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nofluidic tongue for highly
selective and sensitive bitterness perception†

Yanan Li,a Hua Zheng,a Lei Xu,a Linfeng Chen, *a Fan Xia a and Yanlin Song b

Precise detection of bitter compounds is crucial for enhancing life quality, ensuring food safety, and

improving pharmaceutical efficacy. However, the structural diversity of bitter compounds often limits

detection specificity and sensitivity. Inspired by the human taste perception mechanism, we have

developed a biomimetic nanofluidic tongue based on bitter receptor-integrated nanochannels for the

highly selective and sensitive perception of bitter molecules. This hybrid platform is constructed by

leveraging the T2R38 receptor as a model protein to chemically modify the nanochannel surfaces,

enabling a sensitive recognition of specific bitter molecules in a wide linear detection range from 10−4 M

to 0.1 pM. An ultralow detection limit of 0.018 pM is achieved for structurally diverse bitter molecules,

including allyl isothiocyanate, yohimbine hydrochloride, and limonin. The sensor remains stable at 4 °C

for a week and is reusable. Additionally, it has also been successfully applied to detect bitter limonin in

spoiled orange juice. This artificial bitter sensor holds significant potential in the food and beverage

industries, pharmaceuticals, and humanoid robots, and provides valuable insights for the design of future

bitter sensors.
Introduction

Bitterness, one of the ve basic taste sensations (sour, sweet,
bitter, salty, and umami), plays a crucial role in mammalian
survival by enabling the detection and avoidance of potentially
toxic substances.1–4 Bitter compounds are prevalent in everyday
foods, beverages, andmedications, signicantly impacting taste
and posing health risks when found in spoiled or stale food
products.5 Detecting bitter substances is thus vital for ensuring
food safety, enhancing avor proles, and improving pharma-
ceutical efficacy.

Bitterness is caused by thousands of bitter compounds
which have diverse chemical structures, including polyphenols,
avonoids, terpenes, amino acids, glucosinolates, etc.2,6 Tradi-
tional chemical techniques face signicant challenges in
detecting this vast array of bitter compounds due to their
structural diversity. However, the human TAS2R family,
comprising only 25 receptors, has the remarkable ability to
perceive these bitter compounds.7 Sensory evaluation is thus
a primary method for testing various tastes, which offers
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a direct taste experience.8 Despite its effectiveness, this method
requires trained tasters in specialized, qualied laboratories
and is subject to individual biases, preferences and sensory
acuity.9–11 Moreover, it is not suitable for evaluating bitter
compounds that are toxic or pose health risks. Electronic
tongues,12–14 which employ an array of low-selectivity chemical
sensors, are prevalent but face several limitations, including
high sample usage, limited detection scope and insufficient
selectivity.15–18 These limitations make it difficult to accurately
identify bitter compounds in complex systems.19,20 Therefore,
developing new bitter sensors with high selectivity and sensi-
tivity to detect the structural diversity and complexity of bitter
compounds remains a signicant challenge.

The human taste system's remarkable ability to detect
bitterness has inspired the creation of innovative bitter sensors.
Bioelectronic sensors,21 leveraging bioactive components such
as taste receptors,22 cells,23 and tissues,24 have gained increasing
attention for their biomimetic taste detection capabilities and
well-dened detection mechanism.25 Most bioactive compo-
nents used as taste-sensitive elements are coupled with micro-
electrode arrays or immobilized on the surfaces of quartz crystal
microbalances and eld-effect transistor devices.26–28 Owing to
the presence of bioactive components, such biosensors have
shown considerable potential in taste detection. However, these
sensors still face challenges that cannot be ignored, such as
insufficient sensitivity, poor stability and complex
manufacturing processes. These issues are critical factors that
determine whether biosensors can be widely applied.
J. Mater. Chem. A
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Fig. 1 Schematic illustration of the construction of a biomimetic nanofluidic tongue designed for bitterness detection. (a) Human taste for
bitterness sensation. The perception of bitterness involves two critical processes: (1) bitter substances are recognized by specific bitter receptors,
and (2) this recognition triggers an intracellular signaling that leads to ion influx through the transient receptor potential cation channel
subfamily M member 5 (TRPM5). This generates a potential signal that is finally transmitted to the brain. (b) A biomimetic tongue for bitterness
detection. A biomimetic nanofluidic tongue is constructed by integrating bitter receptors (e.g., T2R38) into nanoporousmembranes via chemical
modification. Upon recognizing bitter molecules, the hybrid sensor converts this event into sensitive changes in ionic current, enabling selective
detection of bitter molecules.
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As shown in Fig. 1a, selective bitterness perception in
humans involves two key processes: (1) selective recognition of
bitter molecules by bitter receptors, and (2) biological channel-
mediated electrical signal generation. The binding of bitter
molecules to a receptor initiates intracellular signaling, acti-
vating biological channels and allowing the inux of Na+, which
subsequently generates a potential signal.29–32 Finally, the taste
is perceived as this electrical signal is transmitted to the brain.
Drawing inspiration from human taste sensation, we propose
a novel nanouidic tongue that integrates solid-state nano-
channels with bitter taste receptors for highly selective and
sensitive detection of bitter compounds (Fig. 1b). Solid-state
nanochannels have attracted considerable attention for their
excellent mechanical properties,33,34 adjustable geometries,35–38

outstanding biocompatibility,39 and favorable electrochemical
properties.40–46 Most importantly, these nanochannels can
conne target analytes within extremely small volumes, thereby
greatly enhancing sensitivity to ionic current perturbations and
offering an ideal platform for molecular sensing.47–60 As a proof-
of-concept, T2R38, one of the 25 known bitter taste recep-
tors,61,62 was selected as a bitter probe to chemically function-
alize the surfaces of nanoporous poly(ethylene terephthalate)
(PET). Due to the advantages of nanochannel technology, this
J. Mater. Chem. A
functionalization enabled the construction of a bitter sensor,
PET-TR, which can detect specic bitter molecules with high
sensitivity. Upon exposure to these molecules, PET-TR trans-
lates the recognition event into detectable changes in ionic
current signals. The biomimetic sensor demonstrates high
sensitivity for bitter compounds across a wide concentration
range. Moreover, it maintains good stability, retaining activity
for over 7 days when stored at 4 °C and can be reused multiple
times without signicant loss of performance. Importantly, we
successfully applied PET-TR to detect limonin, a bitter
compound, in spoiled orange juice, highlighting the sensor's
potential in food quality monitoring and safety in real-world
scenarios.
Experimental
Materials

The polyethylene terephthalate (PET) track etched membrane
was produced by IT4IP S.A. in Belgium. The protein T2R38 was
purchased from Shanghai Wu hao Biotechnology Co., Ltd. The
bovine serum protein (BSA) was purchased from Guangzhou
Saiguo Biotech Co., Ltd (China). 1-(3-Dimethylaminopropyl)-3-
ethyl-carbodiimide hydrochloride (EDC), N-hydroxy
This journal is © The Royal Society of Chemistry 2025
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succinimide (NHS, $98.0%), sodium chloride (NaCl, $99.0%),
monosodium glutamate (MSG), quinine, allyl isothiocyanate
(AI), and yohimbine hydrochloride (YH) were obtained from
Shanghai Aladdin Biochemical Technology Co., Ltd (China).
Phosphate buffered saline (PBS, pH 7.4) and sucrose ($99%)
were supplied by Shanghai Macklin Biochemical Technology
Co., Ltd (China). Guanidine hydrochloride (GuHCl) was sourced
from Biofroxx in Germany. Citric acid was procured from
Sinopharm Chemical Reagent Co., Ltd (China). Limonin (L) was
obtained from the Energy Chemical brand of Sarn Chemical
Technology Co., Ltd (Shanghai). Vitamin C was purchased from
ChengDu Chron Chemicals Co., Ltd (China).
Method

Construction of the biomimetic bitter sensor PET-TR. To
functionalize the PET track etched membrane with columnar
nanochannels, we prepared a solution containing EDC (50 mg
mL−1) and NHS (25 mg mL−1). This solution was used to acti-
vate the membrane's surface by immersing it for 3 h. Aer the
activation process, the PET membrane was thoroughly washed
with deionized water to remove excess EDC/NHS solution.
Subsequently, bitter taste receptor protein T2R38 (10 mL, 0.1 mg
mL−1) was applied to the activated surface of the PET nano-
channel membrane. The protein was covalently immobilized on
the membrane surface through a coupling reaction between the
carboxyl-reactive ester on the membrane and the amine resi-
dues in T2R38. The reaction was allowed to proceed overnight to
ensure complete immobilization. Once the immobilization was
complete, any unbound T2R38 was removed by washing the
membrane with PBS buffer solution (10−3 M). This nal step
yielded a biomimetic bitter sensor based on nanochannels,
designated as PET-TR.

Characterization of the biomimetic bitter sensor PET-TR.
The morphology and elemental composition of the PET nano-
channels before and aer T2R38 modication were examined
using a eld emission scanning electron microscope (SEM,
SU8010, Hitachi, Japan) equipped with energy-dispersive X-ray
spectroscopy (EDS). The elemental composition was further
analyzed using X-ray photoelectron spectroscopy (XPS) obtained
from a Thermo Scientic™ K-Alpha™ XPS (Thermo Scientic,
USA). The hydrophilicity of the nanochannel membrane surface
was measured using the contact angle method (DSA 100S,
Germany). Atomic force microscopy (AFM, Multimode 8,
Bruker) was employed to characterize the changes in height and
roughness of the PET nanochannel membrane before and aer
modication with T2R38. Fourier transform infrared spectros-
copy (FTIR, ThermoFisher Scientic, Britain) was utilized to
observe the changes in functional groups of the PET nano-
channel membrane before and aer T2R38 modication. The
potential difference of the PET nanochannel membrane before
and aer modication with T2R38 was analyzed using Kelvin
probe force microscopy (KPFM, Multimode 8, Bruker).

Bitterness detection performance of the biomimetic bitter
sensor. The PET-TR nanochannel membrane was xed between
two separate chambers, each lled with 1 mL of a PBS buffer
solution (10−3 M, pH 7.4). Symmetric Ag/AgCl electrodes were
This journal is © The Royal Society of Chemistry 2025
partially submerged in the buffer solutions to measure the
electrochemical signal using a Keithley 6487 picoammeter. The
test voltage was swept from −1.0 V to 1.0 V in increments of
0.1 V. A cyclic voltammetry scan was performed to generate I–V
curves, and the transmembrane ionic currents at 1 V were
recorded as I0. Each test was repeated at least three times to
ensure the accuracy of the average current values obtained.

Solutions of allyl isothiocyanate (AI), yohimbine hydrochlo-
ride (YH), and limonin (L) at concentrations ranging from
10−4 M to 10−12 M in PBS buffer solution (10−3 M, pH 7.4) were
prepared. 1 mL of a 10−4 M solution of each bitter compound
was introduced into the chamber, replacing the initial PBS
buffer solution. The electrochemical measurement was
repeated as described above, yielding a new I–V curve and
recording the transmembrane ion current at 1 V, denoted as I1.
These tests were conducted at least three times to calculate the
average current values. The differences in current before and
aer the introduction of bitter substances, (I1 − I0)/I0 × 100%,
were calculated for the 10−4 M solutions of AL, YH, and L.
Subsequently, the concentration of bitter substances was varied
to further investigate the transmembrane ion current. The
current change ratios for different concentrations of each bitter
substance were analyzed to determine the sensor's sensitivity
and specicity in detecting bitter compounds. In addition,
a 10−4 M solution of limonin was prepared in PBS (pH 7.4), and
high-performance liquid chromatography (HPLC) analyses were
performed at 3 hours, Day 1, and Day 3 to evaluate the stability
of limonin in PBS.

Reusability and stability of the biomimetic bitter sensor. To
assess the reusability and stability of the PET-TR bitter sensor,
we set up the membrane between two chambers, each lled
with PBS buffer solution (1 mL, 10−3 M, pH 7.4). Under the
consistent experimental conditions, cyclic voltammetry was
conducted, and the transmembrane ionic current at a voltage of
1 V was recorded as I0. Subsequently, the PBS buffer solution
was replaced with 10−4 M solutions of AI, YH, and L, respec-
tively, and the transmembrane ionic current I1 was measured
for each bitter substance to calculate the current change ratios.
This sequence of steps constituted one operational cycle. Aer
completing each cycle, the PET-TRmembrane was subsequently
removed and washed by oscillating it in fresh PBS buffer to
remove any residual bitter substances. Aer 4 h, the dried PET-
TR membrane was reinserted between the chambers for
a second cycle. This process was repeated for a total of ve
cycles to evaluate any variations in the current change ratios,
thereby assessing the sensor's reusability.

To assess the stability, the same procedure was applied to
calculate current change ratios for 10−4 M solutions of AI, YH,
and L against the PBS buffer. Aer each measurement, the PET-
TR membrane was gently washed and stored at 4 °C to mini-
mize degradation. The current change ratios were monitored
over a period of 7 days to determine whether there were any
signicant uctuations, thus providing insights into the
sensor's long-term stability. In addition, another batch of PET-
TR membranes was stored at room temperature aer each
measurement, and their current change ratios over the same 7
J. Mater. Chem. A
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days were also monitored to assess the sensor's stability at room
temperature.
Mechanism analysis

Verication of T2R38's role in detecting bitter substances.
To verify the role of T2R38 in detecting bitter substances, the
PET-TR membrane was immersed in a 5 M guanidine hydro-
chloride (GuHCl) solution. GuHCl, a potent protein denaturant,
was used to induce T2R38 denaturation by disrupting hydrogen
bonds and enhancing hydrophobic interactions.63,64 The current
change ratios for 10−4 M solutions of AI, YH, and L were
measured before and aer GuHCl treatment. This comparison
allowed us to observe the impact of T2R38 denaturation on the
sensor's detection capability.

In addition, to exclude the possibility of structural changes
in the nanochannels, BSA was employed as a non-specic
protein to modify the surface of the PET nanochannels (PET-
BSA), and the current change ratios in the presence of 10−4 M
solutions of AI, YH, and L were collected.

Surface and structural analysis. The surface of the PET-TR
membrane was treated with AI, YH, and L solutions (10 mL,
10−4 M) for 2 h, followed by SEM analysis to observe any
changes in pore size induced by ligand binding.

Additionally, T2R38 (10 mL) was applied to a silicon wafer
and allowed to react with AI, YH, and L solutions (10 mL, 10−4 M)
for 2 h. AFM was employed to characterize any size changes in
the T2R38 receptor aer ligand interaction.

Molecular docking analysis. In this study, the molecular
structures of AI, YH, and L were retrieved from PubChem. The
structure of the T2R38 protein (UniProt: P59533) was obtained
from the AlphaFold Protein Structure Database. Molecular
docking of the ligands with T2R38 was performed using PyMOL
soware to predict the binding sites and affinity between the
different ligands and the T2R38 protein.

Application demonstration of the biomimetic bitter sensor.
To assess the selectivity of the bitter sensor, 10−4 M solutions of
citric acid, sucrose, monosodium glutamate, sodium chloride,
and quinine were prepared in a PBS buffer (10−3 M, pH 7.4). The
PET-TR membrane was positioned between two chambers, each
lled with 1 mL of one of the taste solutions. The resulting
current change ratios were compared with those of the bitter
substances AI, YH, and L to determine the sensor's selectivity
for bitter compounds.

To verify the reliability of the bitter sensor, a 6 × 10−5 M (C0)
solution of limonin was prepared using a PBS buffer solution
(10−3 M, pH 7.4). The biomimetic bitter sensor was used to
detect the current of the prepared limonin solution, and a linear
tting current change diagram was applied to determine the
concentration Ca.

High-performance liquid chromatography (HPLC) was
employed to measure the peak areas of ve different concen-
trations of limonin solutions (0.002 mM, 0.01 mM, 0.02 mM,
0.1 mM, 0.2 mM) at 210 nm, and a linear tting was performed.
The peak area of the limonin solution prepared for sensor
testing was measured, and the concentration Cb was derived
from the linear tting peak area variation diagram. The Ca and
J. Mater. Chem. A
Cb obtained by both the bitter sensor and HPLC methods were
compared with C0 to validate the sensor's accuracy.

Fresh orange juice (FOJ) was allowed to deteriorate naturally
by storage in air for 3 days to prepare deteriorated orange juice
(DOJ). Subsequently, the PET-TR membrane was placed
between two chambers, and 1 mL of each sample-FOJ, DOJ,
vinegar, cola, coffee, monosodium glutamate (MSG) and NaCl
salt solution was injected into the chambers for testing. It
should be noted that FOJ, DOJ, vinegar and cola samples were
diluted 500-fold with PBS butter (pH 7.4), while the coffee, MSG
and NaCl salt solution samples were prepared directly at
a concentration of 0.047 g L−1 in PBS butter (pH 7.4). All diluted
samples were tested under the same conditions as previous
experiments, and the transmembrane ion current at a voltage of
1 V was recorded. The tests aimed to observe whether there is
signicant difference in the ratio of current change between
DOJ and other foods. To eliminate the potential interference
from other components in orange juice, articial orange juice
samples containing water (adjusted to a nal volume of 100
mL), sucrose (6 g), citric acid (0.65 g), and vitamin C (0.05 g)
were specially prepared for the test. Additionally, the sample
with the addition of limonin (1.2 mg) was used for the
comparison.
Results and discussion
Construction of the biomimetic bitter sensor PET-TR

To construct the biomimetic bitter sensor PET-TR, PET nano-
channel membranes with an average pore diameter of
28.85 nm were selected as the substrates (Fig. 2a and S1†). The
details of the T2R38 sequence can be found in Fig. S2.† The
protein structure of T2R38 (UniProt: P59533), obtained from
the PDB le, has dimensions of 8.803 nm, 4.940 nm, and
7.092 nm along the X, Y, and Z axes, respectively (Fig. S2b†).
T2R38 was immobilized on the PET nanochannel surfaces
through an amidation reaction between the amine residues in
T2R38 and the carboxylic groups abundantly present on the
PET membrane surfaces (Fig. S3†). Aer T2R38 modication,
the PET-TR membrane surface exhibited granular deposits,
and the average pore diameter decreased to approximately
18.47 nm, as compared to the unmodied PET membrane
(Fig. 2b and S1†). Simultaneously, the water contact angle (CA)
of the membrane decreased from 73.1° to 58.3° (Fig. 2c),
a change attributed to the increased surface roughness post-
modication, which was consistent with the atomic force
microscopy (AFM) analysis (Fig. S4†). Energy-dispersive X-ray
spectroscopy (EDS) and X-ray photoelectron spectroscopy
(XPS) were used to further characterize the functionalization,
conrming the presence of sulfur, a key element in the cysteine
(C) and methionine (M) residues of T2R38 (Fig. 2d–f, Table S1
and S2†). In addition, the surface of PET-TR became more
negative, as indicated by kelvin probe force microscopy
(KPFM) (Fig. 2g). Fourier transform infrared spectroscopy
(FTIR) analysis showed two new peaks in the 1600–1500 cm−1

range for PET-TR, which correspond to the amine groups of
T2R38 (Fig. S5†).
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Characterization of artificial bitter sensors. (a and b) SEM images of PET membranes before (a) and after (b) T2R38 modification. (c) Water
contact angles of PET membranes. (d and e) EDS mapping of PET before (d) and after (e) T2R38 modification. (f) XPS characterization revealing
the chemical composition of PET and PET-TRmembranes. (g) Kelvin probe forcemicroscopy images comparing the surface potential of PET and
PET-TR membranes. (h) Current–voltage (I–V) curves of PET nanochannels after T2R38 modification.
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Bitterness detection performance of the biomimetic bitter
sensor

The detection of the bitter sensor PET-TR for bitter substances
is briey illustrated in Fig. 1b. The PET membranes were xed
between two home-made electrochemical cells, each lled with
a PBS buffer solution (10−3 M, pH 7.4). Two electrodes were
separately inserted into the cells, and a voltage sweep from−1 V
to +1 V was applied. The resulting ionic current was monitored,
and the plotted ionic current–voltage (I–V) curves under
different conditions were analyzed. More experimental details
can be found in the Experimental section of the ESI and are
illustrated in Fig. S6.† The I–V curve showed a decrease in
current aer T2R38 modication (Fig. 2h), primarily due to the
reduced diameter of the nanochannels, a nding that aligns
with the statistical analysis of the diameter changes.

Allyl isothiocyanate (AI), a typical bitter ligand for T2R38,62 is
a natural compound found in cruciferous vegetables such as kale
(Fig. 3a), and was selected for the detection. It was found that in
the presence of 10−4 M AI, there was a noticeable decrease in the
ionic current (Fig. 3b). To quantitatively correlate the ionic
current change with the AI concentration, the current at 1 V for
PET-TR before (I0) and aer (I1) the addition of bitter ligand AI
was further analyzed. The change in current was quantied using
the formula (I1 − I0)/I0 × 100%. About 17.11% of current
reduction for AI was determined (Fig. 3c). Another two bitter
ligands, i.e., yohimbine hydrochloride (YH), and limonin (L),62
This journal is © The Royal Society of Chemistry 2025
which are commonly found in Rauvola genus plants and in
citrus fruits (e.g., oranges) respectively (Fig. 3a), were also
selected for the test. At a concentration of 10−4 M, a reduction in
current was observed for both YH and L, with current change
ratios of 24.45% and 17.30%, respectively. Limonin remained
stable in the PBS buffer within the test period (Fig. 3c, S7 and
S8†). Moreover, within the tested concentration range, the
current change ratios for these three bitter substances exhibited
a linear correlation (Fig. 3d–f). As the concentration of the bitter
substances increased, the current gradually decreased (Fig. S9†).
The limit of detection (LOD) for AI, YH, and L using the PET-TR
membrane was calculated to be 0.262 pM, 0.018 pM, and 0.231
pM, respectively, using the formula LOD = 3 × (SD/jmj), where
SD represents the standard deviation of the blank solution, and
m is the slope of the calibration curve. In contrast, the control
PET membrane without bitter receptor modication, exhibited
no obvious and consistent current changes in the presence of
these three bitter substances (Fig. 3d–f and S10†). These ndings
underscore the biomimetic bitter sensor's capacity for highly
sensitive detection of AI, YH, and L. A detailed comparison
between the nanouidic bitter sensor and other existing tech-
niques is presented in Table S3.† Collectively, the new bitter
sensor demonstrates superior performance, characterized by
high selectivity and sensitivity, an ultralow LOD, a broad linear
range, minimal sample requirement, and a shorter response
time.
J. Mater. Chem. A
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Fig. 3 Bitterness detection performance of nanofluidic bitter sensors. (a) Typical bitter substances for detection, including allyl isothiocyanate
(AI), yohimbine hydrochloride (YH), and limonin (L), which are commonly found in cruciferous vegetable kale, Rauvolfia plants and oranges,
respectively. (b) I–V curves of PET-TR in the presence of AI (10−4 M). (c) Comparative ionic current change ratios for PET and PET-TR in response
to 10−4 M AI, YH, and L, respectively. (d–f) Plots of ionic current change ratio versus bitter concentrations for AI (d), YH (e), and L (f), respectively.
(g) Assessment of the reusable property of the artificial bitter sensor. (h) Stability of PET-TR stored at 4 °C over a 7-day storage period under
experimental conditions.
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To evaluate the reusability of the biomimetic taste sensor,
PET-TR membranes were alternatively applied to test PBS
solutions with and without bitter substances (10−4 M). As
shown in Fig. 3g, the articial bitter sensors maintained
consistent detection performance across ve consecutive cycles,
with no signicant deterioration in sensitivity observed.
Furthermore, the stability of the biomimetic bitter sensor was
assessed over an extended period. The PET-TR sensors stored at
4 °C and room temperature were used for bitterness detection
over a period of 7 days, respectively. As shown in Fig. 3h, the
J. Mater. Chem. A
biomimetic bitter sensors stored at 4 °C retained a substantial
portion of their initial response currents for AI, YH, and L, at
91.81%, 90.24%, and 83.15%, respectively. In contrast, when
stored at room temperature the sensors gradually lost their
activity, retaining only 13.79%, 9.86% and 8.74% of their initial
response currents for AI, YH, and L, respectively, and basically
lost their performance in identifying bitterness (Fig. S11†).
Essentially, the sensors stored at room temperature lost their
ability to identify bitterness aer 7 days. These results empha-
size the repeatability and good stability of the PET-TR sensor
This journal is © The Royal Society of Chemistry 2025
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when stored at 4 °C, highlighting its potential for practical
applications in environments where controlled storage condi-
tions can be maintained.
Bitterness detection mechanism analysis

The biomimetic bitter sensor PET-TR for the detection of bitter
molecules is attributed to the specic binding of T2R38 to the
bitter ligands, resulting in the decrease of effective nano-
channel size and the reduction of ionic current (Fig. 4a). To
verify the pivotal role of T2R38 in bitter substance detection,
Fig. 4 Mechanism study of the nanofluidic bitter sensor. (a) Schemat
between the bitter receptor and bitter molecules leads to a decrease in n
Comparative analysis of current change ratios of the sensor in response
treatment. (c) Statistic analysis of the nanochannel diameters after bind
binding with bitter molecules. (e) Theoretical simulations depicting the do
(AI), yohimbine hydrochloride (YH), and limonin (L), respectively.

This journal is © The Royal Society of Chemistry 2025
PET-TR membranes were subjected to a denaturation process
by immersing in a guanidine hydrochloride (GuHCl) solution (5
M) overnight. GuHCl is a potent denaturant that could denature
T2R38 by disrupting its intramolecular hydrogen bonds and
enhancing hydrophobic interactions.63,64 Post-denaturation, the
PET-TR membranes were used to measure the response to
10−4 M solutions of AI, YH, and L, as shown in Fig. 4b. The
structure alteration of T2R38 aer the denaturation treatment
rendered the protein incapable of binding to bitter molecules,
resulting in a signicant reduction in current change ratios
ic illustration of the detection mechanism. The selective interaction
anochannel diameters and a consequent reduction in ionic current. (b)
to AI, YH, and L under conditions before and after T2R38 denaturation
ing with bitter molecules. (d) AFM images of T2R38 before and after
cking complexes of T2R38 with bitter molecules of allyl isothiocyanate

J. Mater. Chem. A
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when compared to untreated samples (Fig. 4b). In addition, PET
membranes modied with non-specic protein BSA (PET–BSA)
were also prepared and measured (Fig. S12†). No signicant
current change was observed in the presence of 10−4 M solu-
tions of AI, YH, and L, indicating that the PET–BSA did not
exhibit recognition of bitter substances. These results under-
score the indispensable nature of the bitter taste protein in the
detection of bitter substances, thereby validating the sensor's
reliance on the integrity of the T2R38 protein for accurate
sensing.

We further examined the PET-TR by SEM aer interaction
with bitter ligands (Fig. S13†). As shown in Fig. 4c, the average
diameter of the PET-TR reduced to about 15.38 nm, which
supports our hypothesis that the ionic current decrease is due to
the reduction of the nanochannels. Additionally, we employed
AFM to analyze the size change of the bitter receptor aer
binding with the bitter ligands. It was observed that the particle
size signicantly increased for T2R38-AI, T2R38-YH and T2R38-
Fig. 5 Application demonstration of the artificial bitter sensor. (a) Selecti
(b) Detection results of limonin using the artificial bitter sensor. The inset
Corresponding high-performance liquid chromatography (HPLC) analy
prepared concentration. (d) Schematic representation of the preparation
limonin in the prepared orange juice samples by the artificial bitter senso
detecting real samples.

J. Mater. Chem. A
L complexes. Concurrently, the surface roughness (Rq)
increased from 0.477 nm for the control to 0.678 nm for T2R38-
AI, 0.813 nm for T2R38-YH and 0.708 nm for T2R38-L, respec-
tively (Fig. 4d).

To gain a deep understanding of the interaction mechanism
between T2R38 and the bitter ligands, we conducted molecular
docking studies of T2R38. The T2R38 protein structure was
retrieved from the AlphaFold protein structure database (Uni-
Prot: P59533). Using PyMOL soware, molecular docking was
performed to obtain the complex structures (Fig. 4e). In the
T2R38-AI complex, AI forms a hydrogen bond with the amino
acid residue Serine-63 (SER-63). YH engages with T2R38 residues
Threonine-155 (THR-155) and Serine-151 (SER-151), while L
forms three hydrogen bonds with T2R38 residues Serine-51 (SER-
51), Aspartic acid-54 (ASP-54) and Serine-248 (SER-248). The
molecular affinity of all three bitter molecules for T2R38 is
favorable (Table S4†). The molecular docking results provide
a clear understanding of the binding interaction between T2R38
ve detection capabilities of the artificial sensor for bitterness detection.
is the result derivation compared with the prepared concentration. (c)
sis of limonin. The inset is the result derivation compared with the
process of fresh and deteriorated orange juice samples. (e) Detection of
r. (f) Comparative analysis of the artificial bitter sensor's performance in

This journal is © The Royal Society of Chemistry 2025
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and the three bitter compounds, elucidating the molecular basis
for the sensor's detection capabilities. However, it should be
noted that the interaction between bitter molecules and the
bitter receptor (i.e., molecular affinity) and the ionic current
change ratio (reecting protein structure change) may not be
strictly linear. For instance, although AI exhibits a weaker
binding affinity to the receptor compared to YH and L, the LOD
values for AI and L are similar. This suggests that other factors,
such as the conformational changes induced by binding or the
specic interactions within the receptor, may also play a signi-
cant role in the detection mechanism. Further studies are war-
ranted to explore this relationship more thoroughly.
Application demonstration of the biomimetic bitter sensor

To evaluate the capability of the biomimetic taste sensor for
selectively detecting bitter taste, 10−4 M of three bitter
substances (AI, YH, and L) and the other taste molecules,
including sour citric acid, sweet sucrose, umami monosodium
glutamate (MSG), and salty sodium chloride (NaCl) were
measured. As shown in Fig. 5a, the current change ratios for
citric acid, sucrose, MSG and NaCl are signicantly lower than
those for AI, YH, and L, with ratios of−5.76%,−5.79%,−3.53%,
and −6.66%, respectively. In addition, we also tested another
typical bittermolecule quinine, which could not be recognized by
T2R38. The ratio of current change is about −5.98%, further
conrming the selective responsibility of PET-TR.

To demonstrate the reliability of the biomimetic taste sensor
for detecting bitter substances, comparative measurements of
a certain concentration of L (C0 = 6.00 × 10−5 M) by using both
high performance liquid chromatography (HPLC) and our bitter
sensor were performed. The concentration of the as-prepared L
was determined to be Ca = 6.41 × 10−5 M by the bitter sensor
platform while the result was about 5.86 × 10−5 M by the HPLC
method (Fig. 5b, c and S14†). The deviations of the twomethods
were about 6.83% and −2.30%, respectively, indicating that the
biomimetic bitter sensor has relatively high accuracy and reli-
ability for detecting bitter molecules.

We further demonstrated the potential of the biomimetic
bitter sensor in the detection of real samples, where the pres-
ence of bitter compounds can be indicative of food spoilage and
pose health risks. Bitterness detection is important for ensuring
food safety and maintaining product quality. As a proof-of-
concept, we selected orange juice for the demonstration.
Freshly squeezed orange juice is rich in vitamin C and avo-
noids, which can enhance the immune system, counteract free
radical damage, and promote digestion. However, the acidic pH
of the juice gradually induces the conversion of limonoate A-
ring lactone into the bitter limonin, a process further acceler-
ated by limonin D-ring lactone hydrolase (Fig. S15†),65,66

resulting in a slight bitterness to the juice. Extended storage
under acidic conditions and in open air increases the produc-
tion of bitter limonin (i.e., deterioration), thus intensifying the
bitterness and compromising the juice's quality.

The preparation of fresh orange juice (FOJ) and a deterio-
rated sample (DOJ) aer 3 days of storage in air is briey shown
in Fig. 5d. Our bitter sensor found that both FOJ and DOJ
This journal is © The Royal Society of Chemistry 2025
showed a decrease in ionic current, but the DOJ sample
exhibited a much larger current change ratio, indicating
a higher concentration of L (Fig. 5e). The other major compo-
nents did not interfere with the test, conrmed by the results
with articial orange juice samples (Fig. S16†). As a comparison,
real samples collected from table edible vinegar, cola, coffee,
MSG, and salt solutions were also tested (Fig. 5f). These results
indicate that the PET-TR bitter sensor holds promise for the
detection of bitter compounds in various real sample, demon-
strating its potential for broader application in food quality
assessment and safety monitoring.
Conclusions

Inspired by biological taste systems to selectively sense bitter
compounds, we have proposed and developed an innovative
bitter sensor platform that integrates a biological bitter receptor
with solid-state nanochannels. As a proof-of-concept, bitter
receptor protein T2R38 was functionalized on the surface of
PET nanochannels to give the articial bitter sensor PET-TR. We
have successfully demonstrated that this bitter sensor is
capable of selectively detecting typical bitter ligands, including
AI, YH, and L. The sensor offers wide linear detection ranges
with ultra-sensitive detection limits of 0.262 pM for AI, 0.018 pM
for YH, and 0.231 pM for L, respectively. This novel bitter sensor
exhibits good reusability and could work efficiently for a week
when stored properly. We also effectively applied the bitter
sensor for L detection in a real sample, such as orange juice.
The results highlight the practical utility of the biomimetic
bitter sensors in quality monitoring of food and beverages, and
in ensuring food safety. The potential applications of these
biomimetic bitter sensors extend beyond quality control to
include the food industry, pharmaceuticals, and even
humanoid robots. This work not only contributes to the
advancement of taste sensing technologies but also paves the
way for the design of new bitter sensors with broad applications
in various industries.

It is worth noting that while we are actively improving our
bitter taste sensor system to ensure its compatibility with
commercial electronic devices, such as mobile phones and
chips, the sensor still faces signicant challenges in large-scale
production and industrialization. Addressing the limitations
will be a central focus of our future research efforts.
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