then easily decomposed at the working elec-
trode polarized at +500 mV, leading to production of an oxidative current.
The following two equations can describe the chemical reaction process:
R-CH,-NH, + H,0 + O, » R-CHO + NH, + H,0,(with catalyzing DAO, a);
H,0, -» 2H" + O, + 2e~(at 500mV, b). This electrical response can be fur-
ther correlated to the concentration of BA in the electrochemical cell via
the calibration plots. It is worth to highlight that this amperometric bio-
sensor performs well in regards of its electrochemical properties, with an
average sensitivity to histamine of 23.3 yA/mM, low limit of detection of
11.6 uM, and with response time of 7.3 s. These results are comparable to
those of biosensors made from materials of analytical grade.

2. Discussion

The increasingly prominent importance and huge market demand
for food quality and safety, coupled with the fatal flaws exposed by tra-
ditional rigid sensors, including mechanical non-conformability, inac-
curate or unreliable data collection caused by intermittent contact, and
large space requirements, have led to numerous studies devoted to flex-
ible sensors for food monitoring. Firstly, not inferior to rigid sensors, the
flexible sensors also contain abundant number of transducers, such as
resistors, electrochemical sensors, capacitors, etc. When flexible sensing
materials encounter physical perturbations or chemical/biological ana-
lytes, their electrically-related physical properties like conductivity, work
function and permittivity correspondingly change in one or more way,
which changes are subsequently transformed into detectable signals by
the transducer. The diversity of transduction mechanisms enables flex-
ible sensors to operate according to a variety of sensing mechanisms,
making the design of flexible sensors in principle almost unlimited. The
detection indicators cover a wide range of physical parameters like tem-
perature, humidity and pressure, as well as chemical parameters such as
pH, multi-gases, pesticides, as well as the biological parameters such as
foodborne pathogens and biogenic amines. Secondly, the flexible sensing
materials with large specific surface area, high carrier mobility and car-
rier density, dense active areas, outstanding adjustability and processing
capacities such as 2D carbon nanomaterials, conductive polymers and
nanohybrid materials have additionally improved the sensitivity, stabil-
ity and selectivity of flexible sensors. However, there are still some limi-
tations such as high Young’s modulus, poor biocompatibility and poor
responsiveness [124], which make the design and development of flex-
ible sensors quite challenging task. In this discussion we will explore the
benefits, challenges and prospects of flexible sensors application for food
quality monitoring.

2.1. Benefits

Flexible sensing in food monitoring has emerged as a game-changer
that can control and prevent food-borne diseases, ensure consumers’
health and safety, and promote the development of the food industry.
Flexible sensors possess unique features, including light weight, porta-
bility, great flexibility, stretchability, foldability and adaptability, which
make them more efficient and effective in food quality monitoring
[124,125,126]. Flexible sensors, which refer to the combination of cir-
cuits and electronic components that can retain their functions under
circumstances of geometrical bending or stretching, have a long history
of innovation and still keep evolving along with the development of ma-
terials science [125,127]. Innovations in carbon nanomaterials, conduc-
tive polymers, metal-oxide based semiconductors (MOXs), 2D nanostruc-
tured materials [128,129,130,131], nanohybrid materials [78,132-138],
and even optically transparent hydrogels [139], provide high sensitivity,
fast response, low power consumption and long lifespan for the flexible
sensors. The synergy between the material science and microfabrication
technology has served as propulsion force in the advancement of flexible
sensor design, with innovations in one and driving progress in the other.
Flexible sensors in food monitoring precisely meet the needs of acquiring
multiple parameter information in a small space, with more reasonable
layout, being exposed to mechanical deformation, and conformably at-
taching to uneven surfaces. The application scenarios of flexible sensing
in food monitoring are rapidly evolving, starting from measuring tem-
perature, humidity, pH, multi-gases, microorganisms, pesticides, antibi-

otic residues etc. till grading of ripeness, freshness marking and so on.

Herein, we systematically summarize and analyze the critical advantages

of flexible sensors in the latest representative research in the field of food

quality monitoring.

0 Mechanical conformability: The flexibility absolutely stipulated by
the flexible substrate contributes to the deformation dynamics of
the sensors. Flexible substrates, represented by polymers, use these
materials to accommodate strain in molecular level through the fab-
ric of the chemical structure or adjusting the properties familiar to
the polymer engineering community of professionals. Escobedo et al.
[140] designed a strain sensor for monitoring the swollen food pack-
ages which is caused by food spoilage. The superior flexibility and ex-
cellent stretchability provided by substrate PDMS and sensing mate-
rial PEDOT: PSS allow the sensor to be applied onto food packaging of
various sizes and arbitrarily curved surfaces.

O Sensitivity: Flexible sensing materials such as 2D carbon nanomate-
rials, conductive polymers and nanohybrid materials provide sensors
with higher sensitivity, better selectivity and lower threshold of detec-
tion due to their large specific surface area, high carrier mobility and
carrier density, dense active areas, outstanding adjustability and pro-
cessing capacities. Tang et al. [53] developed an ammonia sensor with
Au interdigital electrodes (IDE) using PEDOT: PSS nanowires as the
sensing material. The integrated NH3 sensing system showed the en-
hanced performance, with a detection limit of 100 ppb, as well as high
selectivity and reproducibility. Zhu Xiaoyu and colleagues [78] fabri-
cated a self-assembled phosphorene/Ti3C2-MXene nanohybrid-based
flexible sensor to detect ultra-trace phytoregulator a-naphthalene
acetic acid. It can work in a wide linear range of 0.02-40 pM with a
low LOD of 1.6 nM. Yan et al. [57] developed a wearable paper-based
ethylene gas sensor modified with SWCNTs-PdNPs-polystyrene mi-
crospheres composite for the real-time monitoring of fruit ripeness
and corruption with a low threshold of detection of 100 ppb.

O Durability: The loading-unloading cycles imposed onto the flexible
substrates can cause fatigue failure. And the mechanical deforma-
tion of flexible sensing materials can cause changes in their elec-
trical properties as well, such as conductivity decrease. Therefore,
durability and reliability is one of the key factors determining the
prospects for the development of flexible sensors. Xia et al. [18] cre-
ated a pressure sensor based on Ag nanowire/PDMS electrodes and
a ZnO nanoparticle membrane used for grading of avocado ripeness.
The sensor demonstrated stable functioning under 5,000 cycles of
pressure in piezoelectric mode. The substrate did not reveal any
mechanical fatigue failures that could have been caused by physi-
cal damage of the flexible sensing material that led to unfavorable
changes to its resistance.

O Lightweight and thin: Flexible sensors’ structure feature a very mini-
malistic design due to direct exposure of the sensor to the analyzed
material, due to mixing or stacking it on the conductive electrodes and
flexible substrates without the need for additional redundant compo-
nents. The flexible substrates are mostly micrometer-scale polymer
films or paper-based materials. The production methods for conduc-
tive electrodes such as LSG, inkjet-printing, drop-casting, screen
print, spinning coating, dip coating, electrochemical-assisted deposi-
tion (ECAD), etc., do not significantly increase the thickness of the
sensor. Sensing materials, such as carbon nanomaterials, conductive
polymers, nanohybrid materials, etc., are modified on conductive elec-
trodes by laser induction, printing, drop-casting, etc., and the gained
increase in thickness still remains at the micrometer level only. All of
these engineering design and manufacturing methods have brought
significant progress in weight and thickness of the flexible sensors,
thus distinguishing them from traditional rigid sensors.

0 Wireless communication: If traditional wired technology is used in the
lightweight flexible sensors for data transmission, their advantages in
miniaturization and portability will be greatly lost. The flexible PCB
antenna-based RFID/NFC communication is currently one of the quite
refined solutions of data transmission for flexible sensors. Xiao and
his team [1,24] has made significant progress in integrating flexible
RFID into flexible sensor systems. Escobedo et al. [140] also used NFC
technology for data communication within flexible sensors, as well as
the achieved operation without batteries by using an NFC reader to
power the cell through a custom-designed planar coil antenna.
Overall, the benefits of the flexible sensors in food quality monitoring

are immense. This concept offers an innovative solution to the challeng-
es posed by traditional rigid sensors, and its unique properties make it
well-suited for food quality and safety monitoring. As the technology still
keeps developing, it holds the potential to revolutionize the food industry
and improve the health and safety of the consumers worldwide.
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2.2. Challenges
Although flexible sensors have great potential and advantages in food

quality monitoring, yet numerous issues and challenges remain in the

future research and development of high-performance flexible sensors.

0 Additional contamination: For flexible sensors that come in direct
contact with food or living organisms, or those that are located in the
same confined space, long-term toxicity of analyses and secondary
contamination due to the passive transfer of the flexible substrates
(e. g., metal oxide-polymer foil, carbon paper/cloth, etc.) and sensing
materials (e. g., functionalized ink, LSG, heavy metal nanoparticles,
etc.) through peeling or diffusion are critical areas of research in the
future. The emergence of new materials, re-design of the sensor struc-
tures, appropriate arrangement, encapsulation, and innovation in sur-
face/interface engineering can cope with these challenges.

0O Performance improvement: Enhancement of both stretchability and
sensitivity is another challenge for cutting-edge flexible sensors. The
emergence of new intrinsically stretchable materials, the transforma-
tion from non-stretchable materials to stretchable materials through
improvements with the help of geometric engineering methods, the
combination of the most recent sensing materials, the fusion of mul-
timodal information obtained from comprehensive indicators, the
fusion of multiple transduction mechanisms for single indicators,
combinations of the novel processing technologies can optimize the
balance between sensitivity and stretchability.

0 Fabricating tolerance control: The modification or assembly of sens-
ing materials for flexible sensors requires the use of micro-nanofabri-
cation techniques, like inkjet printing, screen printing, thin film depo-
sition like electrochemical-assisted deposition (ECAD), spin coating,
photolithography, etc. In the mass production process it is pretty chal-
lenging to maintain consistent geometric parameters and electrical
performance of the sensing materials. This leads to emergence of new
challenges for the practical application and commercial production
of high-performance flexible sensors according to high-precision and
high-sensitivity application scenarios. The stable and reliable calibra-
tion systems and advanced data processing are viable options to cope
with this challenge.

0 Energy consumption and regeneration: Energy consumption and re-
generation are ongoing challenges in regards to the flexible sensors.
In long-term monitoring activities such as food spoilage gas detection
and cold chain temperature/humidity monitoring, the reversibility of
sensing materials and the energy consumption of sensing systems are
crucial issues to face with. The development of novel materials with
good regeneration rate and the combination of miniaturized solar
cells and supercapacitors are effective choices to overcome this chal-
lenge. Shahrbabaki et al. [39] have achieved the outstanding results in
the study of reversibility of flexible CO, sensors and provided reliable
analysis of the working mechanism, which involves protonation and
deprotonation. Xiao and colleagues [1,24] have achieved significant
breakthroughs in the field of miniaturized power consumption and
self-powered systems for the flexible sensors.

2.3. Prospects
The development of state-of-art flexible sensors for food quality mon-

itoring is an emerging research field. Quality grading, monitoring of food
spoilage, detection of foodborne pathogens, maintaining of the refriger-
ated supply chain marketability etc., have significant market potential in
the field of food quality monitoring. Here we discuss several prospects of
combining the flexible sensors for food quality monitoring with several
emerging technologies. These prospects may represent feasible research
directions for coping with significant demands and achieving practical
development in food quality monitoring.

O Digital twins: Fresh fruits, seasonally available seafood obtained from
natural wild sources/artificial aquaculture, and other typical perish-
able foods with a short term of expiry require strict monitoring of their
quality and marketability. Digital twins technology has opened up
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possibilities for real-time coupling with flexible sensor data, thus en-
abling the quantification of the trade-offs in maintaining food quality
along with its marketability within the refrigerated supply chain [141].

0 TENG-coupled: The triboelectric nanogenerator (TENG) generates
electric power based on the triboelectrification (i. e., contact electri-
fication) of two heterogenous materials and the electrostatic induc-
tion. Compared to electromagnetic and piezoelectric mechanisms,
the TENG technology shows great promise due to its advantages
such as simple and diverse configurations, excellent flexibility, high
output performance and independence from some specific materials
[142]. During food storage, lightless and dark environment is inevi-
table. By generating electricity through mechanical motion or friction,
TENG provides the required power for the operation of the flexible
sensors, and stores the excessive power in the supercapacitors. The
combination of this technology enables power self-sufficiency, thus
making flexible sensors more convenient and reliable in the practical
applications.

O Flexible NFC chip: Installation of wireless communication chips en-
cased in bulky rigid materials on the lightweight and thin flexible
substrates significantly reduces the flexibility and stretchability of the
sensors. Placing the flexible PCB antenna on the outer periphery of
the flexible substrate, while positioning the flexible electrodes, sens-
ing materials and flexible NFC chip within the circular area enclosed
by the antenna, allows maintaining the least dimensional scales of the
sensors. This highly integrated flexible sensing-communication sys-
tem can greatly enhance the practicality of the flexible sensors. One
midway approach is to integrate silicon-based microprocessor chips
into a flexible substrate and thinning the silicon chips [143,144]. How-
ever, this method still relies on traditional high-costs manufacturing
processes. Additionally, the island-like configuration cannot provide
complete flexibility and stretchability to the chip. Another approach
is to develop the intrinsically flexible processor. John Biggs and his
team [145] at Arm have taken a groundbreaking step in the design of
a flexible chip that is fabricated from metal-oxide TFTs arranged on a
flexible substrate.

0 Flexible on-chip spectral sensor: Vis/NIR light can penetrate into the
flesh of malus, prunus, pyrus, and berry fruits, and by diffuse reflection
it can collect physicochemical information such as soluble solids con-
tent (SSC), moisture content, firmness, titratable acidity (TA), extract-
ability of anthocyanins (EA), and others with the help of the spectral
information. Analyzing optical information is an important tool for
food safety evaluation, quality control, and prediction of the optimal
fruits harvesting date. Currently, due to the absence of flexible optical
chips, researches on flexible optical sensors for food monitoring are
still lacking. The emergence of flexible optical chips will bring new
opportunities and possibilities in the field of flexible sensing used for
food quality monitoring.

3. Conclusion

As one of the most important research direction in the field of flex-
ible electronics, the flexible sensors have achieved remarkable results in
wearable tools of health monitoring, high-sensitive detection of physi-
cochemical parameters and the other fields. However, the development
of flexible sensors for food quality monitoring still remains an emerging
research area. The enormous, complex, and crucial demand for food qual-
ity monitoring encourages the urgent research on the novel cutting-edge
flexible sensors. It is worth noting that the development in this emerging
field greatly benefits from the cross-fertilization between the materials
science, electrical engineering, information science, chemistry, physics,
and energy research fields. In general, the flexible sensing and wearable
technology have the potential to revolutionize the field of food quality
monitoring. By providing more accurate and timely information about
the quality and safety of food products, as well as assisting the individuals
in making the informed decisions about their diets, they can significantly
enhance the industry.
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