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Recent advances in biomimetic taste-based
biosensors and their applications

Jialu Kang,? Jiejing Liu,? Yufei Geng,® Yuxuan Yuan,® Shuge Liu,? Yushuo Tan,?
Liping Du*?® and Chunsheng Wu @ *3°

The biological taste sensing system has a sensitive perception ability for taste substances (tastants) and is
considered as one of the most efficient chemical sensing systems in nature. With the rapid development of
human society, biomimetic taste-based biosensors have become increasingly important to improve human
life quality and ensure human health, and have been widely applied in many fields such as food safety,
biomedicine, and public health. In recent years, researchers have been devoted to developing a new type
of chemical sensing system. Among them, biomimetic olfactory-based biosensors have shown promising
prospects and potential applications compared to traditional chemical sensors due to the utilization of
well-developed natural molecular recognition mechanisms. Biomimetic taste-based biosensors usually
employ biologically originated taste cells, taste receptors, taste buds, taste organoids and lipid membranes
as sensitive elements, combined with secondary transducers to achieve specific and sensitive detection of
tastants in order to obtain comparable detection performance to that of the biological taste system. This
review summarizes the most recent advances in biomimetic taste-based biosensors based on biological
taste sensing elements. First, the basic principle of biomimetic taste-based biosensors is briefly introduced.
Then, the system composition and development of biomimetic taste-based biosensors are outlined and
discussed in detail, with a focus on the preparation technology of sensitive elements and their coupling
with transducers. In addition, the performance of biomimetic taste-based biosensors and their applications
in food quality testing and basic and clinical research are summarized. Finally, the current challenges and
development trends of biomimetic taste-based biosensors are proposed and discussed.

society and civilization, the demand for higher precision and
accuracy in detecting liquid components has increased—

Taste is a critical physiological sensation, typically categorized
into five basic tastes: sour, sweet, bitter, salty, and umami.'”
It largely determines the selection of food by organisms,
allowing them to promptly replenish nutrients essential for
survival based on their needs.*® Taste plays an essential role
in the regulation of feeding, bodily nutrition, and metabolic
control. Clinically, certain diseases (such as tongue cancer)
and treatment plans (such as radiotherapy for head and neck
tumours) can lead to taste disorders or even loss of taste.®®
However, research on taste has significantly lagged behind
studies on vision, hearing, touch, and smell, leading to a lack
of timely interventions and treatments for taste abnormalities
in clinical settings. Additionally, with the advancement of
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something that traditional taste receptors struggle to meet.”'°

The human taste organs are taste buds, each of which
contains 50 to 100 taste cells.""™ These taste cells send
specific signals related to different taste substances to the
brain, which then processes the signals and, through
experiences or neural networks, classifies or judges the taste
substances, ultimately forming the perception of taste.
Biomimetic taste-based biosensors are a novel class of
biosensors designed to mimic the signal transduction
mechanisms of human taste and the transmission and
processing of taste signals by neuronal systems, thereby
developing instruments for the detection and analysis of taste
substances. Traditional liquid-phase detection technologies,
such as electronic tongues, have achieved certain success but
are mostly developed based on electrochemical principles,
which makes it difficult for them to replicate the biological
characteristics of the human tongue and, consequently, to
identify the taste profiles of complex mixtures.'* On the other
hand, biomimetic taste-based biosensors, which are based on
biological sensitive elements, offer a new solution to this
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challenge. Biomimetic taste-based biosensors combine the
high information capture capability of traditional liquid
phase detection technologies (such as electronic tongues)
with the high sensitivity and specificity of biosensors, thereby
improving sensitivity, response time and specificity. This
greatly expands the application scope of traditional liquid
phase detection methods, overcomes the challenges of
mimicking human biological characteristics, and provides a
new method for quickly, simply and accurately collecting
taste information. It shows broad application potential in
many fields such as food detection, fundamental research,
clinical research, and pharmaceutical research.'>'®

In recent decades, biomimetic taste-based biosensors have
attracted more and more attention and significant progress
has been achieved. However, there is very limited literature
on recent advances in this field. This review provides a
comprehensive summary of the most recent advances in
biomimetic taste-based biosensors based on biological taste
sensing elements. First, the basic principle of biomimetic
taste-based biosensors is briefly introduced. Then, the system
composition and development of biomimetic taste-based
biosensors are outlined and discussed in detail, with a focus
on the preparation technology of sensitive elements and their
coupling with transducers. In addition, the performance of
biomimetic taste-based biosensors and their applications in
food quality testing and basic and clinical research are
summarized. Finally, the current challenges and development
trends of biomimetic taste-based biosensors are proposed
and discussed.

Recognition mechanism of the
mammalian taste sensing system

The generation of taste sensation in mammals originates
from the detection of chemical stimuli presented by the
tastants in the oral cavity through taste buds, which are
clusters of specialized taste cells responsible for sensing taste
signals. There are various types of papillae distributed on the
different regions of the tongue surface. At present, it is
known that there are one to hundreds of taste buds located
in one papillae. These taste buds send the detected taste
signals to the brain via afferent cranial nerves."” There are
~50-100 taste cells located in a taste bud, which can be
classified into four categories based on their ultrastructural
features (i.e. type I (dark), type II (light), type III
(intermediate), and type IV cells). At present, it is known that
type II taste cells are responsible for the detection of sweet,
bitter, and umami taste substances, while type III cells are
responsible for the detection of sour and salty.® Each taste
responsive cell contains membrane proteins known as taste
receptors (Fig. 1). These taste receptors could interact with
chemical substances in the oral cavity. There are five types of
basic taste, each corresponding to the detection of one of the
five basic tastes: sour, sweet, bitter, salty, and umami.

Once the taste receptors detect chemical stimuli, the taste
bud cells transduce the stimulus into electrical signals or the
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Tongue

Taste Bud

Taste Bud Cell

Fig. 1 Schematic diagram showing the structure of a mammalian
tongue. (A) The bumps on the surface of the tongue are called
papillae. (B) Taste buds are hidden beneath the surface of the papillae
and barely poke out. (C) Each taste bud is made up of a cluster of
cells, which are packed together like segments of an orange. (D) The
cells making up taste buds store special taste receptors at their tips,
which respond to tastants presented by foods.*®

release of neuro transmitters through intracellular signal
transduction pathways. These taste responsive signals are
received by afferent nerve fibers distributed across the tongue
and transmitted from the back of the oral cavity to the
relevant areas in the cerebral cortex responsible for taste
perception (Fig. 2), where the brain processes and makes
judgments regarding the taste.'®

The study of the molecular basis of taste perception is a
relatively young and interesting field. Here, we present an
overview of the recent advances and what is currently
understood to be the primary molecular mechanisms of taste
perception. Signal transduction mechanisms for salty taste
perception: the low-sodium-sensing cell is depolarized by the
influx of Na' via the amiloride-sensitive epithelial sodium
channel (ENaC). Additional influx of Na through the voltage-
gated sodium channel (VGNaC) creates an action potential
that ultimately leads to the release of ATP through CALHM1/
3, without the involvement of intracellular calcium (Ca**").>?
The mechanistic overview of signal transduction in sweet,

Taste Bud Cell

Impulse

Fig. 2 Schematic diagram showing taste signal transduction and
transmission pathways. Taste signals begin when food tastants are
sensed by taste receptors on the taste bud cells. When the receptors
sense different kinds of tastants, the taste bud cells could transduce
the corresponding taste signals and send them to the nervous system,
which relays the impulse to the brain. This diagram is simplified and
shows a taste bud cell with one receptor. In reality, each taste bud cell
could have millions of receptors.®
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bitter, and umami taste perception: tastants bind to cell
surface G protein-coupled receptors (GPCRs) and initiate a
signaling cascade through phospholipase CB2 (PLCB2) and
inositol 1,4,5-triphosphate (IP;) that mobilizes Ca** from the
endoplasmic reticulum (ER) by activating IP; receptor type 3
(IP;R3), thus increasing intracellular Ca®>" concentration. The
spike in intracellular calcium activates transient receptor
potential cation channel subfamily M member 5 (TRPMS5)
channels that depolarize the plasma membrane and create
action potentials via voltage-gated Na' channels (VGNa® C).
These changes in the membrane potential and the increased
presence of intracellular Ca®* trigger the release of ATP into
the channel synapse through CALHM1/3 s. This stimulates
the gustatory neuron, thus completing transduction of the
signal from the taste cell to the afferent.>*”

Basic principle of biomimetic taste-
based biosensors

Biomimetic taste-based biosensors can measure taste signals
without  distinguishing between individual chemical
substances, employing a taste-sensing system that mimics
the response mechanism of the mammalian taste system.
These Dbiosensors can quantify taste characteristics.
Biomimetic taste-based biosensors mainly consist of two
components: the primary sensitive element, which is a
bioactive material that binds to specific taste substances and
generates a specific response, and the secondary transducer,
which is a micro/nano sensor or device that is able to convert
the responsive signals of sensitive elements into physical
signals, such as optical or electrical signals, which are easier
to process.”'® The basic principle of these biosensors is
based on the utilization of sensitive elements to detect
chemical signals presented by food, which can subsequently
be transduced by the secondary transducer into electrical or
optical signals. As a result, sensitive elements play a crucial
role in determining the performance of these biosensors.
Biomimetic taste-based biosensors usually utilize bioactive
materials from biological taste systems as sensitive elements,
which include taste buds, taste responsive cells, taste
receptors, and taste organoids. Thus, to some extent, these
biomimetic taste-based biosensing systems inherit some of
the advantages of biological taste systems, such as rapid
response, high sensitivity, and good specificity. On the other
hand, the rapid advancement in microfabrication processes
also greatly facilitates the development of various micro/nano
sensors or devices for the purpose of transducing responsive
signals from sensitive elements with high efficiency, which
could thus improve the performance of the whole biomimetic
taste-based biosensing system.

Preparation of sensitive elements and their coupling with
transducers

For the design and construction of biomimetic taste-based
biosensors, one of the key steps is to prepare sufficient
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functional bioactive materials that could respond to certain
taste signals. At present, a wide range of sensitive elements can
be utilized in biomimetic taste-based biosensors. Basically, any
biological materials that exhibit taste-responsive characteristics
can serve as sensitive elements in these biosensors, including
taste cells, taste receptors, taste buds, taste bud organoids, and
sensitive membranes. On the other hand, it is also very
important to couple the sensitive elements with transducers
with high efficiency. Various strategies have been employed to
improve the coupling efficiency of bioactive materials with
transducers. By the following, we will introduce different types
of biomimetic taste-based biosensors in detail based on the
different sensitive elements.

Biomimetic taste sensors based on taste-sensitive cells.
Biomimetic taste-based biosensors using taste-sensitive cells
as sensitive elements can detect taste-related information of
bioactive substances. Therefore, in the development of
biomimetic taste-based biosensors, many researchers have
employed living cells as sensitive materials. Based on the
origination of taste-sensitive cells, these cells can be divided
into two categories, i.e. primary cells isolated from animals
and bioengineered cell lines expressed with taste receptors.
For instance, taste receptor cells were isolated from the
tongues of adult female Sprague-Dawley rats and directly
immobilized onto microelectrode array (MEA) chips.'® This
system allowed for the measurement of spontaneous signals
during and after acid stimulation, as well as the acid-induced
electrophysiological activity. This technique can be applied to
the detection of sour taste and the study of the sour taste
signal encoding mechanism. Similarly, a self-assembled
biosensor was developed based on mature taste receptor cells
(TRCs), where TRCs, acting as recognition elements, were
mounted on the surface of a glassy carbon electrode (GCE)
treated with gold nanoparticles (AuNPs) and poly-t-lysine
(PLL). Using this fast and sensitive TRC-based biosensor,
MSG (t-monosodium glutamate) and other umami
substances were successfully detected.*

In addition, since taste receptors can also be expressed in
other parts of the mammalian body, such as the digestive tract,
respiratory system, brain, and heart, cells beyond taste epithelial
cells, such as cardiomyocytes, can also be used to construct
biomimetic taste-based biosensors. For example, rat
cardiomyocytes have been used as taste sensing elements,
coupling a MEA as a transducer.>' The specific detection of two
bitter substances (benzydamine and diphenidol) and one
umami compound (MSG) was achieved, with a detection limit
of 107® M. Similarly, a coupled sensor array integrating taste
and olfactory sensing has been developed based on HL-1
cardiomyocytes with a MEA, which was used for drug screening
and evaluation for treating tachycardia.* An in vitro tachycardia
model was established using isoproterenol as the stimulant.
The proposed sensor array facilitated the screening of potential
drugs for treating tachycardia, such as salicin, artemisinin,
bufalin, and azelaic acid, all of which activated specific
receptors on HL-1 cells. This research not only paved a new path
for building integrated taste and olfactory sensors, but also

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00311j

Open Access Article. Published on 22 October 2024. Downloaded on 3/3/2026 4:11:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

a

O
~

conductivity/ uS cmt ="
NN

conductivity/ pS cm

i E 84

time/ min

¥
"
¥
N

o
(2
a
N
i
H

]

N

conductivity/ uS cm

conductivity/ pS cm*

i 808 8 8¢

g N
it
I
\
N
=

time/ min

time/ min

D
~

conductivity/ S cm*
$ 0§ 8 &

N
H

i

TR
time/ min

R

Fig. 3 Examples of chromatograms (red) of Dulbecco-modified
phosphate buffered saline (DPBS) added to intestinal secretin tumor
cell line (STC-1) cells after treatment with 1 mM solutions of: (a)
aspartame, (b) citric acid, (c) caffeine citrate, (d) sodium L-glutamate,
and (e) sodium chloride. Black denotes control groups. Controls were
carried out in the absence of taste substances.?®

provided a powerful tool for quantitatively evaluating potential
tachycardia treatments. Furthermore, chemesthetic cells from
the intestinal secretin tumor cell line (STC-1) have been applied
to taste recognition.*® Multivariate data processing through
partial least squares discriminant analysis (PLS-DA) was
employed to decode the taste-specific cellular responses from
ion chromatography fingerprints, enabling the distinction
between bitter, sweet, and umami tastes. The PLS-DA model
achieved nearly perfect identification of cell response ion
chromatogram fingerprints, improving classification accuracy
from 80.0% to 98.9% (Fig. 3 and 4). More recently, a bio-hybrid
tongue has been proposed based on a hypothalamic neuronal
network (HNN) chip coupled with a MEA.** This HNN-on-a-chip
bio-hybrid tongue serves as a valuable in vitro tool for studying
hypothalamic neurons, elucidating glucose-sensing
mechanisms, and understanding the function of hypothalamic
neurons.

Biomimetic taste-based biosensors based on taste receptors.
The basis for mammals to recognize taste substances lies in the
taste receptors located on taste bud cells. Due to the high
specificity between receptors and taste substances, as well as the
clear detection mechanisms, biomimetic taste biosensors based
on taste receptors offer high accuracy and sensitivity in taste
detection.”®  Consequently, researchers have developed
biomimetic taste sensors based on taste receptors, where the
biological activity of the receptors significantly enhances sensor
performance. For example, a novel self-assembled aptamer
strategy has been reported to improve receptor immobilization
efficiency and sensor sensitivity. First, the human bitter receptor
T2R4, tagged with His6, was expressed on the membrane of
HEK-293 cells wusing genetic engineering techniques.
Subsequently, aptamers selectively immobilized the T2R4
receptor by specifically binding to the His6 tag, enabling efficient
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Fig. 4 Partial least squares discriminant analysis (PLS-DA)
classification of cellular responses towards five basic tastants: (A) 3D
PLS-DA score plot of chromatographic fingerprints of the STC-1
cellular response; (B) and (C) confusion matrices for basic taste
recognition.?®

immobilization and purification, which significantly enhanced
the sensor's performance.”® In addition, a novel biosensor
utilizing taste receptor cells (TRCs) as sensitive elements and a
LAPS as the transducer has been successfully developed to detect
and differentiate between various bitter substances.”” For
instance, a taste biosensor has been developed by expressing the
human bitter taste receptor T2R38 in human Ca-co-2 cells and
used as the main sensing element, which were coupled with an
interdigitated impedance sensor as a transducer.>® This biosensor
developed a quantitative evaluation model for bitterness
detection in phenylthiocarbamide (PTC) and propylthiouracil
(PROP), providing new insights for drug research and
development targeting compounds with N-C=S groups. On the
other hand, a taste-based biosensor has been developed by
integrating the ligand-binding domain of the umami receptor
type 1 member 1 venus flytrap (T1R1 VFT) with a graphene-based
field-effect transistor (FET) transducer, enabling real-time

Sens. Diagn., 2025, 4, 24-34 | 27
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detection of monosodium r-glutamate (MSG) with high sensitivity
(~1 nM) and specificity.>

A biomimetic taste-based biosensor has been developed
by expressing the ligand-binding domain of the human taste
receptor T1R1-VFT and coupling it with gold nanoparticles
(AuNPs) as the recognition elements.*® By combining the
properties of semiconductor and noble metal materials, a
bimetallic composite nanomaterial was synthesized as the
substrate, creating a biosensor to detect the synergistic
effects of umami substances. More recently, Escherichia coli
(E. coli) bacteria have also been used to express the human
bitter taste receptor, hT2R4, which makes it possible to
detect bitter substances.®" The study innovatively employed a
simple and low-cost electrochemical device based on an
indium tin oxide (ITO)-based electrolyte-semiconductor (ES)
structure as a transducer, allowing for real-time evaluation of
receptor-activated bacterial metabolic responses. On the
other hand, a biosensor has been proposed based on the
ligand-binding domain of the human sweet taste receptor
protein (T1R2 VFT).*> This biosensor demonstrated
biomimetic characteristics and initiated the application of
immune recognition in taste-based biosensors, allowing for
the precise and sensitive differentiation of sweet substances
from other related taste compounds, with a detection limit of
5.1 pM, far lower than that of taste biosensors without
immune amplification. This biomimetic electrochemical taste
biosensor serves as a novel screening platform for taste
development and sheds light on the mechanisms of sweet
taste perception. In addition, a nanobionic taste biosensor
was constructed based on the human taste receptor protein
hTAS2R38, carboxylated polypyrrole nanotubes (CPNT), and a
FET, which exhibited high sensitivity and selectivity.*® This
biosensor was able to detect taste in mixtures and food with
human-like taste performance. However, since a single
receptor cannot respond to multiple taste sensations
simultaneously, it is challenging for receptor-based
biomimetic taste sensors to detect multiple taste types at the
same time.*

Biomimetic taste sensors based on bioactive proteins.
Research has shown that biomimetic taste-based biosensors
utilizing bioactive proteins as sensitive materials can also
exhibit excellent recognition and monitoring capabilities. For
example, a biosensor based on the sour-sensing receptor PKD
(polycystic kidney disease-like) channels enables extracellular
recordings using a MEA, thereby facilitating the study of taste
transduction.®*

Meanwhile, a taste biosensor has been developed by the
deposition of tyrosinase and glucose oxidase onto polypyrrole
(Ppy) or Ppy/AuNP composites for detecting phenols and sugars,
which are two key quality indicators for grapes and wine.*® The
results indicated that both enzyme materials played a
significant role in the sensor's response process. Similarly, a
taste biosensor has been developed using bovine serum
albumin (BSA), ovalbumin (OVA), and B-lactoglobulin (BLG),
along with modified gold nanoparticles (AuNPs).*®* These
biosensors, based on the differential affinity between

28 | Sens. Diagn., 2025, 4, 24-34

View Article Online

Sensors & Diagnostics

biorecognition receptors and various analytes, were able to
detect and differentiate acrylamide and six of its analogs (such
as acetamide, nicotinamide, methacrylamide,  N-tert-
butylacrylamide, diacetone acrylamide, and N-(hydroxymethyl)
acrylamide). This has significant implications for food safety
monitoring in the food industry.

Preparation of organoids and their coupling with
transducers. Organoids are microstructures cultivated from
tissue stem cells in vitro, maintaining the original stem cell
function while continuously dividing and differentiating.
These organoids resemble their source organs in terms of
genes, tissues, structure, and function.*’"*® Organoids
possess the characteristics of in vivo tissues and organs,
providing new technical means for studying taste signaling
mechanisms, while also holding broad application potential
in food safety, biomedicine, and environmental protection,
with significant market development value. The preparation
of tissue-derived taste bud organoids is relatively simple and
widely applied, primarily including two methods: tissue-
derived and stem/progenitor cell-derived.**

The tissue-derived method involves directly digesting taste
bud tissues to obtain taste buds, which are then cultured into
taste bud organoids.** Specifically, the tongues of mice or
rats are extracted, followed by collagenase injection to
acquire the tongue epithelium and the isolation of taste
papillae. The obtained taste papillae tissues are further
digested using trypsin (Fig. 5) and mixed with Matrigel, after
which they are seeded onto culture plates, allowing for the
growth of organoids. Subsequently, their physiological
characteristics are characterized through the detection of
taste lineage marker mRNA and protein expression levels,
along with immunofluorescence techniques.

The stem/progenitor cell-derived method involves pre-
labelling the taste stem/progenitor cells obtained from
tissues, followed by fluorescence-activated cell sorting (FACS)
to enable single-cell culture of taste stem/progenitor cells.*’
These cells are then induced to divide and differentiate,

(1) Neonatal mouse (2 days) (2) Cutthe tongues of mouse (3) Slice tongues in smal tissues

“Mixture of trypsiVEDTA, Accutase® , and DNase |

(7) Sub-culture #1 (Incubated for 2 days) ~ (8) Transfer to the plate (9) Sub-culture #2 (Incubate for 3 days)

8. 7~ =

Fig. 5 Tissue-derived taste bud organoid culture procedures.*?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Lgr°* cell-derived taste bud organoid culture. (A) Lgr®* cells in
the taste papilla. (B) Results of FACS sorting of Lgr’* cells. (C) Single
Lgr®* cell (green). (D) Representative images of taste bud organoids on
different days in culture.*®

forming taste bud organoids that respond similarly to the
original tissue (Fig. 6). Once the taste bud organoids are
obtained, they can be coupled with MEA electrodes to
effectively simulate the biological taste sensing system,
allowing for substance detection.

A coupling method is presented here in detail; taste
organoids were harvested on day 14 and put onto
microelectrodes of the MEA chip overnight in the medium.
After that, the medium was withdrawn and a volume of 3 pL
Matrigel was then gently pipetted from the top to where the
organoids were located, followed by a 20 min curing process
in an incubator at 37 °C. For the construction of the
detection system, 1 mL medium was added to the taste
organoids-on-a-chip and the chip was put on the MEA2100-
System which was connected to the computer. The cell
culture incubator was used to maintain an essential
environment (37 °C, 5% CO,) for taste organoids-on-a-chip
maintenance. For recognition of the tastants, the medium in
the chip was replaced with a medium containing the taste
stimulus and the extracellular changes were recorded.’

Preparation of sensitive membranes and coupling with
transducers. Sensitive elements, such as sensitive membranes,
can use synthetic lipid membranes or other materials to mimic
the functions of biological membranes or taste receptors in
order to detect and identify different taste substances, including
sour, sweet, bitter, salty, and umami.*® The sensitive membrane
modulates the perception of each taste by altering the
compounds and their concentrations. For example, lipids and
plasticizers are separately dissolved in tetrahydrofuran (THF),
and after mixing the two solutions, polyvinyl chloride (PVC) is
added. The mixed solution is placed in a Petri dish and allowed
to evaporate at room temperature for 3 days until dry. Once
THF has evaporated, the membrane sample is obtained. The
prepared membrane sample is then cut and attached to the
sensor's electrode, which contains a reference electrode (an Ag/
AgCl electrode immersed in a saturated potassium chloride
solution). The sensor electrode is then immersed in a standard
solution (30 mM potassium chloride and 0.3 mM tartaric acid
in water) for 1 day, followed by pretreatment measurements.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Performances of biomimetic taste-based biosensors

Biomimetic taste-based biosensors are analytical tools capable
of recognizing and detecting specific taste qualities. Their
standout features include a low detection limit, high selectivity
and sensitivity, improved stability and reproducibility, cost-
effectiveness, and particularly, high-throughput detection
capabilities. Factors that can enhance the detection
performance of biomimetic taste-based biosensors include:'
improving components that facilitate the binding between
biomolecules and taste substances,” employing biomolecules as
sensitive elements, and (3) optimizing methods for signal
detection.

Binding elements. Incorporating elements that promote the
binding of biomolecules to taste substances into the culture
medium can enhance the response of sensitive elements to
specific ligands through allosteric regulation mechanisms. The
amino group of disodium 5-inosinate (IMP) at Asn69 forms
hydrogen bonds that strengthen the connection between the
VFT binding pocket and the ligand, facilitating intracellular
signal transduction in taste cells in response to monosodium
-glutamate.*® The presence of binding elements in the reaction
system significantly improves the detection performance of
biomimetic taste-based biosensors by enhancing their ability to
respond to specific ligands through allosteric regulation
mechanisms. Therefore, the exploration and design of efficient
binding elements may represent a promising direction for
improving the detection performance of biomimetic taste-based
biosensors in the recognition and detection of taste molecules.

Sensitive elements. Due to the diversity of elements involved
in animal taste pathways, the animal taste system can
simultaneously recognize and detect various taste ligands with
high sensitivity, specificity, and high-throughput detection
capabilities. Among these, the construction of organoids
provides the most effective and promising sensitive materials
for the development of biomimetic taste-based biosensors.*!
Organoids possess the characteristics of tissues and organs,
which are three-dimensional assemblies derived from stem cells
or tumor cells, closely resembling the spatial patterns, structure,
and function of their corresponding in vivo tissues or organs.*®
Compared to two-dimensional cell cultures, organoids offer
decisive advantages such as overcoming spatial limitations,
better maintenance of cellular heterogeneity, and the ability for
self-renewal and self-organization. These features have made
organoids widely applicable in areas such as tissue development
and maintenance research,*” studies on tumor initiation and
progression,*® drug screening,*® and toxicity testing.>

Detection strategies. Detection strategies have evolved
from intracellular recordings of taste receptor cells,”" to
techniques like voltage clamping, patch clamping, and multi-
channel polymer lipid membrane electrodes used as taste
transducers, and now to cell chips based on MEAs, FETs, and
LAPSs (light-addressable potentiometric sensors). These cell
chips measure extracellular electrical signals with minimal
damage to the cells. Compared to patch clamping, chip-
based technologies allow for the simultaneous measurement
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of action potentials at different locations, enabling coupled
measurements between cells. They also permit non-invasive,
synchronous recordings of the propagation of action
potentials across multiple excitable cells or tissues. This
ability makes cell chips not only useful for studying the
electrophysiological phenomena of neurons, but also for
exploring intercellular communication, thereby serving as a
powerful tool for investigating the electrophysiology and
signal transduction mechanisms of taste sensation.”*

The development of intelligent portable devices has been
central to sensor research and is the ultimate goal for the
development of various types of biosensors. These devices,
characterized with miniaturization, intelligence, and excellent
detection capabilities (such as high specificity, sensitivity,
reproducibility, and robustness), enable rapid, accurate, and
on-site detection, which are the hallmarks of high-quality
sensors. In recent years, the rapid advancement of
microfluidic integrated devices has provided a potential
platform for the smart and portable design of biomimetic
taste-based biosensors, with applications ranging from the
construction of in vitro clinical diagnostic models®”* to drug
screening and transport studies.’>*® Their advantages,
including miniaturization, integration, automation, and high
throughput, offer promising directions for the complex, high-
throughput detection of taste substances. Moreover, the use
of 3D biomimetic micro-structures and biomaterials (such as
biocompatible hydrogels) allows for the cultivation of organs
and tissues on microfluidic platforms,” overcoming the
limitations of traditional 2D cell cultures and animal
experiments. These 3D culture systems enable a more
physiologically relevant environment for in vitro tissues and
organs, providing a reliable platform for cultivating and
functionally validating taste organoids.

Applications of biomimetic taste-
based biosensors

After years of development, biomimetic taste-based
biosensors have found widespread applications in industrial
fields such as food quality testing, as well as in biomedical
fields. Although the new generation of ex vivo molecular and
cellular taste biosensors is still in its early stages, their taste
detection performance has been repeatedly validated in
laboratory settings. These biosensors are now gradually
entering the application testing phase, with four main areas
of application.

Food detection

Food detection is essential for ensuring food safety and
quality. Biomimetic taste-based biosensors, using various
biological sensitive materials (such as the advanced taste
sensing systems of insects), enable the detection of specific
molecules and play a crucial role in protecting consumers’
rights and promoting the healthy development of the
domestic food market.
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Various biomimetic taste-based biosensors have been
developed for the applications of food quality detection. For
example, a differential colorimetric nano-biosensor platform
has been developed using three biological receptor units
(bovine serum albumin, ovalbumin, and B-lactoglobulin) to
distinguish and quantify multiple foodborne carcinogens,
including acrylamide and six of its analogs.>® This platform
could accurately distinguish foodborne amides based on
their amine subgroups, IARC (International Agency for
Research on Cancer) carcinogen classifications, and food
additive types, even at ultra-low concentrations (500 pM). The
sensor array also successfully classified non-target analytes
according to sweetener and food component types, achieving
100% correct classification with high correlation coefficients
in partial least squares regression (R> > 0.95). More recently,
a biomimetic taste-based biosensor has been developed by
simulating the insect taste system, integrating a carbon
nanotube field-effect transistor (CNT-FET) with nanovesicles,
including the sugar receptor of bees, Apis mellifera Grl
(AmGr1), for real-time detection and differentiation of
natural and artificial sweeteners.”® This biosensor could
detect glucose (the main component of nectar) down to 100
fM in real time and distinguish sweetness from other tastes.
Lately, a biomimetic taste-based biosensor was developed
based on enzymes (tyrosinase and glucose oxidase) combined
with Ppy or Ppy/AuNP composites, applying it to the analysis
and differentiation of grape juice and wine.*> Recent
advances in taste cell- and receptor-based biosensors have
demonstrated their potential in various fields such as food
safety and drug discovery.”®

Fundamental research

In recent years, biomimetic taste-based biosensors have
employed bioactive materials to achieve detection
performance similar to biological taste systems, enabling the
detection of the five basic tastes: sour, sweet, bitter, salty,
and umami. These biosensors provide useful tools for the
taste research and have been widely used in the fundamental
research of taste signal transduction mechanisms as well as
the molecular mechanisms of taste sensation.

A sour taste biomimetic biosensor has been developed
based on a MEA and taste receptor cells.”” The study
constructed a Hodgkin-Huxley-type mathematical model of
whole-cell acid-sensitive taste receptor cells to detect acid
taste responses during and after stimulation. Chemesthetic
cells from the intestinal secretin tumor cell line (STC-1) have
been used for taste recognition and partial least squares
discriminant analysis (PLS-DA) for multivariate data
processing was used to decode taste-specific cell responses
from ion chromatography fingerprints.*® This method can be
used for the development of non-invasive taste detection
systems to differentiate bitter, sweet, and umami tastes and
to study taste transduction mechanisms in vitro. Similarly, a
30-channel MEA with a diameter of 32 um was used as a
multi-channel recording platform and intact taste epithelium

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Real-time monitoring of crystal resonant frequency shifts
indicating responses of a chemical biosensor to MgSO,, denatonium,
p-(-)-salicin, and quinine. (B) Statistical results of this chemical
biosensor with and without bitter receptors responding to different
bitter substances.®!

from rats was employed as a sensitive element for bitter taste
detection."® More recently, the bitter taste receptor, T2R4,
was used as a sensitive element in a chemobiological
biosensor and a quartz crystal microbalance (QCM) device
was employed to monitor the preparation process of the
biosensor and its response to different bitter substances by
measuring shifts in the crystal resonant frequency (Fig. 7).°*
In addition, live mouse sperm cells were utilized as the
primary sensitive element, combined with Fluo 4-AM sensors
and flow cytometry, to achieve rapid quantification of bitter
compounds (Fig. 8).*>

In addition to single parameter measurement, the first dual-
function extracellular recording biosensor has also been
developed based on a LAPS, which used an ATP-sensitive
aptamer to detect the enhancement effect of denatonium and
the inhibitory effect of CBX (carbenoxolone) on bitter taste
signal transduction by recording extracellular membrane
potential and ATP release from individual taste bud cells.®®
Moreover, bitter taste receptors, T2R4, T2R14, and T2R16, were
coupled with a multi-channel surface acoustic wave (SAW)
device, using the SAW device as a transducer to monitor the
specific interactions between bitter taste receptors and their
ligands.** This biomimetic taste-based biosensor was able to
monitor minute mass changes by recording phase shifts in
surface acoustic waves. This study innovatively employed DNA-
directed immobilization (DDI) technology to efficiently and
controllably immobilize bitter taste receptors onto the sensitive
region of the SAW device. Experimental results demonstrated
that this biomimetic taste-based biosensor could produce
distinct response signals to different bitter substances with
good stability, providing a valuable method for developing
receptor-based biosensors. Similarly, the VFT domain of T1R1,
an umami ligand-binding domain, was used and immobilized
on a graphene-based FET. This umami biomimetic taste-based
biosensor could detect monosodium glutamate (MSG) in real
time with high sensitivity (around 1 nM) and specificity, offering
excellent reusability and storage stability for detecting and
distinguishing umami.*®* More recently, a bioelectronic taste-
based biosensor was developed using bioengineered E. coli cells
coupled with ITO, providing a simple and cost-effective strategy
for constructing bioelectronic identification devices.** On the
other hand, rat cardiomyocytes have also been utilized as
primary taste sensitive elements, with a MEA as a transducer, to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) Schematic diagram of the detection principle of a cell-
based biosensing system; (B) detection principle of the flow cytometry
measurement system; (C) process diagram for obtaining mouse sperm
cells.®*

achieve the specific detection of two bitter agents (benzydamine
and diphenidol) and one umami compound (monosodium
glutamate).>’ Furthermore, a preliminary study has been carried
out to investigate the recognition mechanism of the hT1R1
umami receptor-ligand interaction using a human umami
receptor biosensor.®® They discovered that hT1R1 is intrinsically
a nitrogen signal recognition receptor, capable of recognizing
umami substances through its amino group.

Clinical research

In the field of clinical research and medical diagnostics,
biomimetic taste-based biosensors hold great promise and
potential for detecting various diseases by sensing bodily
fluids released from different tissues. For instance, with the
ongoing research into the 2019 coronavirus (COVID-19), in
addition to common symptoms such as fever, cough,
shortness of breath, fatigue, and muscle pain, loss of taste
has increasingly been recognized as a symptom. A recent
study revealed that up to 41% of individuals infected with
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
experienced taste loss.® Additionally, up to 75% of head and
neck cancer patients suffer from taste disorders, primarily
due to radiation therapy related to cancer treatment.” A range
of factors, including cancer treatments, bacterial and viral
infections, aging, and certain medications, can impair the
taste system and disrupt its function.®®®

With the rapid research progress, animal models have
been increasingly unable to meet experimental requirements.
For example, issues such as immune rejection in organ
transplants or discrepancies between animal and human
cells leading to inconsistent test results have limited the
effectiveness and reliability of drug efficacy and toxicity tests.
Biomimetic taste-based biosensors have emerged as a
promising direction for scientists to address these
challenges, which have attracted more and more attention
and shown promising prospects.
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Pharmaceutical research

Compared to biomimetic olfactory-based  biosensors,
biomimetic taste-based biosensors are still in their early stages
and face significant limitations in applications. However, their
broad potential for future use is beginning to emerge. Current
research on biomimetic taste-based biosensors in the
pharmaceutical field primarily focuses on the evaluation of
bitterness in drugs and the suppression of bitterness to improve
the palatability of medications. For example, primary rat tongue
epithelial cells have been combined with MEA chips to
construct a biomimetic taste-based biosensor, offering new
insights into the application in masking the bitterness of
drugs.”” E. coli bacteria transfected with human bitter taste
receptor genes have also been combined with carbon nanotubes
and FET devices, to detect bitter substances such as
phenylthiourea.®® This approach provides a new method for
future drug screening and other pharmaceutical applications.

Conclusions and prospects

The collection and analysis of taste-related information are
essential in many areas closely tied to human life, such as
environmental —monitoring, medical evaluation, drug
development, and food safety. Biomimetic taste-based
biosensors, which mimic the taste-sensing mechanisms of
animals, serve as high-throughput analytical instruments
capable of simulating human taste. With advancements in
biotechnology, microfluidics, and nanotechnology,
biomimetic taste-based biosensors have developed rapidly, with
continuous performance optimization, offering a novel
approach for the quick, simple, and accurate collection of taste
information. These biosensors have vast application potential.
Biomimetic taste-based biosensors combine the high
information capture capability of traditional liquid-phase
detection techniques, such as electronic tongues, with the high
sensitivity and specificity of biosensors. This significantly
expands the application range of traditional liquid-phase
detection methods and overcomes the challenges of mimicking
human biological characteristics.

However, biomimetic taste sensors are still in the early
stages of development and face numerous challenges. For
example, the lack of a comprehensive theoretical foundation
regarding the signal transduction mechanisms of taste
signals and their modulation has, to some extent, limited the
preparation of sensitive elements. Additionally, weak
coupling between sensitive elements and transducers results
in low response intensity: sensitive elements such as cells are
often unstably immobilized during the coupling process,
leading to lower cellular responses compared to typical
adherent cells. Sensitivity and stability still need to be
improved to meet the requirements of accurate extracellular
recording. For instance, sensor performance may be
influenced by bitter substances used as stimuli for cellular
measurement. Essentially, cell impedance sensors are highly
sensitive to changes in ion concentration and are therefore
better suited for low-concentration stimuli, whereas receptor
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cells require high concentrations of taste stimuli. As a result,
the response of cell impedance to high-concentration stimuli
may be masked by the impedance of the culture medium.
Despite these challenges, the future of biomimetic taste
sensors holds great potential and commercial prospects. As
an emerging analytical technology, they are expected to see
significant growth, expand into more research fields, and
make greater contributions to human society.
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