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A B S T R A C T   

Monitoring food freshness/spoilage is important to ensure food quality and safety. Current methods of food 
quality monitoring are mostly time-consuming and labor intensive processes that require massive analytical 
equipment. In this study, we developed a portable bioelectronic nose (BE-nose) integrated with trace amine- 
associated receptor (TAAR) nanodiscs (NDs), allowing food quality monitoring via the detection of food 
spoilage indicators, including the biogenic amines cadaverine (CV) and putrescine (PT). The olfactory receptors 
TAAR13c and TAAR13d, which have specific affinities for CV and PT, were produced and successfully recon-
stituted in ND structures. TAAR13 NDs BE-nose-based side-gated field-effect transistor (SG-FET) system was 
constructed by utilizing a graphene micropattern (GM) into which two types of olfactory NDs (TAAR13c ND and 
TAAR13d ND) were introduced, and this system showed ultrahigh sensitivity for a limit of detection (LOD) of 1 
fM for CV and PT. Moreover, the binding affinities between the TAAR13 NDs and the indicators were confirmed 
by a tryptophan fluorescence quenching assay and biosimulations, in which the specific binding site was 
confirmed. Gas-phase indicators were detected by the TAAR13 NDs BE-nose platform, and the LODs for CV and 
PT were confirmed to be 26.48 and 7.29 ppb, respectively. In addition, TAAR13 NDs BE-nose was fabricated with 
commercial gas sensors as a portable platform for the measurement of NH3 and H2S, multiplexed monitoring was 
achieved with similar performance, and the change ratio of the indicators was observed in a real sample. The 
integration of commercial gas sensors on a BE-nose enhanced the accuracy and reliability for the quality 
monitoring of real food samples. These results indicate that the portable TAAR13 NDs BE-nose can be used to 
monitor CV and PT over a wide range of concentrations, therefore, the electronic nose platform can be utilized 
for monitoring the freshness/spoilage step in various foods.   
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1. Introduction 

Food safety is a major concern in the worldwide, in both the food 
industry and the healthcare system (Ruiz-Capillas and Herrero, 2019). In 
particular, among numerous information of the food products in both 
consumer and modern society, food spoilage is the main issue because of 
the critical negative effect on humans of food containing unsafe mi-
croorganisms (Xu et al., 2017). For example, meat is a perishable food 
that usually deteriorates rapidly, within a few days (Kaale et al., 2011). 
Meat spoilage progresses in time via biochemical and physicochemical 
transformations (Rukchon et al., 2014). In the biochemical spoilage 
process of meat, decarboxylation of amino acids by bacteria generates 
biogenic amines (Dave and Ghaly, 2011; Halász et al., 1994). In addi-
tion, the amino acids in meat can be degraded into simple compounds 
such as NH3 and H2S by hydrolysis (Rukchon et al., 2014). These 
biogenic amines and small chemical compounds produced by the dete-
rioration of meat can be used as spoilage indicators. Targets indicating 
the freshness of food are normally complex mixtures; therefore, the 
development of monitoring tools offering multiplexed platforms for the 
detection of these spoilage indicators with high selectivity is required. 

Trace amine-associated receptors (TAARs) are G protein-coupled 
receptors (GPCRs) that recognize biogenic amines (Liberles, 2009). 
TAARs have been reported to function as vertebrate olfactory receptors. 
The kinds of TAARs vary between species, with 6 in humans (hTAARs), 
15 in mice (mTAARs), 6 in macaques (macTAARs) and 112 in zebrafish 
(zTAARs) (Liberles, 2015). In particular, the TAAR13c and TAAR13d in 
zebrafish (Danio rerio) have been reported to selectively bind to 
death-associated odorants such as cadaverine (CV) and putrescine (PT) 
(Hussain et al., 2013; Li et al., 2015; Xu and Li, 2020). CV and PT are 
biogenic amines that are produced by the microbial decarboxylation of 
amino acids (Xu and Li, 2020). CV and PT are formed by the decar-
boxylation of lysine and ornithine, respectively (Dave and Ghaly, 2011; 
Halász et al., 1994). There have been reports that the mass of CV and PT 
increases with the incubation time of fresh meat, such as pork, beef, 
sausage, anchovy and tuna (Bover-Cid et al., 2001; Draisci et al., 1998; 
Halász et al., 1994; Shalaby, 1996). For this reason, CV and PT have 
been suggested as chemical indicators of meat spoilage, and monitoring 
the concentrations of the generated biogenic amines is important for 
determining food freshness and spoilage (Triki et al., 2018). 

To date, various methods for CV and PT detection have been devel-
oped, such as cyclic voltammetry, resistance, colorimetry, polymerase 
chain reaction (PCR), fluorescence, gas chromatography–mass spec-
trometry (GC–MS), liquid chromatography-mass spectrometry (LC–MS), 
surface-enhanced Raman spectroscopy (SERS), chemiluminescence, and 
field-effect transistors (FETs) (De Las Rivas et al., 2006; H. Kim et al., 
2021; Ma et al., 2018; Morsy et al., 2016; Schaude et al., 2017; Semeano 
et al., 2018; Siripongpreda et al., 2020; Valdez et al., 2019). However, 
these techniques have limitations such as high cost, time-consuming, 
large instruments, low sensitivity, and low selectivity. Although in our 
previous report, CV and PT were detected using SERS with-Au func-
tionalized metal-organic frameworks (MOFs), which showed high per-
formance, this technique still suffered from low repeatability, low 
reproducibility and nonspecificity toward other biogenic amines 
because its mechanism is based on absorption (H. Kim et al., 2021). In 
addition, although the various electronic noses (E-noses) have been 
developed for the detection or analysis of various gases in the various 
food samples, E-nose is absent for detection or real-time monitoring 
toward CV and PT (Castrica et al., 2019; Leopold et al., 2016; Nimsuk, 
2019; Ying et al., 2017; Zheng et al., 2016). Therefore, the development 
of a sensor platform for high-sensitivity and high-selectivity detection of 
CV and PT still remains challenging. 

The production of transmembrane proteins, such as GPCRs, in 
Escherichia coli (E. coli) systems has been widely used because it is 
effective for mass production and is cost-effective. However, reconsti-
tution of the structure of GPCRs is challenging because almost all GPCRs 
produced in E. coli system are expressed as inclusion bodies (Heim et al., 

2021; Serebryany et al., 2012; Yang et al., 2015). For this reason, 
reconstitution techniques have been developed to recover the func-
tionality of GPCRs, such as the use of detergent micelles, liposomes, 
bicelles and nanodiscs (NDs) (Goddard et al., 2015; Kiefer et al., 1996; 
Wang and Tonggu, 2015). Among these materials, NDs have been 
considered the most effective reconstitution material because of their 
stability in various environments and their functional lifetimes (Denisov 
and Sligar, 2016, 2017). For these reasons, NDs have been applied in 
many functional and structural studies (Rouck et al., 2017). NDs are 
composed of three components: receptors to detect target molecules, 
lipid bilayers to form native lipid membrane environments and mem-
brane scaffold proteins (MSPs) to tightly wrap the edge of the lipid 
bilayer. In previous studies, the TAAR13c ND-based BE-nose offered 
selective and sensitive detection of CV with high stability in aqueous and 
gaseous phases (Oh et al., 2019a; Yang et al., 2017). However, not only 
CV but also other components such as PT, NH3, and H2S are major in-
dicators for monitoring food spoilage. 

In this study, we first developed a device for on-site and in-situ uti-
lization based on a wireless portable TAAR13 NDs BE-nose integrated 
with commercial gas sensors for multiplexed monitoring of CV, PT, NH3, 
and H2S. In particular, TAAR13c and TAAR13d, as olfactory receptors 
were utilized for specific recognition of the biogenic amines and were 
reconstituted with NDs to improve their functionality. In addition, the 
interfacial chemical bis(2-aminoethylene)perylene-3,4,9,10- 
tetracarboxyldiimide (PDA) was introduced to decrease steric hin-
drance and improve of the immobilization efficiency of TAAR13 NDs 
(Kim et al., 2020b). The binding energies between TAAR13 NDs and the 
indicators were determined to be – 0.14171 eV and – 0.14588 eV for the 
interactions between TAAR13c and CV and between TAAR13d and PT, 
respectively, using biosimulations. The real-time responses of side-gated 
field-effect transistors (SG-FETs) toward various indicators showed high 
sensitivity and selectivity, and the limit of detection (LOD) was 1 fM for 
CV and PT. In the gas sensor system, the LODs were 26.48 ppb for CV 
and 7.29 ppb for PT, indicating high performance. In addition, for the 
first time, a wireless portable TAAR13 NDs BE-nose integrated with 
commercial gas sensors allowed multiple monitoring of spoilage in-
dicators from real food samples and showed high-performance and 
sensitivity. Our sensor system opens up the possibility of a portable 
TAAR13 NDs BE-nose system for on-site and in-situ freshness/spoilage 
monitoring. 

2. Materials and methods 

2.1. Cloning of TAAR13c and TAAR13d genes into expression vectors 

TAAR13c gene was obtained from zebrafish (Danio rerio) cDNA by 
PCR with primers (5′ ATG AAT TCA TGG ATT TAT CAT CAC AAG AAT 3′

and 5′ ATC TCG AGT CAA ACC GTA AAT AAA TTG ATA 3′) for 
mammalian expression and (5′ CAC CAG GAG ATA TAC ATA TGA TGC 
CCT TTT GCC ACA AT 3′ and 5′ TGA ACT CAA TTC CAA AAA TAA TTT 
ACA C 3′) for bacterial expression. The TAAR13c gene was cloned into 
mammalian expression vector pcDNA3 and the bacterial expression 
vector pET-DEST42 (Invitrogen). The TAAR13d gene was synthesized 
for codon optimization in a bacterial expression system (Bionics). 
Additionally, the TAAR13d gene was cloned into the mammalian 
expression vector pcDNA3 and the bacterial expression vector pET- 
DEST42 (Invitrogen). 

2.2. Nano-glo dual luciferase reporter assay 

Nano-glo dual luciferase reporter assay (Promega) was applied for 
characterization of TAAR13c and TAAR13d receptors. We used firefly 
luciferase as a reporter to measure the response of olfactory receptors 
and NanoLuc® luciferase for constitutively expressed control reporter. A 
total of 1.5 × 104 HEK293T cells were transferred into 96-well plates 
and cultured in Dulbecco’s modified Eagle’s medium (DMEM) (HyClon) 
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containing 1% penicillin, 1% streptomycin (Gibco), and 10% fetal 
bovine serum (FBS) (Gibco) at 37◦C under 5% CO2. After 24 h, olfactory 
receptors and other accessory proteins were transfected at a fixed ratio 
(pCRE-luc:pNL:M3R:RTP1S:Ric8b: Gαolf OR) = 2:1:2:2:1:1:10) with Lip-
ofectamine 3000 (Invitrogen). After transfection, the medium was 
replaced with 50 μL CD293 with 1XGlutaMAX™ (Gibco) and the plates 
were incubated for 30 min at 37◦C. The plates were incubated for 4 h at 
37◦C after odorant stimulation. The luminescence was measured by 
Spark™ 10 M multimode microplate reader (TECAN). The normalized 
luciferase activity was calculated with the formula [CRE/NL(N) – CRE/ 
NL(0)]/[CRE/NL(FSK)-CRE/NL(0)]. Forskolin (FSK)-treated cells (10 
μM) were used as a positive control and odorant-untreated cells (0) were 
used as a negative control. 

2.3. Purification of olfactory receptors 

The Rosetta™ 2 (DE3) E. coli strain (Merck) was used for production 
of all proteins. SuptoxD and SuptoxR which coexpress DjlA and RraA, 
respectively, were used to overexpress olfactory receptors. The olfactory 
receptor gene was transformed into E. coli and incubated in 100 μg/mL 
ampicillin and 40 μg/mL chloramphenicol agar plates for 16 h at 37◦C. A 
single colony was inoculated into 5 mL LB medium containing antibi-
otics (100 μg/mL ampicillin and 40 μg/mL chloramphenicol) and 
incubated for 16 h at 37◦C. The bacterial cells were inoculated into 1 L 
fresh LB medium and incubated until the OD600 value reached 0.3–0.5 at 
30◦C after 0.2% arabinose induction. The temperature was decreased to 
25◦C, and 0.1 mM IPTG was added to the medium to induce the 
expression of olfactory receptors. After incubating the medium for 16 h 
at 25◦C, the cells were harvested by centrifugation (4◦C, 7000 g, 15 min) 
and resuspended in PBS buffer containing 2 mM EDTA (pH 7.4). The 
insoluble fraction of cell lysates was obtained by sonication (5 s on/off, 
38% amplitude, 5 min) and centrifugation (4◦C, 12000 g, 30 min). The 
insoluble fraction was solubilized with solubilization buffer (0.1 M Tris- 
HCl, 20 mM SDS, 1 mM EDTA, 0.1 M DTT, pH 8.0) and incubated at 30◦C 
overnight. The solubilized proteins were obtained by centrifugation 
(20◦C, 12 000 g, 30 min) and dialyzed by dialysis membrane tubing 
(MEMBRA-CEL®, 14 kDa cutoff) with binding buffer (0.1 M sodium 
phosphate, 10 mM SDS, pH 8.0). The olfactory receptor was purified by 
HisTrap™ HP column (GE Healthcare) using washing buffer (0.1 M 
sodium phosphate, 10 mM SDS, pH 7.0) and elution buffer (0.1 M so-
dium phosphate, 10 mM SDS, pH 6.0). We exchanged the buffer of the 
purified olfactory receptor with HEPES buffer I (20 mM HEPES, 100 mM 
NaCl, 25 mM cholate, pH 8.0) by HiTrap™ Desalting column (GE 
Healthcare) for assembly of NDs. 

2.4. Purification of a membrane scaffold protein (MSP1E3D1) 

The membrane scaffold protein gene (pMSP1E3D1 (Addgene)) was 
transformed into E. coli and incubated in 50 μg/mL kanamycin agar 
plates for 16 h at 37◦C. A single colony was inoculated into 5 mL LB 
medium containing antibiotics (50 μg/mL kanamycin) and incubated for 
16 h at 37◦C. The bacterial cells were inoculated into 1 L fresh LB me-
dium and incubated until the OD600 value reached 0.5 at 37◦C. 
Expression of MSP1E3D1 was induced by 1 mM IPTG and the cells were 
incubated for 4 h at 37◦C. The cells were harvested by centrifugation 
(4◦C, 7000 g, 15 min) and resuspended in binding buffer (20 mM Tris- 
HCl, 0.5 M NaCl, 20 mM imidazole pH 8.0). The supernatant of cell 
lysates was obtained by sonication (5 s on/off, 38% amplitude, 5 min) 
and centrifugation (4◦C, 12000 g, 30 min). The supernatant was applied 
to a HisTrap™ HP column (GE Healthcare) and purified by using 
washing buffer (20 mM Tris-HCl, 0.5 M NaCl, 50 mM imidazole pH 8.0) 
and elution buffer (20 mM Tris-HCl, 0.5 M NaCl, 350 mM imidazole pH 
8.0). The buffer of purified MSP1E3D1 was exchanged with HEPES 
buffer II (20 mM HEPES, 100 mM NaCl, pH 8.0) by a HiTrap™ Desalting 
column (GE Healthcare) for assembly of nanodiscs. To cleave off the 

histidine tag of MSP1E3D1, purified MSP1E3D1 was incubated with TEV 
protease at a molar ratio of 1:100 for 16 h at 4◦C. Truncated MSP1E3D1 
was obtained from the flow-through of a HisTrap™ HP column. 

2.5. Assembly and purification of olfactory receptor-embedded NDs 

DMPC (20 mM) in HEPES buffer (20 mM HEPES, 100 mM NaCl, 50 
mM cholate, pH 8.0) was used for assembly of olfactory receptor- 
embedded NDs. MSP1E3D1 was added to the DMPC solution at a 
1:150 M ratio, and the mixture was incubated for 10 min at 24◦C. The 
olfactory receptor in HEPES buffer I was added to the mixture, and the 
mixture was incubated for 2 h at 24◦C. The final molar ratio of olfactory 
receptor, MSP1E3D1 and DMPC was 1:5:750. To remove cholate, 0.5 g 
Bio-Beads (Bio-Rad)/mL of mixture assembly was added to the mixture, 
and the mixture was incubated for 16 h at 24◦C. To remove empty NDs, 
the mixture was applied to a HisTrap™ HP column and purified by 
HEPES elution buffer (20 mM HEPES, 100 mM NaCl, 350 mM imidazole 
pH 8.0). Size exclusion chromatography (Superdex 200 Increase 10/300 
GL, GE Healthcare) was used to purify olfactory receptor-embedded NDs 
with optimal size. 

2.6. SDS-PAGE analysis 

An acrylamide gel loaded with purified protein or ND samples was 
incubated with Coomassie Blue staining solution (Coomassie Blue 0.5 g/ 
L, acetic acid 7% (v/v), methanol 40% (v/v)) for 1 h at room tempera-
ture. The gel was destained by destaining solution I (acetic acid 7% (v/ 
v), methanol 40% (v/v)) for 1 h at room temperature and destaining 
solution II (acetic acid 7% (v/v), methanol 5% (v/v)) overnight at room 
temperature. Anti-V5 epitope tag mouse antibody (Santa Cruz Biotech-
nology) was used as a primary antibody for detecting olfactory receptors 
and HRP-conjugated anti-mouse antibody (Merck) was used as a sec-
ondary antibody in Western blot analysis. 

2.7. Tryptophan fluorescence quenching assay 

The functionality of olfactory receptor-embedded NDs was analyzed 
by means of a tryptophan fluorescence quenching assay using a lumi-
nescence spectrometer (LS 55 Luminescence Spectrometer, Perki-
nElmer). We excited the NDs at 290 nm and detected the emission at 
350 nm. The normalized fluorescence intensity was calculated with the 
formula (ΔF/F0 (%) = [(F0 – F)/F0]x100 (%)). F0 is fluorescence in-
tensity of odorant-untreated NDs and F is fluorescence intensity of 
odorant-treated NDs. 

2.8. Size analysis of olfactory receptor-embedded ND 

The size of the NDs was analyzed by a DLS spectrophotometer (DLS- 
7000). The measurement conditions for DLS were as follows; tempera-
ture (25◦C), refractive index (1.3315), and viscosity (0.891). Field- 
emission scanning electronic microscopy (AURIGA, Carl Zeiss) was 
used to analyze the size analysis of olfactory-receptor-embedded NDs 
and their shape. 

2.9. Fabrication of the TAAR13 NDs BE-nose 

Larger-scale (7 × 7 cm) graphene was fabricated by chemical vapor 
deposition (CVD), and the fabricated graphene on copper foil was 
transferred onto a silicon dioxide (SiO2) wafer using a wet-transfer 
process. The electrodes were fabricated by a microelectromechanical 
system (MEMS), such as spin coating of a photoresist (GXR-601, AZ 
electronic materials and DNR L300-40, Dongjin Semichemichem Co., 
Ltd.), reactive-ion etching (etcher, RIE 80 plus, Oxford instrument) for 
graphene micropatterning, photolithography (MA-6, Karl-Suss Micro-
tec) for electrode patterning, deposition (ZZS550-2/D, Maestech) for 
electrode formation and dicing (DAD 3350, Disco), and passivation of 
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the electrodes as SiO2 layers using a sputtering system (KVS-5000, KVT 
Co., Ltd) to prevent nonspecific binding. For immobilization of the 
TAAR13 NDs, 10 μL 20 μM PDA was dropped on the graphene micro-
pattern (GM) and reacted for 1 h at RT (K. H. Kim et al., 2021). The 
PDA-immobilized GM was treated with 10 μL 2% glutaraldehyde (GA) 
over 4 h at 4◦C and washed using PBS solution and DW. Finally, 10 μL 1 
μM TAAR13 NDs was treated on GA/PDA-immobilized GM over 12 h at 
4◦C and then cleaned using PBS solution and DW. 

2.10. Electrical measurements of the TAAR13 NDs BE-nose 

All electrical measurements were carried out by a Keithley 2612 A 
source meter, the current and resistance were normalized by equations 
(1) and (3), respectively.  

ΔR/R0 = (R-R0)/R0                                                                          (3) 

where R0 is the initial resistance and R is the instantaneously measured 
resistance in real-time. 

2.11. Performance of biosimulations 

Ligand binding sites were docked using Autodock 4.0, and the 
resulting morphology was analyzed along with basic parameters. 
PyMOL was used to visualize and graphically represent ligand binding 
results in various ways. 

2.12. Preparation of gaseous samples 

The standard CV and PT gases were collected using a gas generation 
system that consisted of a pressure regulator, bubbler chamber, mass 
flow controller (MFC), and gas chamber51. Each 2.24 M CV and PT so-
lution was diluted by the serial dilution method, and the solution was 
loaded into a bubbler chamber. The vaporized gases were generated 
from a standard solution using the flow into the 100 sccm N2, and then 
the vaporized gases were pushed to the gas chamber using 500 sccm N2, 
and the final gases were collected in a 1 L Tedlar bag. A 50 g real sample 
was loaded in a 2 L chamber, and the gases were collected in a 1 L Tedlar 
bag through the connecting tube using a vacuum pump every day. 

2.13. GC-FID analysis of CV and PT 

The solid-phase microextraction (SPME) fiber holder and assembly 
of 100 μm PMDS were purchased from Supelco Inc. (Bellefonte, PA). The 
SPME fibers were conditioned for 30 min at 250◦C in the GC injector. 
The fibers were injected and transferred into the Tedlar bag in 5 min for 
sampling CV and PT, respectively. The fibers were then removed and 
inserted into the injector of a 7820 A gas chromatograph (Agilent 
Technologies) equipped with FID. A total of 10 m of Rtx-5MS column 
(0.25 mm, thickness 0.10 μm) was used with the following temperature 
program: for PT and CV, the oven temperature was 70◦C and then 
increased at 15◦C/min to 100◦C, where it was held 1 min. The calibra-
tion procedure was performed as follows: a 1 L Tedlar bag was thor-
oughly cleaned by flushing the nitrogen gas. The calibration samples 
were prepared by transferring an aliquot of PT and CV liquid into a 
Tedlar bag, diluting with nitrogen gas sequentially, and then analyzing 
by the same procedure for the sample from the bubbler instrument. The 
software used for data recording and analysis was Agilent OpenLAB CDS 
ChemStation Edition Rev. C.01.08. 

2.14. FT-IR spectroscopy for NH3 measurement 

FT-IR gas experiments for NH3 were performed with a MATRIX-MG5 
(Bruker, Germany) instrument. The gas samples collected from the 
Tedlar bag were directly transferred into the inlet of the FT-IR spec-
trophotometer using a vacuum pump at a flow rate of 100 sccm. FT-IR 

spectra were recorded in the range of 4000-400 cm− 1, and then the 
range of 950–1000 cm− 1 was selected for calculation of the NH3 con-
centration. The software used for data recording and analysis was OPUS 
GA v5.2.10.26. 

2.15. PTR-ToF-MS for H2S measurement 

The concentration of H2S was measured with PTR-ToF-MS (VOCUS 
2 R, Aerodyne Research Inc., United States). All samples were directly 
transferred for 5 min into the inlet of the PTR-ToF-MS instrument 
through perfluoroalkoxy alkane (PFA) tubing at a flow rate of 100 sccm. 
Mass spectra were recorded for mass-to-charge (m/z) ratios of 1–500 m/ 
z at a rate of 1 Hz, using H3O+ as the primary reagent ion and an electric 
field to number density ratio (E/N) of 100 x 10− 17 V cm2. The large 
segmented quadrupole (BSQ) voltage of PTR-ToF-MS was adjusted to 
150 V due to the low detection limit of H2S. The peak at 34.995 m/z 
(H2SH+) was used for the quantification of H2S, and the reference gases 
were generated in the laboratory for the calibration curve. The recorded 
ToF data were analyzed using the Tofware software package (Aerodyne 
Research Inc., United States). 

3. Results 

Fig. 1 presents an illustration of the overall freshness/spoilage 
monitoring system based on the TAAR13 NDs and commercial gas 
sensor integrated with a portable device. The olfactory receptor NDs, as 
specific bioprobes toward freshness/spoilage, were introduced onto the 
surface of a graphene channel via the interfacial chemical PDA. Com-
mercial gas sensors were utilized to determine the degree of spoilage by 
monitoring NH3 and H2S. In addition, the NDs in the TAAR 13 NDs BE- 
nose exhibited high affinity for CV and PT, with high sensitivity and 
selectivity. The BE-nose was integrated with a disposable sim chip, 
which was inserted into a portable device containing commercial gas 
sensors of the multiplex monitoring for spoilage indicators, CV, PT, NH3, 
and H2S. 

3.1. Characterization of TAAR13c and TAAR13d 

It was reported that TAAR13c and TAAR13d, originating from 
zebrafish, interact specifically with CV and PT (Hussain et al., 2013; Li 
et al., 2015; Xu and Li, 2020). We confirmed their properties including 
their affinity and selectivity to CV and PT using luciferase reporter assay 
that has been widely applied for studying the function of GPCRs (Li and 
Matsunami, 2011; Saito et al., 2009; Zhuang and Matsunami, 2007, 
2008). In this assay, HEK293T cells expressing TAAR13c and TAAR13d 
responded to the death-associated odorants, CV and PT, respectively, in 
a dose-dependent manner (Fig. 2a and b). Additionally, we performed a 
selectivity test to confirm that olfactory receptors specifically bind to the 
death-associated odorants. We chose different biogenic amines or amino 
acids containing monoamines or diamines (Fig. 2c). HEK293T cells 
expressing TAAR13c responded to CV, and cells expressing TAAR13d 
responded to both CV and PT (Fig. 2d). A similar result in terms of the 
selectivity of TAAR13c and TAAR13d to these biogenic amines has been 
shown in a previous study (Li et al., 2015). 

3.2. Production of TAAR13c and TAAR13d-embedded NDs 

We used the E. coli strains coexpressing either DjlA, a the membrane- 
bound DnaK cochaperone, or RraA, an inhibitor of the mRNA-degrading 
activity of E. coli RNase E, to suppress protein-induced toxicity and 
overexpress the olfactory receptors in a bacterial system (Gialama et al., 
2017a, 2017b; Michou et al., 2019). The E. coli strain coexpressing DjlA 
was termed SuptoxD and the E. coli strain coexpressing RraA was termed 
SuptoxR. We collected samples during the purification of TAAR13c 
expressed in wild-type cells. Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) analysis of the samples showed the high 
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purity but low content of TAAR13c in the eluent lane (E) (Fig. S1a). The 
contents of TAAR13c and TAAR13d were increased in both SuptoxD and 
SuptoxR cells (Fig. S1b). SuptoxR cells expressing TAAR13c after 0.1 
mM IPTG induction and SuptoxR cells expressing TAAR13d after 0.5 
mM IPTG induction showed the highest productivity in the experimental 
group (Fig. S1c). The purified TAAR13c and TAAR13d overexpressed in 

SuptoxR were confirmed by SDS-PAGE analysis (Fig. 3a) and Western 
blot analysis (Figs. S2a and S2b). In the SuptoxR cells, the production of 
the olfactory receptors caused lower protein-induced toxicity to the host 
cell than that in SuptoxD cells. 

TAAR13 NDs were prepared using purified olfactory receptors, lipid 
bilayers, and membrane scaffold proteins (MSPs) via a facile self- 

Fig. 1. Overall concept of a portable BE-nose. Schematic illustration of spoilage indicator detection from meat using wireless portable BE-nose.  

Fig. 2. Characterization of TAAR13c and TAAR13d expressed in HEK293T cells. Dose-dependent responses of a TAAR13c to CV and b TAAR13d to PT. c 
Chemical structures of various biogenic amines for the selectivity test. d Selectivity test of TAAR13c and TAAR13d to various biogenic amines. The error bars 
represent the standard error of the mean (n = 3, ***P < 0.001). 
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assembly process described in our previous studies (Oh et al., 2019a; 
Yang et al., 2017). We optimized the size of the olfactory 
receptor-embedded NDs in terms of the molar ratios of the ND compo-
nents (Hagn et al., 2018). The optimal ratio of the olfactory receptor, 
MSP1E3D1 and DMPC was 1:5:750. The absorbance peak of the olfac-
tory receptor-embedded NDs was observed at a retention volume of 
approximately 12 mL (Fig. 3d and e) (Ma et al., 2017). The size distri-
bution and homogeneity of the olfactory receptor-embedded NDs were 
analyzed by dynamic light scattering (DLS). The average diameters of 
TAAR13c NDs (Fig. 3f) and TAAR13d NDs (Fig. 3g) were 16.7 nm and 
12.2 nm, respectively. The field-emission scanning electron microscopy 
(FE-SEM) images clearly demonstrated that the shape of the olfactory 
receptor-embedded NDs was a discoidal disc (Fig. 3h). These results 
clearly demonstrate that the NDs were successfully self-assembled in 
homogeneous discoidal shapes with proper size. 

The composition of the olfactory receptors and MSP1E3D1 in the 
NDs was confirmed by SDS-PAGE analysis (Fig. 3b and c). The TAAR13c 
and TAAR13d bands were observed at approximately 38 kDa, and the 
MSP1E3D1 band was observed at approximately 30 kDa. The olfactory 
receptors within the TAAR13c and TAAR13d NDs were confirmed by 
Western blot analysis using an anti-V5 tag antibody (Figs. S2c and S2d). 

To analyze the functionality and affinity of TAAR13 NDs for biogenic 
amines, a tryptophan fluorescence assay was carried out. It is known 

that the binding of functional receptors to selective ligands quenches the 
intrinsic fluorescence of the receptors (Kim et al., 2019; Son et al., 2017; 
Yang et al., 2015). The TAAR13c NDs and TAAR13d NDs exhibited 
dose-dependent responses to CV and PT, respectively, while the empty 
NDs did not bind to these death-associated odorants (Fig. 3i and j). 
TAAR13c NDs could detect CV with an EC50 of 370 nM and TAAR13d 
NDs could detect PT with an EC50 of 33 nM. The EC50 of these 
death-associated-odorants to the respective NDs indicated that the 
binding affinity of TAAR13d NDs to PT was approximately 10 times 
stronger than that of TAAR13c NDs to CV. these results are consistent 
with previous studies (Li et al., 2015; Xu and Li, 2020) and demonstrated 
that the TAAT13 NDs were prepared successfully and can be utilized as 
recognition elements in BE-noses for the efficient detection of biogenic 
amines. 

3.3. Characterization of the TAAR13 NDs BE-nose 

To investigate the TAAR13c ND- and TAAR13d ND-conjugated onto 
graphene, Fourier transform infrared (FT-IR) spectroscopy was per-
formed for analysis of the amide bond between the amine group of PDA 
and the carboxylic acid group of the TAAR13 NDs (Kim et al., 2020b). 
The absorption spectra showed an amide I band at approximately 1530 
cm− 1 and an amide II band at approximately 1760 cm− 1, and broad 

Fig. 3. Purification of olfactory receptors produced in E. coli and characterization of olfactory receptor-embedded NDs. a Coomassie blue staining analysis of 
purified TAAR13c and TAAR13d from E. coli. Coomassie blue staining analysis of purified b TAAR13c ND and c TAAR13d ND. Size-exclusion chromatography 
profiles of d TAAR13c ND and e TAAR13d ND. Dynamic light scattering profiles of f TAAR13c ND and g TAAR13 d ND. h FE-SEM images of pristine graphene (left), 
TAAR13c ND (middle) and TAAR13d ND (right). Tryptophan fluorescence quenching assay for dose-dependent responses of i TAAR13c ND to CV and j TAAR13d ND 
to PT. The error bars represent the standard error of the mean (n = 3). 
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bands corresponding to –OH and –NH groups were confirmed between 
3600 cm− 1 to 3100 cm− 1. The vibrations of the amine, alkyl and 
carbonyl groups corresponded to the absorption peaks in the range from 
1700 cm− 1 to 1200 cm− 1, and the sharp and strong C–N and C–O bands 
were observed in the 1400 cm− 1 to 1200 cm− 1 and 1700 cm− 1 to 1480 
cm− 1 regions, respectively (Fig. 4a). 

The electrodes of the 4-inch wafer scale were fabricated by a 
microelectromechanical system (MEMS) for the TAAR13 NDs BE-nose 
(Fig. 4b). The electrode consisted of a graphene-based dual-channel 
including a source/drain, a side gate for the field-effect, and the 
immobilized TAAR13 NDs. The graphene surface was modified for 
bioreceptor immobilization as previously described, and the bio-
receptors were immobilized onto interfacial chemical linker-treated 
graphene via the formation of amide bonds (Fig. 4b insert). 

The electrical properties of the TAAR13 NDs BE-nose were first 
evaluated by plotting current-voltage (I–V) curves in the range from – 
2.5 V to 2.5 V (scan rate = 0.1 Vms− 1) for the graphene-immobilized 
TAAR13 NDs. Although the I–V curves exhibited a decreased slope 
(pristine graphene of 0.71 to 0.488 in TAAR13c ND and 0.365 in 
TAAR13d ND) caused by immobilization on the modified surface, the 
I–V curves obviously showed a stable ohmic contact (Fig. 4c) (Park et al., 
2020). 

The illustration in Fig. 4d indicates a dual-channel SG-FET, which is 
composed of a 3-ternary system of a side gate, a source, and drain 
electrodes to measure the electrical transport in real-time. In addition, 
the chamber was filled with a phosphate-buffered saline (PBS, pH 7.4) 
solution as a dielectric material, which generated a field-effect by 

supplying voltage via the side-gate electrode. 
The TAAR13-conjugated BE-nose was excellently operated as an FET 

channel and was shown to be a transducer for signal amplification, as 
demonstrated by the transfer curves (Ids-Vg) (Kwon et al., 2015; Park 
et al., 2020). In addition, the graphene field-effect transistors exhibited 
ambipolar conductance, in the p-type region, the sensor platform was 
stably operated and had enhanced sensing performance according to 
previous studies (Fig. 4e) (Fujimoto and Awaga, 2013; Kwon et al., 
2013). 

3.4. Real-time monitoring of TAAR13 NDs SG-FET 

To confirm the spoilage indicator detection performance of TAAR13 
NDs-conjugated SG-FET platforms, dual GM channels were conjugated 
with TAAR13c ND and TAAR13d ND for CV and PT detection, respec-
tively. The real-time responses were in terms of the concentrations of CV 
and PT, and the current change was normalized by the equation  

ΔI / I0 = (I − I0)/I0                                                                          (1) 

where I and I0 represent the instantaneous current changes after expo-
sure to the target indicators and the initial current, respectively (Fig. 4f 
and g). Control experiments were carried out with empty NDs without 
receptors, such as TAAR13c or TAAR13d, to confirm the interaction 
between the receptors and the target indicators, which obviously 
showed no electrical signal (black line). Fig. 4f displays the real-time 
response of TAAR13c ND SG-FETs toward various concentrations of 

Fig. 4. Characterization and electrical measure-
ments of TAAR13 NDs SG-FETs in the liquid phase. 
a FT-IR spectrum of each TAAR13 NDs immobiliza-
tion step with the linker and TAAR13 NDs on the 
graphene surface. b Photographs of TAAR13 NDs SG- 
FET electrodes on the wafer scale and a piece (yellow 
dot square). Schematic diagram of the surface modi-
fication step. c I–V curves for the surface modifica-
tion. d Schematic illustrations of the dual-channel 
liquid-ion-gated FET system for multidetection. e 
Transfer curves of TAAR13 NDs SG-FETs (TAAR13c 
ND; orange, TAAR13d ND; violet). Real-time re-
sponses of TAAR13 NDs SG-FETs to various concen-
trations of f CV and g PT. h Calibration curves of the 
TAAR13 NDs SG-FET of CV (orange) and PT (violet). 
Specific test of TAAR13 NDs SG-FET toward i CV and 
j TAAR13d ND SG-FET for PT. k Long-term stability 
of each TAAR13 NDs SG-FET towards target in-
dicators at 4◦C.   
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CV ranging from 0.1 fM to 100 nM. Before monitoring the electrical 
signal toward CV, only buffer was injected to confirm the signal, and 
there was no current change. On the other hand, current changes were 
instantly observed upon CV injection, and the TAAR13c ND SG-FETs 
showed a linear range of 1 fM to 1 nM and excellent performance, 
with an LOD of 1 fM (Kim et al., 2020a; Oh et al., 2019a). The TAAR13d 
ND SG-FET was monitored for detection toward various concentrations 
of PT in the range from 0.1 fM to 100 nM. Although buffer was injected 
to confirm the signal change, there was no current change. The 
TAAR13d ND SG-FETs exhibited a linear range from 1 fM to 100 pM and 
an LOD of 1 fM (Fig. 4g). The normalized sensitivities were determined 
by the current change level, and the concentration curves were obtained 
by normalizing the sensitivities depending on the concentration. The K 
constants were calculated by curve fitting based on Langmuir’s 
adsorption isotherm equation (Fig. 4h)  

N = C / (1 / K + C)                                                                         (2) 

where N is the normalized sensitivity and C is the concentration of in-
dicators (Kim et al., 2020a; Lee et al., 2011, 2020; Park et al., 2021). The 
K values calculated based on the concentration curves were 2.616 ×
1012 M− 1 for the TAAR13c ND SG-FETs and 1.748 × 1013 M− 1 for the 
TAAR13d ND SG-FETs. The TAAR13 NDs SG-FET system could detect 
CV and PT at various concentrations. To confirm the specific detection of 
the TAAR13 NDs, first, the TAAR13 ND SG-FETs were exposed to 
spoilage molecules such as (NH3, H2S, and PT or CV (Fig. 4i and j). The 
TAAR13c ND SG-FETs clearly responded to CV at a concentration of 100 
fM. However, no significant responses were observed toward NH3, H2S, 
or PT. The TAAR13c ND SG-FETs exhibited excellent sensitivity toward 
CV and showed no response for coexisting nontargets at concentrations 
104 times higher than the CV concentrations (Fig. 4i). The TAAR13d ND 
SG-FETs showed a clear response toward 100 fM PT, as well as toward 
other death-associated odorants, such as trimethylamine (TMA) and 
NH3. Although CV interacted with TAAR13d ND, the TAAR13d ND were 
104 times more sensitivity PT than to CV (with a response at 1 nM). The 
interactions between TAAR13d ND and CV/PT are shown in Fig. 2d 
(Fig. 4j). 

The storage stability of the TAAR13 NDs SG-FETs was evaluated for 
30 days at 4◦C with 10 pM aliquots of each target, and their current 
changes showed excellent environmental stability, which was main-
tained at over 95% as shown in Fig. 4k. Functionality of TAAR13 NDs 
could be maintained, because the immobilization of NDs on the gra-
phene prevented aggregation of NDs by electrostatic interactions be-
tween lipids and receptor or membrane scaffold proteins (Johansen 
et al., 2019; Oh et al., 2019b; Wadsäter et al., 2013). Additionally, the 
electrical stability test of TAAR13 NDs was performed to observe the 
current variant depending on the electrical affect (Fig. S3). The stable 
current showed in nA current range, and the unstable response exhibited 
μA current range owing to the occurred heat by contact resistance, 
which means that the high voltage and current can be affected for 
operating of biomolecules. 

3.5. Calculation of the binding affinity between the indicators and 
TAAR13 NDs 

To confirm the interaction between TAAR13 bioreceptors and 
spoilage indicators, a simulation was conducted by Autodock. Previous 
studies confirmed that TAAR13c is a highly sensitive and specific re-
ceptor for CV, with TAAR13d exhibiting the highest affinity for PT (Li 
et al., 2015). The classical amine binding motif of the amine receptor 
consists of Asp 112 and Asp 202 (Sharma et al., 2016), and GPCRs are 
known to interact with ligands through this specific moiety to form salt 
bridges, van der Waals interactions, and hydrogen bonds (Sharma et al., 
2018). We hypothesized that these residues of TAAR13c and TAAR13d 
might be involved in binding to CV and PT and investigated the binding 
affinities between receptors and ligands by simulation. TAAR13c (3pds) 

and TAAR13d (2rh1) structural models were generated using 
SWISS-MODEL (Biasini et al., 2014). The docking results confirmed the 
association of Asp 112 and Asp 202 with the ligand and TAAR binding. 
The amino group of CV formed a salt bridge with Asp 112 and Asp 202 in 
TAAR13c at distances of 2.7 Å and 3.2 Å, respectively, with a binding 
energy of – 3.4 kcal/mol. Additionally, it formed a salt bridge in 
TAAR13d with a distance of 3.0 Å and a binding energy of – 3.5 kcal/-
mol. The amino group of PT formed a salt bridge with Asp 112 in 
TAAR13d at a distance of 2.9 Å with a binding energy of – 3.6 kcal/mol 
(Fig. 5a and b). The selectivity TAAR13c and TAAR3d for CV and PT 
indicates that distinct olfactory receptors sense different diamines. 

3.6. GC analysis of spoilage gases 

To monitor freshness, standard indicator gases were measured at 
various concentrations. CV and PT gases were formed from a gas 
generator and collected in a Tedlar bag to quantify their concentrations. 
Gas chromatography (GC) analysis was conducted using a gas 
chromatography-flame ionization detector (GC-FID) to analyze the 
generated standard CV and PT gases. Fig. 5c shows the calibration 
curves from the GC chromatograms, which present the liquid-phase 
concentration (CL) versus the gas-phase concentration (CG) (Fig. S4). 

3.7. Electrical measurements of spoilage gases using TAAR13 NDs BE- 
nose 

Real-time measurements were performed with the TAAR13 NDs BE- 
nose exposed periodically to CV gas (Fig. 5d). An abrupt resistance 
change was observed upon exposure to CV gas, which was proportional 
to the concentration, and the LOD was approximately 26.48 ppb. The 
NDs structure was exposed to environmental conditions for activation of 
the receptor in the dry state (Oh et al., 2019a). In addition, the CV gas 
from the NDs was detached by injection with N2 gas thus, the resistance 
showed an instant change. Therefore, the TAAR13c ND BE-nose showed 
reversible properties, such as recovery of the resistance ratio, and 
reusability of the CV gas. The calibration curve was generated from the 
normalized sensitivity from cyclic exposure to concentrations of CV gas 
(Fig. 5e and S5a). Fig. 5f shows the cross-reactivity of the TAAR13c ND 
BE-nose toward spoilage gases such as NH3, H2S and PT. No significant 
responses to similar concentrations of these other gases were observed. 
On the other hand, an obvious response to CV was observed. To confirm 
the performance of the TAAR13d ND BE-nose, the resistance change was 
measured after exposure to various concentrations of gases (Fig. 5g). 
When exposed to PT, the TAAR13d ND BE-nose showed an immediate 
response, and the sensitivity was observed to be proportional to the 
concentration in the range from 7.29 to 30.12 ppb. In addition, the 
TAAR13d ND BE-nose had a LOD of 7.29 ppb. The concentration curve 
ranging from 7.29 to 30.12 ppb was obtained from the real-time 
response of the TAAR13d ND BE-nose exposed to various concentra-
tions of PT (Fig. 5h and S5b). The change ratio of resistance was 
calculated by normalization based on the resistance in Fig. 5e, and the 
reusability was confirmed by the results obtained upon displacing of PT 
by N2 purging. Finally, the selectivity of the TAAR13d ND BE-nose was 
determined by exposure to diverse spoilage gases, such as NH3, H2S and 
CV. However, the BE-nose was shown to respond specifically to the 
biogenic amines, CV and PT (Fig. 5i). Moreover, the selective perfor-
mance of each BE-nose was carried out by exposing the various gases 
such as volatile organic compounds (VOCs) (Shao et al., 2018) and 
volatile basic nitrogen (VBN), and these results showed the excellent 
detection performance toward CV or PT of BE-nose (Fig. S6). Based on 
the results, the repeatability and reproducibility were performed using 
the various gases, and BE-nose showed a clear detection performance 
(Fig. S7). 
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3.8. Spoilage gas measurements in real samples using a portable TAAR13 
NDs BE-nose 

The photograph in Fig. 6a shows the covered portable TAAR13 NDs 
BE-nose platform for protection from various gases. The TAAR13 NDs 
BE-nose platform used for insertion into the portable device was 
composed of a TAAR13 NDs BE-nose connected to the sim chip via wire 
bonding, and this device was simply designed for easy replacement 
(Fig. 6b and S8). The scheme of TAAR13 NDs conjugation on the dual 
channel is presented in Fig. 6b. The print circuit board (PCB) was 
assembled in two layers; the sensors, such as the sim socket and the 
commercial gas sensors, were located on the top layer for simple 
replacement as other parts at the corrosion of sensors, and the 
rechargeable battery was located on the backside of the bottom layer 
(Fig. S9). A portable device was received through the various modules 
by signal converting such as analog-to-digital (ADC) module, digital-to- 
analog (DAC) module, data acquisition (DAQ) module and the signal 
processing module (Li et al., 2020; Wang et al., 2021; Xu et al., 2022). 
Real-time responses were obtained with 27.02 ppb CV and 8.43 ppb PT 
using a portable TAAR13 NDs BE-nose, and the results showed resis-
tance changes similar to those observed via Keithley measurements 
(Fig. 6c). Therefore, the portable TAAR13 NDs BE-nose platform was 
considered suitable for on-site utilization by minimization of the device. 
To investigate the gases generated in situ (CV, PT, NH3, and H2S) from a 

real sample, the gases were collected using a Tedlar bag and vacuum 
pump, and then the Tedlar bag was connected to the chamber containing 
the portable TAAR13 NDs BE-nose and the gases were injected into in 
chamber (Fig. 6d). The gas measurement was monitored via a Bluetooth 
connection with a tablet PC, and the user interface simply consists of 1) 
CV and PT monitors, 2) commercial gas sensor monitors, and 3) 
real-time data. Moreover, the portable TAAR13 NDs BE-nose was placed 
with a real sample in the chamber, and the real-time responses toward 
CV and PT were monitored for 1 day (Fig. 6e). The change ratio of PT in 
the real sample was found to be greater than that of CV, consistent with 
the generation pathway of biogenic amines (Fig. S10) (Halász et al., 
1994; Jairath et al., 2015). For long-term monitoring of the generation 
ratio of indicators in a real sample, the gases were collected for 6 days, 
and the portable TAAR13 NDs BE-nose was exposed to the collected 
gases. The resistance changes toward the indicators gradually increased 
with time; interestingly, CV and PT showed instantly increasing signals 
from 3 days. However, CV and PT showed no considerable signal 
changes after 4 days and 5 days, respectively (Fig. 6f). Furthermore, the 
resistance changes of other spoilage indicators, NH3 and H2S, showed a 
gradually increasing trend with rapid increases between 4 days and 5 
days (Fig. 6g). The portable TAAR13 NDs BE-nose detected spoilage 
indicators earlier than the commercial NH3 and H2S sensors and was 
indicated that the freshness of the real sample dramatically decayed 
after 3 days. The concentrations of CV and PT were analyzed by GC-FID 

Fig. 5. Gas sensing performance of the TAAR13 NDs BE-nose. a, b The 3D structures obtained through simulation of the binding site marked between TAAR13 
NDs and CV/PT. c Correlation curves between liquid phase concentration and gas phase concentration. d Real-time responses of TAAR13c ND BE-nose upon cyclical 
exposure to CV concentrations of 26.48–32.527 ppb. e Concentration curve depending on various CV concentrations. f Specificity of the TAAR13c ND BE-nose. g 
Real-time responses of the TAAR13d ND BE-nose upon cyclical exposure to PT concentrations of 7.29–30.12 ppb h Concentration curve depending on various PT 
concentrations. i Specificity of the TAAR13d ND BE-nose. 
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for 6 days after collecting the real gas sample from the chamber in a 
Tedlar bag (Fig. 6h). Due to extremely low sensitivity of GC-FID toward 
NH3 and H2S, NH3 was analyzed by Fourier transform-infrared (FT-IR) 
spectroscopy gas analysis, and H2S was analyzed by proton transfer re-
action time of flight mass spectrometry (PTR-ToF-MS) by directly con-
necting the Tedlar bag to the inlet. The concentration changes for CV 
and PT were hardly observed, and the concentrations were 175 and 325 
ppb, respectively, for two days. In addition, the changes of concentration 
gradually increased up to approximately 90 ppb, with the concentra-
tions of CV and PT being raised to 260 and 400 ppb, respectively. The 
concentrations of CV and PT instantly increased after 4 days, whereas 
the portable TAAR13 NDs BE-nose could detect changes in CV and PT 
after 3 days (Fig. 6f, h and S11a). In addition, the initial concentrations 

of NH3 and H2S were 5-10-fold higher than those of CV and PT and 
started to increase after 3 days (Fig. 6i and S11b). Although the con-
centrations of NH3 and H2S were 100-fold higher than those of CV and 
PT, the portable TAAR13 NDs BE-nose could sensitively detect spoilage 
indicators (CV and PT) earlier than NH3 and H2S sensor. 

To investigate the microbial content in meat, we incubated 25 g beef 
for 6 days at room temperature and performed a colony formation assay 
using Petrifilm™ (3 M Science) (Fig. 6j and S12). The number of 
Enterobacteriaceae in meat is proportional to the degree of spoilage and 
the quantity of CV and PT (Bover-Cid et al., 2009; Mayr et al., 2003; 
Pircher et al., 2007). Enterobacteriaceae counts in beef increased until 
day 8, after which time, the microbial counts decreased during the 
spoilage period. Before incubating the beef under the experimental 

Fig. 6. Measurements of real samples using a 
portable BE-nose. a, b Photograph of the portable 
TAAR13 NDs BE-nose platform; BE-nose (orange dot 
box), commercial gas sensor (green dot box), and 
Bluetooth module (yellow dot box). c Real-time 
response of portable BE-nose toward CV and PT. 
d Photograph of real-time measurement system using 
portable BE-nose with real sample gases (CV, PT, 
NH3, H2S). e Real-time responses of CV and PT in the 
chamber with a real sample for 1 day. f The measured 
sensitivity of the portable BE-nose for the gas 
collected from a real sample for 6 days. g Real-time 
response toward NH3 and H2S using the commercial 
gas sensor in a real sample. h CV/PT GC-MS and i 
H2S/NH3 results in the real sample stored for 6 days. j 
The counted bacteria from the real sample for 6 days. 
The measured sensitivity of portable BE-nose 
depending on the diverse k real samples stored at 
room temperature and l in various environments for 5 
days.   
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conditions (day 0), the Enterobacteriaceae counts were 5.2 log (CFU)/mL, 
which is an acceptable level (Zhao et al., 2015). However, the counts 
exceeded the threshold levels of 7 log (CFU)/mL at day 1 and increased 
to 9 log (CFU)/mL at day 8 (Fig. S12). These counts result in discolor-
ation, strong off-odors and slime production of spoiled meat (Reid et al., 
2017). As the Enterobacteriaceae counts increased during the spoilage 
period, the quantities of CV and PT also showed an increasing trend and 
the portable TAAR13 NDs BE-nose showed a gradually increasing trend 
for resistance changes to CV and PT (Fig. 6f, h and 6j). The portable 
TAAR13 NDs BE-nose could be applied for monitoring food freshness 
and spoilage by detecting the indicators for real-time. 

To investigate the concentration changes in the diverse samples, a 
portable TAAR13 NDs BE-nose was exposed to the collected gases from 
various real samples, such as pork, beef, chicken, sheep, and duck, in a 
chamber for 4 days at room temperature (Fig. 6k). We determined that 
the various real samples were in the spoilage stage by using the portable 
TAAR13 NDs BE-nose. These results indicate that the portable TAAR13 
NDs BE-nose can be utilized to monitor meat freshness/spoilage via the 
detection of CV and PT. In addition, to investigate the dependence of the 
sensitivity toward of CV and PT on the environment, a real sample was 
stored for 5 days at various temperatures, namely, 20◦C, 4◦C, 23◦C, and 
25◦C (Fig. 6l). We determined that the real sample stored in the freezer 
(− 20◦C) remained fresh but the real samples stored in the refrigerator 
(4◦C), laboratory (23◦C) and restaurant (25◦C) were in the spoilage 
state. Interestingly, a decrease in resistance was observed with 
decreasing temperature due to deactivation of the decarboxylase activ-
ity of microorganisms (Buňková et al., 2010). 

4. Conclusion 

In this study, a portable BE-nose demonstrated excellent sensitivity 
and selectivity toward various indicators and spoilage gases and was 
used to monitor the freshness and spoilage state over time. The TAAR13 
family was used for the detection of CV and PT due to possible selective 
recognition and was fabricated in ND form to enhance its environmental 
stability. TAAR13 NDs SG-FETs showed excellent sensitivity, with LODs 
of 1 fM and 1 fM for CV and PT, respectively, and selectively responded 
to the various markers in the liquid state. The mechanisms and binding 
affinities were demonstrated by comparing the binding energies via 
biosimulations, and the binding of TAAR13d with PT showed higher 
affinity than that of TAAR13c with CV. The TAAR13 NDs BE-nose 
showed excellent LODs of 26.48 and 7.29 ppb for CV and PT, respec-
tively, and displayed unprecedented detection ability for the spoilage 
indicators VOC (volatile organic compound) and VBN (volatile basic 
nitrogen). Based on these technologies, the TAAR13 NDs BE-nose was 
developed as a portable device, and was utilized for monitoring the 
freshness of various real samples in various environments. The responses 
toward the indicators in the real sample were also be detected in the 
fresh stage prior to spoilage. Finally, the portable TAAR13 NDs BE-nose 
platform was performed towards diverse on-site and the various real 
samples and was used to monitor the time of freshness. This bio-
electronic nose can potentially be utilized for the in situ and on-site 
monitoring of meat spoilage. 
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