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Electronic tongues (ETs) have been developed and widely used in food, beverage and pharmaceutical fields, but
limited in sensitivity and specificity. In recent years, bioelectronic tongues (BioETs) integrating biological ma-
terials and various types of transducers are proposed to bridge the gap between ET system and biological taste. In
this work, a bionic in vitro cell-based BioET is developed for bitter and umami detection, utilizing rat cardio-
myocytes as a primary taste sensing element and microelectrode arrays (MEAs) as a secondary transducer for the
first time. The primary cardiomyocytes of Sprague Dawley (SD) rats, which endogenously express bitter and
umami taste receptors, were cultured on MEAs. Cells attached and grew well on the sensor surface, and syn-
cytium was formed for potential conduction and mechanical beating, indicating the good biocompatibility of
surface coating. The specificity of this BioET was verified by testing different tastants and bitter compounds. The
results show that the BioET responds to bitter and umami compounds specifically among five basic tastants. For
bitter recognition, only those can activate receptors in cardiomyocytes can be recognized by the BioET, and
different bitter substances could be discriminated by principal component analysis (PCA). Moreover, the specific
detections of two bitters (Denatonium Benzoate, Diphenidol) and an umami compound (Monosodium
Glutamate) were realized with a detection limit of 10~ ® M. The cardiomyocytes-based BioET proposed in this
work provides a new approach for the construction of BioETs and has promising applications in taste detection
and pharmaceutical study.

1. Introduction water analysis (Baldwin et al., 2011; Escuder-Gilabert and Peris, 2010;

Legin et al., 1999; Tahara and Toko, 2013). However, these artificial

Taste, or gustation, as one of the five basic sensations in mammals,
plays an important role in identifying external environmental condi-
tions. At present, it is widely believed that taste includes sour, salty,
bitter, sweet and umami (Chandrashekar et al., 2006; Chaudhari and
Roper, 2010). In recent years, fatty and metallic are also regarded as the
basic taste sense in some research (Chale-Rush et al., 2007; Lawless
et al., 2004). These basic tastes together constitute the taste space and
play different roles in mammal life.

To mimic the biological taste sensing system, electronic tongues
(ETs) have been intensively studied and developed in recent years, and
have been widely used in food, beverage, pharmaceutical fields and

ETs based on electrochemical, optical or other sensors are limited in
sensitivity and specificity compared with the biological taste system,
which mainly lies on the biological receptor structures and information
coding mechanisms (Ha et al., 2015). These years, the bioelectronic
tongues (BioETs) integrating biological materials and various types of
transducers are developed to bridge the gap between ET system and
biological taste (Tgnning et al., 2005), and have been applied in many
fields such as food safety and water quality with high sensitivity and
specificity (Cet6 et al., 2016).

Due to the limitations of human taste system in the construction of
BioET, researchers have utilized rat taste cells, taste epithelium and cell
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lines transfected with taste receptors to simulate the biological taste
system. For example, Liu et al. employed microelectrode arrays (MEAs)
to record electrophysiological activities of taste epithelium, establishing
a novel taste sensor to investigate detection and recognition of basic
tastes (Liu et al., 2013b). Chen et al. cultured taste receptor cells (TRCs)
on the light addressable potentiometric sensor (LAPS) for specific sen-
sation based on taste firing encoding (Chen et al., 2009). Similarly, Wu
et al. discriminated different bitter compounds successfully by culturing
TRCs on LAPS (Wu et al., 2012). Hu et al. expressed TAS2R16 taste
receptor in heterologous HEK-293 cells, and electrical cell-substrate
impedance sensing (ECIS) was used to detect the cellular status changes
induced by salicin (Hu et al., 2017). Besides, artificial taste cell-derived
nanovesicles, recombinant proteins and synthetic peptide also have
been used for the construction of BioETs (Ahn et al., 2016; Lee et al.,
2015; Son et al., 2017).

Recent studies have found that taste receptors are not only ex-
pressed in the gustatory system but also expressed in gastrointestinal
and respiratory tracts of mammals, male reproductive system as well as
in the brain and heart (Bezencon et al., 2006; Foster et al., 2013; Singh
et al., 2011; Tizzano et al., 2011; Xu et al., 2012). Therefore, the wide
expression of taste receptors provides a variety of possibilities for the
construction of BioETs. For example, some researchers utilized the
mouse germ cells (express Tas2rs) as sensitive elements, and combined
cells with ECIS to construct a BioET for bitter detection (Hu et al.,
2016). However, since the changes of cell morphology and impedance
are an overall and slow process, these ECIS-based taste sensors respond
slowly to the external tastants stimulation, which usually takes tens of
minutes or longer. The long-time cost significantly limits the rapid re-
cognition of taste compounds. Noteworthily, recent studies have de-
monstrated that cardiomyocytes in the heart of rats express taste re-
ceptors (bitter and umami receptors) (Foster et al., 2013). Therefore,
cardiomyocytes that can produce electrical signals spontaneously might
be used as biological materials for the tastant sensor, which has never
been reported before as far as we know.

In this work, a bionic in vitro cell-based BioET is developed for bitter
and umami detection, utilizing rat cardiomyocytes as a primary taste
sensing element and microelectrode arrays (MEAs) as a secondary
transducer for the first time. Fig. 1 shows the schematic diagram of the
construction of BioET based on cardiomyocytes and MEAs. Cardio-
myocytes of Sprague-Dawley (SD) rats were isolated and cultured on
the surface of MEA sensor, which can record the electrophysiological
signals of cardiomyocytes in vitro. Different kinds of taste compounds
including bitter, sweet, sour, salty and umami were performed to verify
the specificity of BioET, and principal component analysis (PCA) was
applied to discriminate different tastants. Finally, the typical bitter and
umami compounds were analyzed by this BioET.

2. Methods and experiments
2.1. Reagents and materials

Hanks Balanced Salt Solution (HBSS), Fetal Bovine Serum (FBS),
Bovine Serum Albumin (BSA), Trypsin, and Collagenase Type II were
purchased from Gibco (USA). Dulbecco's Modified Eagle Medium
(DMEM), Calcein-AM, and Propidium iodide (PI) were purchased from
Invitrogen (USA). Triton X-100 was purchased from Aladdin (USA).
Phosphate-buffered saline (PBS), Paraformaldehyde (PFA), NaCl,
Sucrose, Denatonium Benzoate (Dena), Diphenidol (Diph),
Propylthiouracil (Prop), Phenyltiocarbamide (PTC) and Monosodium
Glutamate (MSG) were purchased from Solarbio (China). Compounds
solutions with different concentrations were prepared using culture
medium. 1-2 days neonatal SD rats were purchased from Zhejiang
Academy of Medical Sciences.
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2.2. MEA sensor and detection system

MEA was proposed by Thomas to record the extracellular action
potential of cells cultured in vitro in 1972 (Thomas Jr et al. 1972). After
decades of development, MEA has become one of the most important
biosensors currently. It can be used to monitor and evaluate the elec-
trophysiological activities of electrogenic cells or tissues, which records
the extracellular potential related to ionic transmembrane currents
(Meyer et al., 2004; Pine, 2006).

MEA sensors were fabricated according to the concepts of micro-
electro-mechanical systems (MEMS). The basic structure of sensor in-
cludes insulating substrate, metal electrode layer and passivation layer.
All electrodes were fabricated by UV lithography, metal deposition, and
lift-off processes. Platinum black was electroplated on the microelec-
trodes to increase surface area, reduce electrode impedance and im-
prove the signal to noise ratio (SNR). Before experiment, the sensor chip
was coated with 0.01% gelatin at 4 °C overnight to promote cell ad-
hesion to MEAs. The detailed working principle diagram of MEAs is
shown in Fig. S1. When cardiomyocytes produce action potentials
spontaneously, transient transmembrane potentials and ionic currents
are generated, and could polarize electrodes by reestablishing the
charge distribution at electrode-electrolyte-cell interface and cause the
change of electrode potential. In that way, the electric signal can be
recorded by MEAs. The schematic diagram of MEA detection system is
shown in Fig. 2a. Multi-electrode channels were wired out and con-
nected to external modules that are used for signal amplification, fil-
tering, data processing, and analysis. The potential signals of cardio-
myocytes were recorded by electrodes, then processed by an amplifier
and transmitted to the PC for display. The whole detection module with
MEAs is put into the incubator with a stable environment to eliminate
potential interference. Besides, there is also a temperature control
module that helps control the temperature of the detection module. The
actual measurement environment and set up of the recording system is
shown in Fig. S2.

2.3. Cell culture

The experimental procedure of cell extraction and isolation refers to
our previous work (Li et al., 2018; Wei et al., 2019). Ventricular tissue
was isolated from neonatal SD rats. Then the tissue was transferred into
a bottle with 2mL HBSS and shredded into 1 mm?® fragments. Tissue
fragments were dissociated enzymatically by trypsin/collagenase type
II mixture for 10-12 times. Cell suspension was centrifuged with
800 rpm for 5min. The supernatant was removed and cells were re-
suspended in 5 mL DMEM supplemented with 10% FBS. After 45 min
differential attachment for 2 times, purified cardiomyocytes were ob-
tained. The suspension was configured to appropriate cell density and
cardiomyocytes were plated to the MEA at the density of 120,000 cells/
cm?. Cells were maintained in 37 °C and 5% CO, cell incubator. Car-
diomyocytes would become mature in 3-5 days and can be used for
electrophysiological signal recording. The medium was changed every
24 h. All protocols complied with regulations of Zhejiang University
Institutional Animal Care and Use Committee (IACUC).

2.4. Live-dead cell staining

Calcein-AM (0.3 mg/L) and PI (0.5 mg/L), labelling live and dead
cells respectively, were used to determine the cell viability of cardio-
myocytes on MEA sensors. PBS was used to rinse samples after 20-min
staining. Fluorescent images were taken by an inverted fluorescent
microscope (NIB900, Nexcope, USA) at 37 °C in the dark environment.

2.5. Immunofluorescence staining

Cardiomyocytes were washed with 0.01M PBS and then fixed with
4% paraformaldehyde at room temperature (20-28 °C) for 30 min. With
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Fig. 1. (a) Schematic diagram of the BioET based on cardiomyocytes and MEA; (b) The construction of BioET and signal processing.
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Fig. 2. (a) The schematic diagram of MEA detection system; (b) Electrodes configuration of MEA sensor; (c) Cardiomyocytes on MEA sensor; white arrows: car-
diomyocytes; black arrow: electrode with platinum black; (d) Live/dead staining results of cardiomyocytes on MEA sensor; (e) Optical micrograph of cardiomyocytes
on MEA sensor; (f-) Immunofluorescence staining for DAPI (blue), cTnT (green) and a-actinin (red) in cardiomyocytes and the merged image. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)



X. Wei, et al.

three times rinse by PBS buffer in between, the cells were permeabilized
with 0.15% Triton X-100 (Aladdin) for 15 min and then incubated with
a blocking solution of 1% BSA for 30 min at 37 °C. After that, cells were
incubated with the primary antibody (Monoclonal Anti-a-Actin and
Anti-Troponin T/cTnT) at 4 °C overnight. Subsequently, cells were
washed with PBS three times before incubation with the secondary
antibodies Cy3-labeled Goat Anti-Mouse IgG (H + L) at room tem-
perature (20-28 °C) for 2 h. With the other three times rinse of PBS, the
nuclei of the cells were stained by DAPI for 10 min. After nuclear
staining with DAPI, a-actinin (a cardiomyocyte marker) and cardiac
troponin T (cTnT), fluorescence images were captured by Laser con-
focal fluorescence microscopy (NIKON, Japan).

2.6. Data analysis

The MEA data was recorded and replayed in MC_Rack (Multi
Channel Systems, Germany). The signals of all channels were analyzed
by calculating signal amplitude, firing rate, duration time, interval time
and so on. There may be a signal shape variation in different channels
due to the cell separation process and different distribution of cells on
the electrode (Yeung et al., 2007). To quantify and normalize the
electrical signal across channels, data was normalized by the values of
cardiomyocytes before the compound treatment (normalized value of
control group is 1.00). The formula is shown below:

Valueaﬁer treatment (Channel;)

Normalized value =
Valueonro (channel;)

All results and error bars were presented as mean * standard de-
viation (SD). Data were performed by GraphPad Prism 6 (GraphPad
Software Inc., USA) or Excel 2016 (Microsoft Corporation, USA). PCA
was performed by MATLAB 2017 (MathWorks, Inc., USA).

3. Results and discussion

3.1. The principle of bioelectronic tongue based on cardiomyocytes and
MEA

Among five taste sensations, the taste sensations of bitter, sweet and
umami are mainly mediated by different types of G protein-coupled
receptors (GPCRs) (Zhang et al., 2003). GPCRs are seven transmem-
brane-spanning proteins that mediate cellular and physiological re-
sponses by converting extracellular stimuli into intracellular signals.
The taste receptor type 1 family (TAS1 in humans; Tasl in rodents)
mediate sweet (TAS1R2-TAS1R3) and umami (TAS1R1-TAS1R3) taste,
while taste receptor type 2 (TAS2/Tas2) GPCRs mediate bitter taste.
Besides in the gustatory system, taste receptors are also widely ex-
pressed in other tissues or physiological systems. Simon R. Foster et al.
performed RT-qPCR taste receptor screens and found that two members
of the Tasl receptor family (Taslrl and Taslr3) and seven Tas2 re-
ceptors (Tas2r108, Tas2r120, Tas2rl21, Tas2rl26, Tas2rl35,
Tas2r137, Tas2r143) were expressed in neonatal whole rat hearts
(Foster et al., 2013). Moreover, taste receptors were more readily de-
tected in primary rat cardiomyocytes than fibroblasts except for Tas1r3.
These receptors lay the biological foundation for taste sensing based on
cardiomyocytes. Therefore, rat cardiomyocytes were chosen as sensitive
elements to build a BioET in this study.

Current studies have shown that the signalling pathways of three
taste receptors (bitter, sweet and umami) are all mediated by GPCR
(Zhang et al., 2003). As shown in Fig. 1a, when taste compounds bind to
Taslr or Tas2r receptor, the heterotrimeric G protein is activated, se-
parating G, (a-gustducin) and Gg,. Gg, activates PLC32 to produce two
intracellular messengers, IP; and diacylglycerol (DAG), which in turn
release Ca®* from the endoplasmic reticulum, causing an increase in
intracellular Ca®* concentration. Then Ca®*-dependent TRPM5 chan-
nels are activated, which depolarizes the plasma membrane to generate
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action potentials and subsequent non-vesicular release of ATP (Taruno
et al.,, 2013; Zhang et al., 2003). When taste ligands bind to the re-
ceptors on cardiomyocytes, action potentials generate due to the
opening of ion channels, and the electronic signal can be recorded as
extracellular field potential (EFP) by MEA sensor, which could be used
to discriminate the different taste compounds.

3.2. Cardiomyocytes cultured on the MEA sensor

As shown in Fig. 2b, MEA sensor was designed as 8 x 8 array,
consisting of 60 working electrodes (diameter is 30 um and interelec-
trode distance is 200 um) and 4 reference electrodes. After the se-
paration and extraction, primary cardiomyocytes from SD rats were
prepared into a cell suspension with appropriate density. Fig. 2¢ shows
the attachment of cardiomyocytes on sensor chip cultured for 4 days. It
can be found that cardiomyocytes (white arrows) attached on the
sensor and distributed on or around the electrodes (black arrows),
which is essential for electrodes to record the electrophysiological sig-
nals. Fig. 2d and e show the live/dead staining results and growth of
cells under a microscope. We can see that most cells are live, which
demonstrates the good biocompatibility of MEAs. Moreover, the
beating of cardiomyocytes on MEA sensor chip could be observed under
a microscope, indicating that syncytium was formed for potential
conduction and mechanical beating. The cardiomyocytes used in this
study were isolated from the whole heart of neonatal SD rats, so there
may be some impurities cells like fibroblasts. Immunofluorescence
staining results of cardiomyocytes are shown in Fig. 2f-i. The nuclei,
cardiac troponin T (cTnT) and a-actinin (a cardiomyocyte marker) can
be seen clearly in fluorescence images (blue, green and red, respec-
tively). Thus immunofluorescence staining results verify the purity of
isolated cardiomyocytes.

3.3. Specificity of bioelectronic tongue based on cardiomyocytes

3.3.1. The specific responses to bitter and umami compounds

It has been reported that bitter taste receptors (Tas2r) and umami
taste receptors (Taslrl and Taslr3) are expressed in cardiomyocytes.
According to the principle of binding receptor to ligand, only bitter and
umami compounds can activate the receptors on cardiomyocytes. To
verify the specificity of BioET to bitter and umami substances, 5 kinds
of taste compounds, including acid (0.1 mM HCl), salt (0.1 mM NaCl),
sweet (0.1 mM Sucrose), bitter (0.1 mM Dena) and umami (0.1 mM
MSG) were selected to test the performance of BioET. All these chosen
compounds are prototypical tastants of corresponding taste qualities
(Smith and St John, 1999).

After exposed to different tastants, the electrophysiological signals
of cardiomyocytes were recorded in real-time. Fig. 3a shows the re-
presentative signals of cardiomyocytes after executed with different
tastants. It can be found that the signals treated by Dena and MSG are
significantly different from others. To analyze the signals more quan-
titatively, parameters including firing rate (FR), field potential ampli-
tude (FPA), field potential duration (FPD), peak time, 50% rising time,
50% recovery time, 2nd peak time and interval time (the definition of
parameters are shown in Fig. 3b) were extracted from data, and Fig. 3c
shows the radar map of these parameters after normalization. As a re-
sult, FR and FPA present significant changes among the eight extracted
parameters. Fig. 3d shows the statistics of normalized FR and FPA. It
can be found that the normalized FR and FPA of sour, salty and sweet
are similar to the control group, while the normalized values of bitter
and umami are significantly different from others. In order to further
investigate the signal differences, PCA was performed to discriminate
the features of different taste response. Fig. 3e shows the 3D pattern
clustering result based on the three principal components (cumulative
contribution rate is 93.8%). It can be found that the signals are clus-
tered into three regions, where signals under the stimulation of sour,
sweet and salty compounds are located in the same region, while the
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Fig. 3. (a) Typical signal of cardiomyocytes respond to different tastants, include 0.1 mM HCI (sour), NaCl (salty), Sucrose (sweet), Dena (bitter) and MSG (umami);
(b) Typical spike signal and definition of parameters; (c) Radar map of extracted parameters; (d) Statistics of normalized FR/FPA after treated by different taste
compounds (**, P < 0.01; ***, P < 0.001; **** P < 0.0001; n = 12); (e) 3D pattern clustering result of different tastants based on PCA.

signals stimulated by bitter and umami substances are located in an-
other two separate regions. The results above verify the specificity of
cardiomyocytes-based BioET to bitter and umami compounds, and PCA
is able to discriminate the bitter and umami substances.

3.3.2. The specific responses to different kinds of bitter substances

There are thousands of bitter substances in nature, different bitter
compounds have various ligands that can bind to bitter receptors.
Current researches have shown that a bitter substance can activate
different kinds of receptors, and also a receptor can be activated by
different ligands (Lossow et al., 2016). As the previous studies found,
cardiomyocytes only express 7 kinds of Tas2r bitter receptors. So in
theory, the bitter receptors on cardiomyocytes could only be activated
by some certain bitter compounds. That is to say, cardiomyocytes-based
BioET cannot respond to all substances but has certain specificity to
some bitter compounds.

Bitter DB, established by the Hebrew University of Jerusalem, is a
database about bitter-tasting natural and synthetic compounds and
their cognate bitter taste receptors (Wiener et al., 2011). To verify the

specificity of the taste sensor system, we searched for the ligands of
receptors on cardiomyocytes through Bitter DB. Considering the ex-
pression quantity of receptors on cardiomyocytes and effective con-
centration of ligands, we selected Dena (activates Tas2r135), Diph
(activates Tas2r108 and Tas2r137), and Prop (activates Tas2r108,
Tas2r120, Tas2r121, Tas2r135 and Tas2r137) as three ligands, which
can activate different receptors in cardiomyocytes. In contrast, PTC
activates Tas2r138, which is not expressed in cardiomyocytes (Biarnés
et al., 2010; Foster et al., 2013). Therefore, we expect that the BioET
shows no response to PTC as well. To verify the specificity of BioET to
bitterness, these four bitter compounds with the same concentration
(100 uM) were exposed to cardiomyocytes, and electrophysiological
signals of cells were recorded by MEAs. Similar to the method men-
tioned above, the parameters like FR and FPA of signals were extracted
for PCA.

Fig. 4a shows the representative signals respond to different bitter
compounds, and the radar map of extracted parameters is shown in
Fig. 4b. It can be found that the changes of FR, FPA and interval time
are most significant. Similarly, PCA was applied to differentiate the
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differences among different bitter substances more clearly. Fig. 4c
shows the 3D pattern clustering result of three principal components
(cumulative contribution rate is 95.7%). All signals are clustered into
four regions, where the signals of control group and PTC are located in
the same region, while the signals treated by Dena, Diph and Prop are
located in another three different regions. The results indicate that The
BioET has specific responses to Dena, Diph and Prop while has no
significant response to the PTC. The signals respond to different bitter
compounds could be discriminated by PCA in three-dimensional space.

The results above demonstrate the specificity of cardiomyocytes-
based BioET to bitter substances that can activate the bitter receptors in
cardiomyocytes, and different bitter substances can be discriminated by
PCA.

3.4. Detection and analysis of bitter and umami compounds

3.4.1. Detection of Denatonium Benzoate

After verified the specificity, cardiomyocytes-based BioET was used
for specific detection of different bitter and umami compounds. Dena
can activate the Tas2r135 receptor in cardiomyocytes of rats (Lossow
et al.,, 2016). Different concentrations (10, 20, 40, 80, 160, 320,
640 uM) of Dena were prepared to be administrated to the cardio-
myocytes, respectively. The EFPs of cardiomyocytes were recorded in
real-time. The typical EFP signals of cardiomyocytes after treated by
different concentrations of Dena are shown in Fig. 5a. The results show
that after the addition of Dena, the amplitudes of EFPs decrease with
the increase of concentration, and electrical signals present a cluster-
like emission trend. The Statistics of normalized FR and FPA are shown
in Fig. 5c and d. It can be found that both the normalized FR and FPA
decline. Moreover, normalized FR hardly shows linearity, while nor-
malized FPA presents a linear change, with a linear fitting equation of
Y = —0.2878*X + 1.144 and R? of 0.9846 (Fig. 5d). Thus normalized
FPA was chosen to calculate the limit of detection (LOD). The working
range covers at least from 10 uM to 640 pM. The LOD is calculated using
the three-times standard deviation (SD) of the control group to inspect
the ability of this in vitro BioET to distinguish valid signals from

background noises. As a result, this BioET can detect Dena with a LOD
of 3.46 x 107 °M.

3.4.2. Detection of diphenidol

Diph can activate the Tas2r108 and Tas2r137 receptors in cardio-
myocytes of rats (Lossow et al., 2016). Diph was prepared into different
concentrations of 5, 10, 20, 40, 80, 160, 320 uM, and were added to the
cardiomyocytes, respectively. The typical EFP signals of cardiomyo-
cytes respond to different concentrations of Diph are shown in Fig. Se.
The statistical analysis of normalized FR and FPA are shown in Fig. 5g
and h. It can be found that normalized FR shows no linearity while
normalized FPA shows a linear decline with the increase of con-
centration. The linear fitting equation of normalized FPA is
Y = —0.3133*X + 1.136, and R? is 0.9887 (Fig. 5h). Similarly, the
LOD of Diph is calculated by three-times SD method. As a result, the
LOD of Diph is 2.92 x 107 ° M.

Diphenidol has long been deployed as an anti-emetic and anti-ver-
tigo drug, but its mechanism of action remains unclear. Some re-
searchers have reported the electrophysiological effects of Diph on
tissue or cells. For example, Hayakawa et al. found that Diph could
result in depression of action potential amplitude, action potential
duration and repolarization in Purkinje fiber (Hayakawa and Mandel,
1973). Leung et al. used patch-clamp method and found that Diph could
block the voltage-gated Na* channels in neuronal cells, which con-
tributed to diphenidol-induced spinal anesthesia in rats (Leung et al.,
2010). In our research results, Diph has obvious inhibition effect on the
potential amplitude of cardiomyocytes, which could relate to the
blocking of Na™ channels.

3.4.3. Detection of Monosodium Glutamate

MSG, a natural component in many foods, is an important gustatory
stimulus and is believed to a signal dietary protein. MSG can activate
the Taslrl and Taslr3 taste receptors in cardiomyocytes (Chaudhari
et al., 2000). Here, different concentrations of MSG (1, 10, 100, 1000,
4000, 5000, 6000 uM) were administrated to cardiomyocytes, respec-
tively. Typical EFP signals of cardiomyocytes after the action of MSG
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Fig. 5. (a) Typical EFP signals of cardiomyocytes respond to different concentrations of Dena (10-640 uM); (b) Chemical structure of Dena; (c-d) Statistics of
normalized FR/FPA after Dena treatment with different concentrations; (e) Typical EFP signals of cardiomyocytes respond to different concentrations of Diph
(5-320 uM); (f) Chemical structure of Diph; (g-h) Statistics of normalized FR/FPA after Diph treatment with different concentrations.

with different concentrations are shown in Fig. 6a and Fig. 6b.

The results show that at the concentration range of 1-4000 pM, the
FR of EFPs drops first and then increase, while the FPA shows a con-
centration-dependent increase (Fig. 6a). It is worth noting that when
the concentration of MSG is above 5000 uM, the firing rate of EFP in-
creases rapidly within a very short time, followed by the inhibition and

disappearance of signals (Fig. 6b). The speed of signal inhibition and
disappearance at 6000 UM is faster than that at 5000 pM. But EFP sig-
nals of the cardiomyocytes could recover after eluting the MSG solution
for an hour. Thus we guess the inhibition of EFP signals at high con-
centration may be related to the overload of cell ion channels.
Because of the inhibition at high concentration, the signals treated
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Fig. 6. (a) Typical EFP signals of cardiomyocytes respond to different concentrations of MSG (1, 10, 100, 1000, 4000 uM); (b) Typical EFP signals of cardiomyocytes
respond to high concentrations of MSG (5000, 6000 uM); (c—d) Statistics of normalized FR/FPA after MSG treatment with different concentrations; (e) PCA result of

different bitter and umami compounds with different concentrations.

by 1-4000 uM MSG were selected for statistical analysis. As shown in
Fig. 6¢, the normalized FR of EFP declines when the concentrations are
below 1000 uM, then become bigger at the concentration of 4000 M.
Meanwhile, the normalized FPA of EFP presents a linear increase within
the concentration range of 1-4000 uM (Fig. 6d). The linear fitting
equation is Y = 0.096*X + 0.968, and R? is 0.9487. The LOD of MSG is
1.61 x 10~ %M through calculation.

Moreover, the data of Dena, Diph and MSG with different con-
centrations tested here were analyzed by PCA, and Fig. 6e shows the
result based on the three principal components (cumulative

contribution rate is 94.9%). It can be found that the data of the same
compound with different concentrations are located in the same region,
and the distance of bitter-bitter is smaller than that of bitter-umami,
which indicates the correlation in bitter substances. Though the dis-
tance difference is relatively small at low or close concentrations, the
data can be basically discriminated by PCA.

The LOD of BioET to bitter and umami compounds is 10 ~® M in this
work. Compared with commercially available ETs such as TS-5000Z/
SA402B (Insent Inc., Atsugi-shi, Japan) and ASTREE2 (Alpha MOS,
Toulouse, France), which can detect bitters (Caffeine, Quinine, Sodium
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benzoate et al.) and umami (MSG) at 10°2-10"°M (Hayashi et al.,
2008; Pein et al., 2013; Woertz et al., 2011; Yang et al., 2013), this
BioET is more sensitive. Besides, our BioET also has advantages over the
commercially available techniques in sensor fabrication cost and system
complexity.

There are also other more sensitive BioETs based on recombinant
proteins and graphene-based field-effect transistor (FET), which can
detect MSG at 1 nM (Ahn et al., 2018). The LOD of our BioET is not as
low as that work because of the different types of sensors and bioma-
terials. But compared with the work using cell-based biosensors, the
results of our BioET is comparable or even superior to the previously
reported results achieved by BioETs based on taste cells and taste epi-
thelium, which can detect bitter tastants from 10 uM to 100 mM (Liu
et al,, 2013a) and umami tastants within 0.1-10 mM (Zhang et al.,
2013). This cardiomyocytes-based BioET also remains its competitive-
ness compared with the BioET based on HEK-293 cells (transfected with
taste receptors) and impedance sensor, which can detect bitter (Salicin)
with a LOD of 0.055 mM. Moreover, taste sensor using cardiomyocytes
(non-taste cells) has never been reported before as far as we know. This
study is the first time to utilize cardiomyocytes and MEA sensor to
construct a BioET, which can obtain more stable electric signals with
high SNR compared with taste cells/epithelium-based BioET. This
BioET also avoids the pretreatment of cell such as cell transfection
compared with BioETs using other heterologous expression systems like
bioengineered HEK-293 cells.

4. Conclusion

In this work, a bionic in vitro BioET based on cardiomyocytes and
MEA was established for the detection of bitter and umami compounds
for the first time. Bitter and umami taste receptors are endogenously
expressed in cardiomyocytes, which lays the foundation of taste per-
ception in cardiomyocytes. The primary cardiomyocytes of SD rats were
cultured on MEAs, which were used to record the electrophysiological
signals. Cells attached and grew well on the surface of sensor, and
syncytium was formed for potential conduction and mechanical
beating, indicating the good biocompatibility of surface coating. The
BioET has specific responses to bitter and umami compounds among
five basic tastants. For bitter recognition, only these ligands could ac-
tivate the receptors in cardiomyocytes can be recognized, and different
bitter substances could be discriminated by PCA. Moreover, the specific
detections of two bitters (Dena, Diph) and an umami compound (MSG)
were realized with a detection limit of 10 ™% M. This study proposed a
novel method to establish BioET based on cardiomyocytes and MEAs for
the first time, which provides a new approach for the construction of
BioETs and has promising applications in taste detection and pharma-
ceutical study.
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