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ABSTRACT

Sweet taste is an important factor that regulates calorie intake and contributes to food
preferences in humans and animals. Therefore, the evaluation of sweet substances is essential for
various fields such as healthcare, food, and pharmaceutical industries. Sweet tastants are detected
by sweet taste receptors which are class C G-protein-coupled receptors (GPCRs). T1R2 venus
flytrap (VFT) of sweet taste receptor is known as a primary ligand-binding domain for sweet
tastants. In this study, we developed an ultrasensitive artificial sweet taste bioelectronic tongue
based on the TIR2 VFT of a human sweet taste receptor. Here, the TIR2 VFT of a human sweet
taste receptor was successfully overexpressed in a bacterial expression system. A TIR2 VFT-
immobilized carbon nanotube field-effect transistor with floating electrodes was exploited as an
artificial sweet taste sensory system. Significantly, our TIR2 VFT-functionalized bioelectronic
tongue could be used to detect solutions of sweet tastants down to 0.1 fM and selectively
discriminate sweet substances from other taste substances. Furthermore, our device could be used
to monitor the response of TIR2 VFT domain of a sweet taste receptor to sweet substances in real
food environments such as apple juice and chamomile herb tea. Moreover, our device was used to
evaluate the inhibition and enhancement effects on sweet taste receptors by zinc ions and
chamomile tea, respectively. In addition, our device demonstrated a long-term storability and
reusability. In this respect, our sweet taste bioelectronic tongue could be a promising tool for

various basic research and industrial applications.
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1. INTRODUCTION

Recognizing sweet substances is essential for the survival of humans and animals in terms of
controlling caloric intake and contributing to food preferences.! ? The sense of sweetness comes
from carbohydrates, the main energy source of the human diet. Carbohydrates and their derivatives
play significant roles in various physiological processes such as energy storage, immune system,
fertilization, and cell development.’*> However, an excessive carbohydrate intake can cause
chronic diseases such as obesity, diabetes, hypertension, and metabolic syndrome.®® Accordingly,
as the demand for calorie-free sweeteners is greatly increased, research and development of
calorie-free sweeteners and sweetness modulators are attracting attention. Therefore, it is
important to evaluate sweet substances in food for various fields such as healthcare, food, and
pharmaceutical industries.’

Various methods for the detection and evaluation of sweet substances have been developed.
Among them, human sensory evaluation is the most commonly used method. However, limitations
exist, such as a slow test speed and individual deviation in taste sensitivity.'” Accordingly, interest
in standardization of taste is increasing, and various methods for objective evaluation of sweet

substances have been developed. Examples of such methods include high-performance liquid
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chromatography'!* 12, sensors using lipid polymer membrane'?, electrochemical methods'* !°, and
surface plasmon resonance spectroscopy.'® !” Although these techniques have been successfully
used to analytically detect sweet substances, they featured low selectivity and could not mimic
versatile natural features of the human taste system such as the synergistic effect of sweeteners. '8

In recent years, bioelectronic tongues have been developed to converge the advantages and



overcome the limitations of human sensory evaluation and conventional measurement methods.

d19, 20 d21-23

For example, nanovesicle-base and receptor protein-base artificial taste sensors have
been developed. The devices showed a human-like performance in detecting taste substances. Also,
nanovesicles-based bioelectronic tongues could mimic the natural environment in cells and
allowed a fully functional structure of membrane protein. However, it is still challenging due to
complicated manufacturing process and low protein expression yield. Receptor protein-based
bioelectronic tongues allowed facile fabrication in terms of high-level production of proteins using
bacterial expression and showed advantages in stability and reusability.?* In addition, the receptor
protein-based devices demonstrated a lower detection limit than bioelectronic tongues based on
receptor-carrying nanovesicles which showed a detection limit of a micro-molar level.!® 2°
However, sweet taste receptor, which is a class C GPCR, is difficult to express in bacterial systems
due to its large and complex structure.>> 2% In a previous study, an effort has been made to utilize
only the ligand-binding domain of class C GPCR as a detection element for umami tastants, while

it has not been applied to bioelectronic tongue devices for the sensitive detection of sweet

tastants.?!

Herein, we report an ultrasensitive bioelectronic tongue based on a venus flytrap (VFT), the
primary ligand-binding domain of a human sweet taste receptor, for the detection of sweet
substances. In this strategy, only the TIR2 VFT of a human sweet taste receptor was produced
from Escherichia coli (E. coli). Then, it was immobilized on floating electrodes of a carbon
nanotube field-effect transistor (CNT-FET) to build a sensitive bioelectronic tongue device. Our
T1R2 VFT-functionalized bioelectronic tongue device could be used to detect sweet substances
with a concentration down to 0.1 fM in drink samples such as apple juice and chamomile herb tea.

It indicates a 107 times higher sensitivity compared with previously-reported sweet taste sensors. '



20.27.28 Eyrthermore, our device was used to evaluate the inhibitory and synergistic effects of zinc
ions and chamomile tea on sweet taste perception, respectively. Moreover, our sensor exhibited a
high stability over a long storage period and could be reused multiple times. In this sense, our
T1R2 VFT-based bioelectronic tongue device could be a promising platform for basic research

and versatile industrial applications.

2. EXPERIMENTAL SECTION

Materials. Semiconducting single-walled CNTs with a 99% purity were purchased from
Nanolngetris (Canada) and used as received. Sucrose, saccharin, ZnSO4, and HEPES buffer were
purchased from Sigma-Aldrich (USA). N-hydroxysulfosuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) were obtained from Thermo Scientific (USA).
Commercial beverages of apple juice and chamomile tea were purchased from a grocery store in
Korea.

Gene cloning of TIR2 VFT. Signal peptide (1-20 aminoacids)-deleted TIR2 VFT gene was
amplified by polymerase chain reaction (PCR) with human genomic DNA as templates using
primers (5" CAC CAG GAG ATA TAC ATA TGG CTG AGA ACT CG 3', 5" GAC ATA GGG
ATC GTG TTG 3'). The amino acid sequence of TIR2 VFT is provided in the supporting
information (Table S1). A human cDNA, pCMV6-ENTRY-hTAS1R2 was purchased from
Origene (USA). Amplified PCR product was cloned into pENTR cloning vector with directional
TOPO cloning and then cloned to pET-DEST42 expression vector using LR Clonase (all from
Invitrogen). TIR2 VFT gene was cloned into pET-DEST 42 bacterial expression vector with 6xHis

gene at the C-terminus for purification (Figure S1).



Expression, solubilization, and purification of TIR2 VFT. The cloned pET-DEST42 T1R2
VFT construct was used to transform an E. coli Rosetta™ (DE3) strain and the transformed cell
were cultured in a LB media with ampicillin (50 pg/mL) at 37°C. At the optical density (ODsoo)
value of 0.5, TIR2 VFT gene expression was induced using 0.5 mM isopropyl B-D-thiogalactoside
(IPTG). Cells were incubated for 4 h and were harvested by centrifugation (7000 g, 20 min, 4°C).
Pellets were resuspended in phosphate-buffered saline (PBS) containing 2 mM EDTA (pH 8.0)
and were lysed by sonication (5 s on/off, 25% amplitude, 5 min). The sample was then collected
by centrifugation (12000 g, 30 min, 4°C). The insoluble fraction including TIR2 VFT was
solubilized in solubilization buffer (0.1 M Tris-HCI, 20 mM sodium dodecyl sulfate (SDS), 100
mM dithiothreitol (DTT), | mM EDTA, pH 8.0) at 30°C overnight. The solubilized sample was
centrifuged (12000 g, 30 min, 30°C) and was collected. The sample was dialyzed in dialysis buffer
(0.1 M sodium phosphate, 10 mM SDS, pH 8.0) using MEMBRA-CEL® dialysis membrane
(Viskase) of 14 kilodaltons molecular weight cut-off (MWCO). After filtering the dialyzed sample
with a 0.45 um bottle top filter (Thermo Fisher Scientific), the sample was loaded to a 5 ml HisTrap
affinity column (GE Healthcare) equilibrated with binding buffer (0.1 M sodium phosphate, 10
mM SDS, pH 8.0). The column was then gradually washed with a washing buffer (0.1 M sodium
phosphate, 10 mM SDS, pH 7.0). Finally, TIR2 VFT was eluted with elution buffer (0.1 M sodium
phosphate, 10 mM SDS, pH 6.0) and was stored at — 80°C for later use.

Refolding of purified TIR2 VFT. Purified TIR2 VFT was diluted to a concentration of 0.5
mg/ml and dialyzed in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer I (20
mM HEPES, 10 mM SDS, 0.5 mM EDTA, pH 8.0) with MEMBRA-CEL® dialysis membrane
(Viskase) of 14 kilodaltons MWCO at room temperature. The dialysis buffer was then changed to

HEPES buffer IT (20 mM HEPES, 5 mM SDS, 0.5 mM EDTA, pH 7.5) at room temperature. Then,



the buffer was replaced to HEPES buffer I1I (20 mM HEPES, 3 mM SDS, 0.5 mM EDTA, pH 7.5)
at room temperature. 10 mM of methyl-B-cyclodextrin was added to the dialyzed protein sample
and stirred at 4°C overnight. The mixed sample was dialyzed in refolding buffer (20 mM HEPES,
I mM EDTA, and 150 mM NaCl, pH 7.5) at 4°C.

Total protein assays, protein electrophoresis, and western blot analysis. The concentration
of TIR2 VFT was determined with a BCA assay kit (Pierce). Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis was performed. For
SDS-PAGE, protein samples were incubated with a staining solution (Coomassie Blue 0.5 g/L,
acetic acid 7%(v/v), methanol 40%(v/v)) for 1 h at room temperature. The stained gel was
incubated with a destaining solution I (acetic acid 7%(v/v), methanol 40%(v/v)) for 1 h at room
temperature and then incubated with a destaining solution II (acetic acid 7%(v/v), methanol
5%(v/v)) for overnight at room temperature. For western blot, protein samples were mixed with a
2x Laemmli sample buffer added by 2-Mercaptoethanol (Biorad) and boiled for 5 min at 95°C.
After loading the samples and protein markers into the gel, SDS-PAGE was performed at 80 V.
Protein bands were transferred to a nitrocellulose membrane and the membrane was incubated
with a blocking solution (5 wt% skim milk in PBS-T (1X PBS, 0.1 vol% Tween-20)) at room
temperature for 1 h. An anti-His mouse antibody (Santa Cruz Biotechnology) was used as a
primary antibody and an HRP-conjugated goat anti-mouse IgG antibody (Merck) was used as a
secondary antibody. After washing the membrane several times with PBS-T, the protein band of
T1R2 VFT was analyzed using TOPview™ ECL Pico Plus Western Substrate (Enzynomics).

Tryptophan fluorescence quenching assay. The ligand-binding function of refolded T1R2
VFT was analyzed by a tryptophan fluorescence quenching assay using an LS 55

Luminescence Spectrometer (Perkin Elmer). The intrinsic tryptophan fluorescence of TIR2



VFT was measured with excitation at 290 nm and emission at 350 nm. The relative
fluorescence intensity was calculated with the formula (AF/Fy (%) = [(Fo— F)/Fo] X 100). Fy
and F refer to the fluorescence intensity of TIR2 VFT before and after the treatment of taste
molecules, respectively.

Fabrication of CNT-FETs. CNTs were dispersed in 1,2-dichlorobenzene by applying
ultrasonic vibration for 3h. The concentration of the CNT suspension was 10 pg/ml. A photoresist
(AZ5214E) pattern was deposited on a SiO> substrate via a photolithography process. A CNT
solution was dropped on the patterned substrate. The CNTs were selectively adsorbed on bare SiO>
regions by a dielectrophoresis method (5 Vpp, 300 kHz, 10 s). Floating electrodes (Pd/Au, 10
nm/15 nm) were deposited by a photolithography process and a thermal evaporation method. The
length of a CNT channel was 150 pm, and the width of the channel was 100 pm. The floating
electrodes had a length of 300 pm and a width of 10 pm.

Immobilization of TIR2 VFT on the floating electrode of a transistor. A CNT-FET device
was incubated in an N-acetyl-L-cysteine solution (0.5 M in distilled water) for 12 h at room
temperature. The chip was gently rinsed with distilled water. The device was incubated with a
mixture of EDC (20 mM in MES buffer) and NHS (40 mM in MES buffer) for 30 min. The chip
was gently rinsed with HEPES buffer. Then, 1 pl of TIR2 VFT in a HEPES solution was dropped
on the channel region of the sensor. The sensor was incubated for 2 h at room temperature. The
prepared chip was stored at 4°C. The chip was washed to remove unbound protein before each
measurement.

Substance Preparations. Sucrose and saccharin were dissolved in a HEPES buffer solution.

Apple juice and chamomile tea were filtered with a syringe filter (0.2 pum) and serially diluted in



HEPES buffer. ZnSO4 powder was dissolved in a HEPES buffer solution. Sucrose-added
chamomile was prepared by dissolving sucrose (100 mg/ml) in diluted chamomile tea.

Electrical Measurements. A TIR2 VFT-immobilized CNT-FET sensor was connected to a
semiconductor characterization system (4200-SCS, Keithley). A 9 ul of HEPES buffer solution
was placed on the channel region of the sensor. A constant source-drain voltage of 0.1 V was
maintained during the electrical measurement. Various sample solutions were consecutively added

to the sensor, and source-drain currents were monitored.

3. RESULTS AND DISCUSSION

The schematic illustration of a human sweet taste receptor is shown in Figure 1a. A human sweet
taste receptor has been identified as a heterodimer which is composed of two different G-protein
coupled receptor subunits.?” 3° One is taste receptor type 1 member 2 (T1R2), and the other is type
1 member 3 (T1R3).2%3! Each subunit comprises a ligand-binding venus flytrap (VFT) domain, a
cysteine-rich domain (CRD), and a transmembrane domain (TMD).>? The VFT of a TIR2 subunit
provides binding sites for most sweet substances such as sucrose, glucose, and saccharin.!- 3334

Figure 1b depicts the schematic diagram of a floating electrode-based bioelectronic tongue using
T1R2 VFT. The scanning electron microscopy image of the channel region in the CNT-FET is
shown in Figure S2. Floating electrodes and a CNT channel were constructed between the source
and drain electrodes. The detailed fabrication process is described in the Experimental section. In
brief, TIR2 VFT was overexpressed in an E. coli expression system. It is known to be very difficult
to express a whole part of sweet taste receptor protein due to its large and complex heterodimeric

structure.>> 3 In this work, we overexpressed only a TIR2 VFT domain part instead of a whole

human sweet taste receptor and used the part as a recognition element for our sensor. The floating



electrodes of the device were functionalized with a cysteine linker, and the overexpressed T1R2
VFT was selectively immobilized on floating electrodes of the CNT-FET via an amide bond. The
binding of sweet substances to the TIR2 VFT on the floating electrode changes the conductance
of the underlying CNT channel, which allowed us to detect sweet substances in real-time. Since
we used a TIR2 VFT domain of a human sweet taste receptor, our device is expected to detect
sweet substances with a similar behavior as human tongues.

Figure 2a shows the SDS-PAGE gel staining and western blot analysis of purified TIR2 VFT.
Detailed procedures for the analysis are presented in the Experimental section, and SDS-PAGE
gel staining and western blot analysis results after cell lysis, solubilization, and purification are
provided in Figure S3. The gel staining and western blot analysis showed bands at 54 kDa, which
corresponds to the molecular weight of TIR2 VFT which was calculated by the online ExXPASy
bioinformatics tool. These results indicate that TIR2 VFT was successfully overexpressed and
purified. Note that it is difficult to express the whole parts of class C GPCR such as a human sweet
taste receptor, and, even expressed GPCR often exhibited a poor functionality. It is because of the
large size and complex heterodimeric structure of the GPCR.?> 3 In our works, only the TIR2
VFT domain of a human sweet taste receptor was expressed and used as a recognition element,
which should improve the performance and stability of our devices.

The functionality of refolded TIR2 VFT for sucrose was evaluated using a tryptophan
fluorescence quenching assay (Figure 2b). Tryptophan residues in proteins exhibit intrinsic
fluorescence at emission wavelength around 350 nm. The fluorescence intensity can be quenched
by conformational changes of the proteins as ligands bind to the receptor protein.*® 7 In this work,
the stimulation of TIR2 VFT by sweet substances induced conformational changes of the protein,

which lead to the fluorescence quenching of tryptophan residues. As sucrose concentration

10



increased, the change of relative fluorescence intensity also increased. Similar changes in relative
fluorescence intensities were also observed in fructose, glucose, aspartame, and saccharin
solutions (Figure S4). The results indicate that the TIR2 VFT was functionally refolded.

Figure 2c is the tryptophan fluorescence quenching assay results using various taste molecules.

The 1 uM addition of sucrose, fructose, glucose, aspartame, and saccharin changed fluorescence

intensities by 12 - 15%. On the other hand, relative fluorescence intensity changes were less than
3% when sodium cyclamate (cyclamate, artificial sweetener), cellobiose (tasteless disaccharide),
monosodium glutamate (MSG, umami tastant), and denatonium benzoate (denatonium, bitter
tastant) were introduced. Note that no significant fluorescence change was detected by using
cyclamate which is an artificial sweetener known to interact with the transmembrane domain of
T1R3.3! The results indicate that the produced TIR2 VFT can selectively recognize sweet
substances.?!> 38

Figure 2d shows the atomic force microscopy (AFM) topography images of floating electrodes
before and after the functionalization of TIR2 VFT. Multiple spots were observed on the TIR2
VFT-immobilized gold electrode, while a clean surface was observed on the bare electrode. The
size of the spots is estimated as 12.6 £ 8.1 nm, which is consistent with the size of TIR2 VFT in
previous literature.®® The results indicate the successful immobilization of TIR2 VFT on our
device surface.

The real-time response of our TIR2 VFT-immobilized device to various concentrations of
sucrose was measured (Figure 3a). Here, the source-drain current of a sensor was monitored in
real-time while target sucrose solutions were introduced to the sensor. A constant bias voltage of

0.1 V was maintained during the measurements. Our sensor showed immediate decreases in

current by the introduction of sucrose solutions. After some time, the current level was stabilized
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at a fixed value. The device usually exhibit a similar behavior when a continuous flow of solution
with constant target concentrations was introduced. Importantly, the sensor began to show a
response to the introduction of a 0.1 fM sucrose solution. However, a bare device without TIR2
VFT did not show any significant changes (Figure S5), indicating that the response of our device
was originated from the binding of sucrose molecule to TIR2 VFT. Note that the result indicates
a ~107 times improved detection limit compared to previously-reported sensors including
bioelectronic nose devices based on a whole receptor molecule.!® 2% 2728 Sych a high sensitivity
can be attributed to the small size of TIR2 VFT receptor parts used in our device. Presumably, as
small VFT domains can exist within the Debye length from the sensor surface, any electrical
changes induced by the binding of sweet substances to the TIR2 VFT can more easily affect the
conductance of the underlying CNT channels. It also should be mentioned that, due to the device-
to-device variation, the initial current level (/y) of our devices without target molecules can vary,
resulting in different current changes (A/l) by target molecules. In this case, normalized current
values (Al/lp) were often utilized as a sensor signal for a reliable measurement in practical
applications. Previous works showed that since there is a linear correlation between absolute
sensor response (A/) and gate dependence (d//dVg), it is possible to compensate device-to-device
variation with such a calibration.?®4°

Figure 3b illustrates the sensing mechanism of our T1IR2 VFT-based bioelectronic tongue. The
binding of sweet substances can cause conformational changes in the TIR2 VFT on the floating
electrode of the sensor and facilitate a charge redistribution in the protein. Such charge
redistribution in TIR2 VFT changes the work function (¢ux) of floating electrodes, which
modulates a Schottky barrier height (¢ss) between the CNT channel and the floating electrode.*!:

2 The increased Schottky barrier acts as an enhanced potential barrier to hole carriers, leading to
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a decrease in the CNT channel current. Consequently, the binding of sweet substances to TIR2
VFT causes a current change in our device, allowing us to detect sweet substances in real-time.
On the other hand, since some electrodes are exposed to the target solution, there can be a direct
electrochemical current by the downstream molecules between the solution and the electrodes.
However, when we tested the device without any CNT channels, the current levels were, at least,
two orders of magnitude lower than those with CNT channels. Thus, we can expect that the effect
of such currents is negligible. It is also worth mentioning that although the sweet taste receptor
exists as a dimer composed of TIR2 and T1R3, it has been reported that TIR2 VFT is the primary
ligand binding site for most sweeteners and ligand binding on the T1R2 VFT initiate a
conformation transition, which activates the receptor and results in the signal transduction.®!> #3-#°
In addition, the binding characteristics of sweeteners to the VFT domain are consistent with studies
using full heterodimeric receptor (T1R2/T1R3).3>46

Normalized signals of our devices to sucrose and saccharin solutions with concentrations from
0.1 fM to 1 uM (Figure 3c). Sucrose is a natural sugar, while saccharin is an artificial sweetener.
We repeated the sensing measurements for three devices to obtain mean values and error bars. The
normalized signals were obtained by normalizing the current changes with respect to their
maximum values. Our device responded to sucrose and saccharin solutions from the concentration
of ~0.1 M, and the response was saturated at around ~1 uM. These results indicate that our sensor
could detect sweet substances with a high sensitivity. The response curves were further analyzed
by using the Hill equation.*”> *® The normalized signal N of a device can be written by the Hill

equation like

CTl

N = (1

- pn
Kg +Ccn
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where C, n, and Ky are the concentration of sweet tastants, a Hill’s coefficient, and a dissociation
constant for the binding of the tastants to TIR2 VFT, respectively. By fitting the graph, the
dissociation constants of sucrose and saccharin to TIR2 VFT were estimated as 2.05 X 107! M
(7.02X 107 g/L) and 6.88 X 1072 M (1.26 X 10”° g/L), respectively. It indicates that there was only
a 3-fold difference in potency values between saccharin and sucrose in our experiment. It should
be noted that, in cell-based measurements, the potency of saccharin was much higher than that of
sucrose.*” Such a difference in the measured potency can be attributed to the cellular signaling
process. Although sweet taste is almost exclusively transduced by T1R2/T1R3 receptor, the
specific amino acid residues which bind to different sweet substances in the TIR2 VFT cleft
regions may vary.** %! In addition, the signaling pathways in taste bud cells of caloric and non-
caloric sweeteners are different.”* >* On the other hand, our experiment measured the direct binding
between sweet taste molecules and receptors without relying on a cellular signaling pathway. Thus,
our measured potency can be inconsistent with those measured by cellular experiments. Note that
when the potency was measured by tryptophan quenching assay, sucrose and saccharin also
exhibited a rather small difference in the potency values, which is consistent with our results
(Figure 2b and S4). Thus, our results show a meaningful value for the binding of sweet substances
to the binding domains in sweet taste receptors. We also measured the sensor responses to
sucralose which has a similar chemical structure to sucrose but exhibited much higher potency in
cellular experiments (Figure S6). The measured dissociation constant of sucralose is 2.98 x 107!!
M, which is similar to that of sucrose. Note that sucralose and sucrose have similar structures. In
addition, the amino acid residues responsible for binding in the TIR2 VFT domain of sucrose and
sucralose are known to be quite similar.’! In this case, the similar dissociation constants of

sucralose and sucrose in our experiments can be attributed to the structural similarity of the two
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saccharides. However, it should be mentioned that the tendency is somewhat different from the
sweetness potency level results measured by other methods such as a human sensory evaluation.>*
Presumably, it is because our method measures only the binding characteristics of sweet taste
receptors, while the responses of human tongues are determined by taste signal transmissions at a
cellular level as well as receptor characteristics. Further investigation is needed to elucidate with
regard to this issue. It also should be discussed that the estimated dissociation constants are much
smaller than previously-reported values measured by cell-based fluorescence assays.?” 4
Presumably, it is because our sensor could directly measure the conformational change of TIR2
VFT, while previous cell-based assays had to go through complex biological signaling processes
in the cells to obtain sensing signals. Similar trends were reported in previous studies using other
receptor proteins.*’ These results imply that our sensor could detect sweet tastants at much lower
concentrations than cell-based assays. However, it also shows that since our sensor measures the
binding of sweeteners to the VFT domain unlike the real taste cell environment in which the taste
signal is transmitted through a complex signaling process, their response in some cases can be
somewhat different from those of the human tongue.

Moreover, the real-time response of our sensor to different taste substances was evaluated
(Figure 3d). During the measurements, a constant bias voltage of 0.1 V was maintained. The
source-drain currents were monitored while consecutively adding the 1 uM solutions of cellobiose,
MSQG, and 1 nM solution of sucrose to the sensor. Cellobiose is a tasteless sugar, and MSG is an
umami taste substance. The addition of cellobiose and MSG solutions with a rather high
concentration caused negligible conductance changes, while 1 nM sucrose solution caused a
significant decrease in the conductance of the device. Such a selective response of our sensor can

be attributed to the highly-selective binding activity of a TIR2 VFT domain for sweet substances.>"
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33,34 The results indicate that our sensor could discriminate sweet substances from other tastants
with a high selectivity just like a human tongue.

We also utilized our devices to examine the inhibition effect of zinc ions on sweet taste
perception. Figure 4a shows the dose-dependent response curves of our devices to sucrose
solutions with or without ZnSO4. We repeated sensing measurements using three devices for each
data point to obtain averaged values and error bars. The normalized signals were obtained by
normalizing sensor signals with respect to their maximum values. Note that the response curves
were shifted toward higher concentration regions in the presence of ZnSO4. We also confirmed
that ZnSOj4 solution did not directly affect a conductance of a bare CNT-FET without TIR2 VFT
(Figure S7). These results indicate that zinc ions work as an inhibitor to TIR2 VFT, and our device
responded only to a high concentration sucrose solution with zinc ions as reported previously.>
By fitting the graph using the Hill equation, we could calculate half-maximal effective
concentration (ECso) values with or without ZnSO4. The ECso values were estimated as 2.79 X 10
11°1.59X 107 and 8.30 X 10°° M with 0 M, 1 mM, and 40 mM ZnSOs solutions, respectively. The
results clearly show that ZnSO4 solutions contribute significantly to the inhibition of the T1R2
VFT responses to sweet substances, which is consistent with previously reported human sensory
tests.” %6 It should be mentioned that the inhibitory effect in our device is limited to the VFT
domain, and thus further studies on the other domains of a human sweet taste receptor are needed.
Since our device can directly detect the TIR2 VFT activities without relying on complex biological
signaling processes, it can be a promising tool to quantitatively evaluate the effect of various drugs
on the activities of receptor proteins.

To show the applicability of our bioelectronic tongues to real samples, we demonstrated the

detection of sweet substances in commercial juice and tea. Figures 4b shows the normalized dose-
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dependent responses of our devices to diluted apple juice. Detailed procedures are presented in the
Experimental section. In brief, commercial apple juice was diluted serially in a HEPES buffer
solution. The commercial apple juice used in this experiment contains various natural sweet

1.°7 For

substances such as sucrose, glucose, and fructose at a total concentration of ~100 mg/m
sensing measurements, the conductance changes of our devices were measured while adding
various concentrations of diluted apple juice to our devices. The measured sensor signals were
normalized with respect to their maximum values to obtain the normalized signals. The device
began to exhibit responses from the diluted concentration of 107'® (v/v) and the responses were
saturated at around 10 (v/v). On the other hand, a CNT-based sensor transducer without TIR2
VFT did not respond to the addition of apple juice (Figure S8). The result indicates that the binding
of TIR2 VFT and sweet substances in apple juice induced responses in our device. By fitting the
data using the Hill equation®®, we could calculate the half-maximal effective concentration (ECso)
values of our device. The volume concentration corresponding to ECso value was estimated as 1.00
X 1071 (v/v). Using the known saccharide concentrations in the apple juice, the measured ECso
value by a volume ratio can be converted to a mass concentration of 1.00 X 10°® g/L, which is
similar to the value for the responses of our sensors to sucrose in figure 3c. These results show that
our device can detect a trace amount of sweet substances in complex environments such as apple
juice and can be used for the evaluation of commercial beverages.

Figure 4c shows the normalized responses of our device to chamomile tea with different
concentrations of sucrose. Detailed methods were shown in the Experimental section. In brief,
sucrose was mixed with chamomile tea at a concentration of 100 mg/ml. The tea was diluted

serially to obtain solutions with different concentrations. The conductance changes of the devices

were monitored as a sensor signal while adding various concentrations of chamomile tea with
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sucrose. The sensing signals increased as the concentration of chamomile tea increased. However,
the sensor did not respond to the addition of chamomile tea without sucrose (Figure S9). The
results indicate that our TIR2 VFT-based sensor can detect sucrose in chamomile tea. By fitting
the data using the Hill equation and considering a known sucrose concentration in the tea, we could
estimate the ECso value for sucrose in chamomile tea as 1.89 X 107 g/L, which is similar to the
values in a buffer solution and apple juice.

For evaluating the effect of tea on the TIR2 VFT binding activity, we compared our sensor
responses to chamomile tea, sucrose solution, and sucrose-added chamomile tea (Figure 4d). Here,
chamomile tea was diluted at 1:1000 in a HEPES buffer solution. Sucrose solution was prepared
at a concentration of 0.3 mM in a HEPES buffer solution. Sucrose-added chamomile tea was
prepared by adding sucrose in diluted chamomile tea to a concentration of 0.3 mM. Sensor
responses to sample solutions were quantified using the absolute values of relative conductance
change |4G/Gy|, where Gy and AG represent the device conductance before the injection of target
solutions and the conductance change after the addition of target solutions, respectively. Note that
chamomile tea caused a negligible change of relative conductance, while a sucrose solution caused
a 5.9% change. On the other hand, sucrose-added chamomile tea induced a much larger change of
21% to the device than a sucrose solution. These results indicate that chamomile tea enhanced the
sensor responses to sucrose significantly. Similar results were observed in tryptophan fluorescence
quenching assays (Figure S10). Sucrose-added chamomile tea induced a much larger change in
the relative fluorescence intensity than that of the addition of chamomile tea or sucrose solution.
Chamomile tea is known to contain various components such as amino acids, minerals, and
polyphenols, which may affect the perception of sweetness.”®%! For example, previous reports

show that some amino acids in tea can enhance sweet taste.’” © A further identification of
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particular compounds enhancing a sweet sensation is needed and is under investigation. It is also
worth mentioning that there are sweet taste substances and enhancers acting on the transmembrane
domain, and thus the enhancement effect on the whole sweet taste receptor needs further study.
Subsequently, recalibration of the sensor responses after considering the effect of certain
compounds in real beverages may be needed for practical applications of our sensors. On the other
hand, since our device is based on the VFT domain of human receptor protein, it can be utilized to
evaluate the responses of a sweet taste receptor to sweet substances in versatile environments.
We evaluated the stability of our sensor responses after a long-term storage (Figure 5a). Here,
multiple sensor chips were fabricated and stored at 4°C for different time periods. Then, each
sensor chip was taken out, and its relative conductance changes by the addition of 1 mM sucrose
solutions were measured as a sensor signal at room temperature. For each data point, we repeated
the measurements with five sensor chips to obtain averaged values and error bars. The sensor
signals remained almost the same for up to 7 days. After then, signals gradually decreased as the
storage time increased. Note that the normalized sensor signals remained ~5% even after 28 days
of storage. It indicates a high stability of our devices over a rather long period. Presumably, since
only a part of sweet taste receptor protein was used in our sensor, we can expect a rather high
stability compared with those based on whole receptor molecules in nanovesicle-based sensors.
We also tested the reusability of our sensor chips (Figure 5b). Here, a single sensor chip was
used repeatedly to detect 1 mM of sucrose solutions for 3 times. After each sensing experiment,
the used chip was gently washed 3 times with a HEPES buffer solution and stored in a refrigerator
until the following measurement. Sensor signals were normalized with respect to the first
measurement signal of each device. We performed the repeated sensing measurements for three

sensor chips and obtained the average values and error bars for each data. Note that, in the second
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measurement using a single sensor chip, the sensor signals decreased rather dramatically down to
about 70% of the first measurement result. However, after then, the sensor exhibited similar
responses up to five repeated sensing measurements. The result indicates that, although the sensor
performance degraded after the first applications, the sensor, after some calibrations, can still be
used to measure sweet substances repeatedly up to five sensing measurements. In the previous
study of a TIR1 VFT-based biosensor for umami taste detection, the normalized signal intensity
gradually decreased each time it was reused, which is considered as the destruction of the protein-
graphene hybrid structure.?! The relatively high reusability of our TIR2 VFT-based bioelectronic
tongue comes from the immobilization of TIR2 VFT via a thiol-gold interaction. Note that
previous bioelectronic sensors for sweet tastes were based on nanovesicles with whole receptor
molecules.?’ Such nanovesicle-based bioelectronic sensor devices cannot be used repeatedly
because the binding of taste molecules to receptors changed the ion concentration in the
nanovesicles, which cannot be returned to the initial level.!* On the other hand, since the binding
of sweet substances to TIR2 VFT is reversible, our TIR2 VFT-based sensor could be used
repeatedly for multiple sensing operations, which may be important for practical applications in
the future. Note that the binding of receptor and ligand is explained by the Langmuir isotherm
theory.”® In solution, a ligand molecule approaches through diffusion and binds to a receptor
molecule. Conversely, the bound ligand can break the binding via thermal energies after some time
period. It has been reported that class C GPCRs have a VFT domain that vibrates between an open
state without ligand and a closed state with ligand.®® Such reversible binding properties of these
receptors enable the reuse of such sensors based on the receptors, which has been reported in

several previous studies.?! %
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4. CONCLUSIONS

An ultrasensitive sweet taste detection sensory system was successfully developed using a CNT-
FET and the TIR2 VFT of a human sweet taste receptor. In this work, only a TIR2 VFT of
human sweet taste receptor was overexpressed in a bacterial expression system instead of the
whole receptor, and it was combined with a floating-electrode-based CNT-FET device to build
an ultrasensitive bioelectronic tongue device for sweet substances. Our device could sensitively
detect sweet tastants down to a 0.1 femtomolar level with a high selectivity. Moreover, our
sensor could detect sweet substances in commercial beverages such as apple juice and
chamomile tea. Our bioelectronic tongue measured the functional modulation of a human sweet
receptor by enhancers and inhibitors. However, since our device is only relevant for the VFT
domain of a human sweet taste receptor, further study on the function of the other domains of the
receptor is needed. It also should be mentioned that since the human tongue relies on the signal
transmission at a cellular level as well as receptor responses, our sensor responses in some cases
can be somewhat different from those of the human tongue. Furthermore, our devices could be
stored over a rather long period of time and used repeatedly. Our sweet taste detection system
can be a powerful tool for the detection of sweet substances and has a significant potential for

various applications in food industry and basic research.
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Figure 1. Schematic diagram of a bioelectronic tongue based on T1R2 VFT for the detection of
sweet taste substances. (a) [llustration of a human sweet taste receptor. The sweet taste receptor is
a heterodimeric complex of TIR2 and T1R3. (b) Schematic diagram of a TIR2 VFT-based
bioelectronic tongue for the detection of sweet substances. TIR2 VFT was immobilized on the

gold floating electrodes of the CNT-FET using a cysteine linker.
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Figure 2. Characterization of TIR2 VFT produced in E. coli. (a) SDS-PAGE gel staining (left)
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and western blot analysis (right) of TIR2 VFT. (b) Dose-dependent tryptophan fluorescence

quenching assay results showing the response of TIR2 VFT to sucrose. (c) Selectivity tests of

T1R2 VFT with different taste substances using the tryptophan fluorescence quenching assay. Data
are expressed as means + standard deviation (n = 5). (d) AFM images (top) and height profiles

(bottom) of floating electrode surfaces before (Bare, blue) and after (TIR2 VFT, red) the

immobilization of VFT.
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Figure 3. Responses of TIR2 VFT-based bioelectronic tongues to sweet taste substances. (a) Real-
time response of a device by the addition of sucrose solutions. The introduction of sucrose
solutions caused the decrease of electrical currents. (b) Schematic diagram showing the sensing
mechanism of TIR2 VFT-based sensors. TIR2 VFT was immobilized on a floating electrode
surface. The energy-band diagram of the floating electrode-based CNT-FET device was depicted
below. When the target sweet substance bound to TIR2 VFT, the work function of the floating
electrode (¢pr) was decreased, which increased Schottky barrier height (¢sg). Due to the increased
Schottky barrier height, the hole-carrier (green) currents were decreased. Ec, Er, and Ey represent
the conduction band, Fermi-level, and valence band of the CNT channel, respectively. (c)

Normalized sensor signals to various concentrations of sucrose (natural sugar) and saccharin
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(artificial sweetener). Our device began to show responses to 0.1 fM of sucrose and saccharin, and
the signals were saturated at around 1puM. Data are expressed as means =+ standard deviation (n =
3). (d) Selective response of the sensor to non-sweet tastants (1 uM of buffer, cellobiose, and MSG)

and sucrose (1 nM).
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Figure 4. Responses of TIR2 VFT-based bioelectronic tongues in the presence of different
chemical species. (a) Dose-response curves of our bioelectronic tongues to sucrose with or without
ZnSOs4. Zinc ions are known to work as an inhibitor to the binding activities of a human sweet
taste receptor. (b) Responses of our bioelectronic tongues to sweet substances in commercial apple
juice. (c) Responses to sucrose in chamomile tea. The x-axis represents the volume/volume ratio
of the diluted samples in a buffer solution. (d) Relative conductance change of our bioelectronic
tongue device by the addition of sucrose with or without chamomile tea. It shows the enhancement

of sweet taste by chamomile tea.
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Figure 5. Stability of our bioelectronic tongues. (a) Sensor responses to sucrose after the storage
of the sensor chips over a long period up to 28 days. Each point and error bar indicates the average
value and standard deviation, respectively (n=5). (b) Sensor signals after repeated applications of
a single sensor chip. For each data point, the sensing measurement was repeated using three

devices to obtain mean values and standard deviations.
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Amino Acid Sequence of TIR2 VFT

MAENSDFYLPGDYLLGGLFSLHANMKGIVHLNFLQVPMCKEYEVKVIGYNLMQAMRFAVEE
INNDSSLLPGVLLGYEIVDVCYISNNVQPVLYFLAHEDNLLPIQEDYSNYISRVVAVIGP
DNSESVMTVANFLSLFLLPQITYSAISDELRDKVRFPALLRTTPSADHHIEAMVQLMLHF
RWNWIIVLVSSDTYGRDNGQLLGERVARRDICIAFQETLPTLQPNQNMTSEERQRLVTIV
DKLQQSTARVVVVFSPDLTLYHFFNEVLRQNFTGAVWIASESWAIDPVLHNLTELRHLGT
FLGITIQSVPIPGFSEFREWGPQAGPPPLSRTSQSYTCNQECDNCLNATLSFNTILRLSG
ERVVYSVYSAVYAVAHALHSLLGCDKSTCTKRVVYPWQLLEEIWKVNFTLLDHQIFFDPQ

GDVALHLEIVQWQWDRSQNPFQSVASYYPLQRQLKNIQDISWHTINNTIPM

Table S1. Amino acid sequence of TIR2 VFT.
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TIR2 VFT

V5 epito
Lac O priope

pET-DEST42
TIR2 VFT
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Figure S1. Cloning of TIR2 VFT gene into pET-DEST 42 bacterial expression vector.
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Figure S2. Scanning electron microscope images of (i) the whole channel region and (ii) the
CNT channel region of a CNT-FET.
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Figure S3. Production of TIR2 VFT in E. coli. (a) SDS-PAGE gel staining of TIR2 VFT after
cell lysis, solubilization, and purification. P: pellet after centrifugation; S: supernatant after
centrifugation; F: filtrate; E: eluent. (b) Fast protein liquid chromatography (FPLC) elution
profile of TIR2 VFT. (c) Western blot analysis and SDS-PAGE gel staining of TIR2 VFT after
refolding.
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Figure S4. Dose-dependent tests of TIR2 VFT with various sweet taste substances using the
tryptophan fluorescence quenching assay. (a) Fructose, (b) Glucose, (c) Aspartame, (d)
Saccharin. Data are expressed as means + standard deviation (n = 5).
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Figure S5. Real-time response of a bare CNT-FET device without TIR2 VFT to sucrose
solutions. The device did not respond to the addition of sucrose.
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Figure S6. Normalized sensor signals to various concentrations of sucralose (n = 2).
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Figure S7. Real-time response of our device to ZnSOj4 solutions. The sensor did not respond
to the addition of ZnSOs.
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Figure S8. Real-time response of a bare CNT-FET device without TIR2 VFT to apple juice.
The device did not respond to the addition of apple juice.
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Figure S9. Real-time response of the bioelectronic tongue to the diluted chamomile tea. The
device did not exhibit any significant response to the tea without sucrose.
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Figure S10. Relative tryptophan fluorescence intensity of TIR2 VFT by the addition of sucrose
with or without chamomile tea using the tryptophan fluorescence quenching assay.
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