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Abstract: Some short-chain fatty acids with a pungent or unpleasant odor are important compo-
nents of human body odor. These malodors severely threaten human health. The antagonists of
malodors would help to improve odor perception by affecting the interaction between odors and
their receptors. However, the traditional odor detection and analysis methods, such as MOS, electro-
chemical, conductive polymer gas sensors, or chromatography-mass spectrometry are not suitable
for screening the antagonists since they are unable to detect the ligand efficacy after odor-receptor
binding. In this study, RT-PCR results showed that HL-1 cardiomyocytes endogenously express
the olfactory receptor 558 (Olfr558) which can be activated by several malodorous short-chain fatty
acids. Therefore, an in vitro HL-1 cardiomyocyte-based olfactory biosensor (HCBO-biosensor) was
developed by combining cardiomyocytes and microelectrode array (MEA) chips for screening the
potential antagonists of the Olfr558. Firstly, it showed that the biosensor specifically responded to
ligands of Olfr558 through odor stimulation experiments. Then, an odor response model of HL-1
cardiomyocytes was constructed by a ligand of Olfr558 (isovaleric acid). The response feature of
the in vitro HCBO-biosensor to individual odors and mixtures with a potential antagonist (citral or
β-damascenone) were extracted and compared. Finally, the Olfr558-inhibited efficiency was indi-
rectly detected by comparing the half-maximal inhibitory concentration of isovaleric acid. The results
showed that β-damascenone greatly inhibited Olfr558 while citral showed no significant inhibitory
effect. In conclusion, we built a novel screening method for the antagonists of Olfr558 based on
HL-1 cardiomyocytes and the MEA chip which will assist odor-related companies to develop novel
antagonists of Olfr558.

Keywords: in vitro cell-based biosensor; olfactory receptor sensor; odor receptor-inhibited efficiency;
cardiomyocytes; microelectrode array

1. Introduction

Human body odor has complex compositions. Malodorous substances are formed
by the microbiota metabolizing sweat gland secretions [1]. Some of the short-chain fatty
acids (SFAs) are important components of unpleasant body odor, such as butyric acid
(BTA, with a rancid, butter-like odor) and isovaleric acid (IVA, with a rancid, cheese-like
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odor) [2]. Long-term exposure to malodors is hazardous to human health. Unpleasant
odors have been reported to cause headaches or weariness, reduce immunoglobulin A
levels, increase blood pressure, or induce anxiety [3–5]. Deodorants have been developed
to eliminate the presence of malodors in the environment [6]. They achieve their functions
by inhibiting the activities of bacteria, suppressing perspiration, or masking malodors [7,8].
Among them, the development of deodorants through odor masking-based methods mainly
relies on biological olfactory. Conventional gas sensors focus on measuring the chemical
properties of the sample gas rather than the odor properties [9]. Several novel methods
based on machine learning or pattern recognition have been developed for detecting
mixture odors [10–12]. They displayed a high accuracy of odor-detection, but they lacked
biological sensory evaluations and were incapable of detecting the inhibition of olfactory
receptors by deodorants. The perceptual interaction between odor is mainly evaluated
by trained panels independently or assisted by gas chromatography-mass spectrometry
instruments [13,14]. However, it would take a long time to train odor experts.

For decades, biosensors based on the principle of biological olfactory have been
proposed for use in odor detection. In the mammal olfactory system, each olfactory sensory
neuron expressing one specific olfactory receptor is located in the olfactory mucosa [15,16].
Different odorants are encoded by combinations of olfactory receptors [17]. After ligand
odorants bind with receptors, it induces a biological response, including agonism and
antagonism. The capacity of a molecule to induce a specific physiological response is
called ligand efficacy [18,19]. Odors can activate or antagonize some odorant receptors.
Antagonism or inhibition are considered to be important encoding strategies to encode the
perception of mixtures [20], which has the potential to guide the development of novel and
effective deodorants. Through mimicking the biological sense of smell, olfactory receptor
proteins were extracted as bio-sensitive elements and combined with a secondary conductor
for sensitivity and the specific detection of ligand odorants and their antagonists [21,22].
Nevertheless, the process of preparing olfactory receptor proteins is complicated [23].
Several studies have suggested detecting the olfactory epithelium or olfactory bulb signal
for the evaluation of odor interactions, although they cannot reveal the efficacy of odor on
specific receptors [24,25].

Previous studies have found the ectopic expression of odor receptors in non-olfactory
tissues [26,27]. Cardiomyocytes, which can spontaneously generate extracellular field
potentials (EFPs) and pulsate [28], express several taste receptors and odor receptors [29,30].
Due to their electrical and mechanical properties, they have been proposed for use as a
gustatory sensitive element in combination combined with a microelectrode array (MEA)
chip for the detection of gustatory substances [31]. HL-1 cardiomyocytes, derived from
a mouse atrial tumor cell line, are immortalized cardiomyocyte cell lines [28]. They not
only have electrical and mechanical properties similar to those of primary cardiomyocytes,
but they can also be passaged in culture which allows easy detection of the EFPs of
cardiomyocytes by the transducer, as well as simplifying the preparation process. It
has been shown that mouse cardiomyocytes express the odor receptor 558 (Olfr558) and
544 (Olfr544) [32,33], where Olfr558 is a homolog of the human olfactory receptor 51E1
(OR51E1) [33]. Previous studies have suggested that the ligands of Olfr558 are some short-
and medium-chain fatty acids such as IVA, BTA, and nonanoic acids (NAA, with a fatty
odor and coconut aroma) [33,34]. They induce negative inotropic and negative chronotropic
effects in cardiac myocytes upon binding to the odor receptors in cardiomyocytes [33].

Here, we present a novel method for the Olfr558 inhibition efficiency assay. First, the
expression of the odorant receptor in HL-1 cardiomyocytes was verified by RT-PCA. Next,
HL-1 cardiomyocytes were cultured on MEA microarrays as bio-sensitive elements for
detecting the efficacy of odors to Olfr558, which constituted an in vitro HL-1 cardiomyocyte-
based olfactory biosensor (HCBO-biosensor). The concentration gradient response and the
specificity of the sensor for Olfr558 ligands were verified by acetic acid (ACA), propionic
acid (PPA), BTA, and NAA. Finally, an odor response model was constructed using IVA. The
inhibition efficiency of citral and β-damascenone against Olfr558 was assayed indirectly



Chemosensors 2022, 10, 200 3 of 13

according to the change of a half-maximal inhibitory concentration (IC50) of IVA in the
presence of those potential inhibitors. The in vitro olfactory biosensor based on HL-1
cardiomyocyte has potential application for screening potential antagonists of Olfr558.

2. Materials and Methods
2.1. Reagents and Materials

Claycomb basal medium, Gelatin, Paraformaldehyde, Dulbecco’s Modified Eagle
Medium (DMEM), Fetal bovine serum (FBS), Bovine Serum Albumin (BSA), norepinephrine,
L-glutamine, penicillin/streptomycin, fibronectin bovine plasma, monoclonal anti-α-actinin,
and HL-1 cardiomyocytes were obtained from Sigma-Aldrich (St Louis, MO, USA). Odor-
ant solutions were diluted into different concentrations with the culture medium 5 min
before use. Neonatal ICR mice aged 1~3 days were purchased from Zhejiang Academy of
Medical Sciences.

2.2. MEA Chips Fabrication and Electrophysiological Recording System

The fabrication procedure referred to our previous works [24,31]. In brief, the MEA
chip was fabricated by MEMS technology and consisted of a three-layer structure of
insulating/metal/insulating layers. A 4-inch quartz glass wafer (Pyrex Corning 7740 glass,
SGP Inc., Cudahy, CA, USA) was used as the first insulating layer. The second photoresist
pattern was developed on the glass substrate by spin-coating a positive photoresist and
UV-lighting under a metal layer mask. Further magnetron sputtering deposited 20 nm of
Cr and 300 nm of Au. The metal layer pattern was realized by the lift-off technique. Plasma-
enhanced chemical vapor deposition was used to achieve the insulating layer clusters of
Si3N4 (~1 µm) as the third layer. Finally, the metal-exposing of the MEA electrode sites
and the electrode interface pads was achieved by reactive ion etching (RIE). The fabricated
chip was cut out and bonded to the adapter printed circuit board (PCB). The electrical
connection of the chip to the PCB was achieved by gold wires. Custom acrylic plate-cell
cavities were fixed to the surface of the MEA chip (Figure 1a). The electrical distribution of
the electrodes on the chip surface under the microscope was shown in Figure 2e. The data
from the MEA chip were collected and recorded by MEA2100-Systems (Harvard Bioscience,
Inc., Holliston, MA, USA). In all experiments, the sampling frequency of the device was
10,000 Hz. The raw signal was processed in real-time by a Butterworth low-pass filter at
100 Hz.
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Figure 1. Schematic diagram of in vitro HCBO-biosensor. (a) Schematic diagram of the HCBO-
biosensor for odor detection, (b) Schematic diagram of human sniffing odor. (c) Construction of
the HCBO-biosensor. HL-1 cardiomyocytes were cultured in an MEA chip. Odor detection was
performed by adding odor reagent dropwise to the cell sensor and recording the potential signal
of HL-1 cardiomyocytes through a signal acquisition system. The efficiency of Olfr558-inhibited
was indirectly examined by comparing the change in IC50 of a standard ligand in the presence and
absence of potential inhibitors.
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Figure 2. Fluorescence characterization of HL-1 cardiomyocytes and live/dead staining. Immunos-
taining with (a) DAPI (blue), (b) anti-a-actinin (green), (c) anti-Cardiac muscle troponin T (cTnT)
staining (red). Scale bar = 50 um. (d) Merge view of (a–c). (e) Bright-field view of HL-1 cardiomy-
ocytes cultured in MEA microarrays. Scale bar = 100 um. (f–h) Live/dead staining of HL-1 cells in
the microarray. Live cells were stained with Calcein-AM (green) and dead cells are stained with PI
(red). Scale bar = 100 um.

2.3. Culture of HL-1 Cells and Primary Cardiomyocytes

Surgical instruments were autoclaved, dried, and UV-sterilized one day prior to the
cardiomyocyte extraction. Prior to the start of cell inoculation, fibronectin was dissolved
into 0.02% gelatin to a final concentration of 5 µg/mL, and each MEA chip was encapsulated
with 500 µL fibronectin overnight in a 4 ◦C refrigerator. A 50 mL volume of HL-1 culture
medium was prepared with the following materials: 43.5 mL Claycomb basal medium,
5 mL FBS, 0.5 mL norepinephrine (10 mM), 0.5 mL L-glutamine (200 mM), and 0.5 mL
penicillin/streptomycin. The prepared medium was stored away from light. HL-1 cells
maintained at high cell density were thawed from liquid nitrogen and then cultured in
T25 flasks (Thermo Fisher Scientific, Waltham, MA, USA) in a humidified incubator at
37% with 5% CO2. The culture medium in the T25 flasks was changed every 24 h. For
passaging, HL-1 cardiomyocytes were detached using Trypsin-EDTA 0.05% (Sigma-Aldrich,
St Louis, MO, USA) at a 1:3 split ratio when reaching 100% confluence. Then, HL-1 cells
were inoculated into the wells of the sensor chip. The medium was changed every 24 h and
odor stimulation experiments were performed on the second day.

The experimental procedure for primary cardiomyocytes extraction and isolation was
referred to in our previous work [31]. Ventricular tissues were isolated from neonatal ICR
mice and further transferred into 20 mL glass sample bottles containing 2 mL of Hanks solu-
tion. Tissues were cut into pieces and then enzymatically digested by trypsin/collagenase
type II mixture 12 times. The cell suspension was centrifuged at 800 rpm for 5 min. The
supernatant was removed and the cells were carefully resuspended in 2 mL of DMEM
containing 10% FBS. Cardiomyocytes were purified by two steps of differential plating for
45 min each. Primary cardiomyocytes were maintained in a cell incubator at 37 ◦C with
5% CO2. The culture medium was changed every 24 h. All protocols were in accordance
with the Institutional Animal Care and Use Committee (IACUC) of Zhejiang University.

2.4. Immunocytochemical Staining

Cultured HL-1 cardiomyocytes were washed with phosphate buffer solution (PBS)
and then fixed with 4% paraformaldehyde for 30 min at room temperature. After three
times-washing with PBS, the HL-1 cells were permeabilized with 0.3% Triton X-100 for
10 min and then incubated with 3% BSA for 30 min at 37 ◦C. Following this, the HL-1 cells
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were incubated with mouse monoclonal anti-α-actin and rabbit monoclonal anti-cTnT at
4 ◦C for 12 h. After 3 times-washing with PBS, the HL-1 cells were treated with secondary
antibodies (goat anti-mouse Alexa Fluor® 488 and goat anti-rabbit Alexa Fluor® 647) for
2 h at room temperature. Cells were then washed three times with PBS, stained with DAPI,
and mounted on glass slides for confocal microscopy.

2.5. Live/Dead Staining

Live/dead cell staining was conducted using calcein-AM (0.3 mg L−1, Thermo Fisher
Scientific, Waltham, MA, USA) for live cells and propidium iodide (PI, 0.5 mg L−1) for dead
cells. After drug treatment, the HL-1 cells on MEA chips were co-stained with Calcein-AM
and PI. Images were taken with an inverted fluorescence microscope (NIB900, Nexcope,
Ningbo, China).

2.6. Quantitative Reverse Transcription-PCR Analysis on the HL-1 Cells and Cardiomyocytes

The total RNAs were extracted from the HL-1 cells and mouse primary cardiomyocytes
using the TaKaRa MiniBEST Universal RNA Extraction Kit (TaKaRa, 9767, TAKARA
BIO Inc., Kusatsu City, Japan), respectively. RNAs were reverse-transcribed into cDNAs
by using a PrimeScript™ 1st Strand cDNA Synthesis Kit (TaKaRa, 6110A). A real-time
quantitative PCR (qPCR) was performed using the iQ™ SYBR Green Supermix kit (Bio-
Rad, 170-8884, Bio-Rad aboratories Inc., Hercules, CLA, USA) in a CFX 96 Real-Time
System (Bio-Rad Laboratories Inc.). Specific primers for the Olfr558 gene, Olfr78 gene,
Olfr544 gene, and Adrβ2 were purchased from Sangon Biotech (Table 1). The expression
levels of the target genes were normalized to the levels of an endogenous control (the
β-actin housekeeping gene). The relative gene expression levels were calculated using the
“2 − ∆∆CT” method [35] and three independent biological replicates were analyzed using
Adrβ2 as a reference.

Table 1. Primer gene fragments.

Gene Forward Primer Reverse Primer

Adrβ2 GGGAACGACAGCGACTTCTT GCCAGGACGATAACCGACAT
β-actin GATTACTGCTCTGGCTCCTA ATCGTACTCCTGCTTGCTGA
Olfr544 CCTTATTGTCTTTGACTGCAACAT TCGGTTGAAGATGCGAACAG
Olfr558 GGGGAAAAGACACACAGGCT AGCCAGCCAAAACTGAACCT
Olfr78 CTGCAACTTCACCCATGCCACC GATTGAACATAGC

2.7. Odor Preparation and Stimulation

In this study, all odor reagents were purchased from Sigma Aldrich (Shanghai, China)
Trading Co. Concentrations of 2× 10−2 M, 2× 10−3 M, 2× 10−4 M, 2× 10−5 M, 2 × 10−6 M,
and 2 × 10−7 M ACA, PPA, BTA, and NAA were used to examine the specificity and
sensitivity of the odor response of the in vitro HCBO-biosensor. The odor was diluted into
2 M by DMSO. After a series of dilution operations with PBS, six concentration gradients of
the diluted solutions to be tested were obtained. In practice, 10 uL of the liquid to be tested
was added to the biosensor containing 1 mL of the medium by pipetting, and the actual
test solubility was 10−2 times the nominal concentration. The stimulation interval between
trials was approximately 120 s. In the Olfr558-inhibited efficiency detection experiments,
IVA was used to construct an odor response model. The two potential masking agents used
to compare the Olfr558-inhibited efficiency were CIT and DMO. Firstly, the dose–response
curve of IVA was examined by the HCBO-biosensor. Six concentrations of IVA ranging
from 10−4 M to 10−9 M were added to the MEA chip, each at an interval of about 120 s.
Then, after one set of experiments, a new medium was used to replace the old medium
that was mixed with the odor solution. Finally, six concentrations of IVA were added
sequentially after first adding 10−7 M to the potential masking agent solution.
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2.8. Data Process and Analysis

Low-pass filtering of HL-1 cell-raw EFPs was conducted in MATLAB (R2019b, Math-
works, Middlesex County, NJ, USA) and Excel (version 2016, Microsoft Co., Ltd., Redmond,
WA, USA). Similar to the processing of neuronal extracellular potentials, the waveforms of the
EFPs of the myocardium were obtained by setting thresholds to identify their peaks and val-
leys. The relative changes in amplitude and the average firing rate of the cardiomyocyte EFPs
were obtained regarding the values from control groups by Equations (1) and (2), respectively,

∆amp
amp0

=
ampodor − amp0

amp0
, (1)

∆ f re
f re0

=
f reodor − f re0

f re0
, (2)

where amp0 and ampodor denoted the amplitude of EFPs in the presence of the odor and
the blank control, respectively. f re0 and f reodor denoted the frequency of cardiomyocyte
EFPs in the presence of the odor, as well as the blank control, respectively. The frequency
of potentiation was calculated by Equation (3), where Count was the number of HL-1
cardiomyocytes firing within 60 s after stimulation and the time duration of a bin was equal
to 60 s.

f re =
Count

Bin
(3)

2.9. Statistical Analysis and IC50 Calculation

All results and error bars are expressed as mean± SEM. Prism 9.0 (GraphPad Software
Inc., San Diego, CA, USA) was used for statistical analysis. One-way ANOVA tests were
performed to check for significant differences between all groups. The statistical significance
was accepted at p < 0.05. In all statistical plots, ns = no significance, * p < 0.05, ** p < 0.005,
*** p < 0.0005, and **** p < 0.0001. For concentration gradient experiments, the IC50 values
were calculated after non-linear fitting of the data by the four parameters method.

3. Results and Discussion
3.1. Construction of the In Vitro HCBO-Biosensor

Inspired by the biological olfactory system, we constructed a HCBO-biosensor. In
the mammal olfactory system, the odor is encoded by binding combinatorial olfactory
receptors which are located in the olfactory epithelium [17]. Previous studies have reported
that OR51E1 is expressed in human cardiomyocytes. Olfr558 which is expressed in mouse
cardiomyocytes is an orthologous receptor of OR51E1. It was activated by some short-
and medium-chain fatty acids such as BTA, IVA, and NAA [33,34]. Partial ligands of
Olfr558 are key malodorous components of human sweat and foot odor [1,2]. Meanwhile,
HL-1 cardiomyocytes are capable of generating EFPs and being passaged. To detect the
efficacy of odorants to olfactory receptors we cultured HL-1 cardiomyocytes on MEA
chips to establish an HL-1 cardiomyocyte-based olfactory biosensor by mimicking the
odor detection process in the olfactory epithelium (Figure 1a,b). The MEA chip mimics
the human nose, while the cell culture chamber with HL-1 cells in the middle mimics
the human olfactory epithelium. Potential signals from the HL-1 cardiomyocytes were
recorded by a commercial data acquisition device and then processed offline (Figure 1c).
The Olfr558-inhibited efficiency of potential inhibition agents would be indirectly detected
by comparing the change in the IC50 values of the standard ligand, both in the presence
and absence of potential antagonists.

3.1.1. Characterization and Identification of HL-1 Cardiomyocytes

To verify the successful construction of the HCBO-biosensor we first characterized
and identified the HL-1 cells using immunofluorescence staining. Cardiac Troponin T
(cTnT) and α-actinin are important proteins in cardiomyocytes. HL-1 cardiomyocytes
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were immunostained with anti-cTnT and anti-α-actinin [36]. As shown in Figure 2a–d,
cells labeled by DAPI clearly expressed α-actinin and cTnT which suggested that HL-1
cardiomyocytes were successfully cultured. Further, we explored the growth of HL-1 cells
on the MEA chip. Post-two days of culture, the HL-1 cardiomyocytes spread over the
surface of the chip (Figure 2e). Live/dead staining was used to verify the survival of
cardiomyocytes. Under fluorescence microscopy, live cells fluoresce in green and dead cells
fluoresce in red. In Figure 2f–h, the green fluorescence on the sensor surface was visibly
larger than the area covered by red fluorescence, indicating that the MEA chip had no
significant toxic effect on cell growth.

3.1.2. RT-PCR Analysis of Odor Receptors on Mouse Cardiomyocytes

To investigate the expression of odor receptors in cardiomyocytes we performed
RT-PCR experiments in primary mouse cardiomyocytes and HL-1 cardiomyocytes, re-
spectively. In primary mouse cardiomyocytes, a large amount of Olfr78 was expressed
and Olfr558 was not significantly different from olfr544 in expression (Figure 3a). Like
primary cardiomyocytes, Olfr558 and olfr544 were similarly not noticeably different in
expression in the HL-1 cardiomyocytes. However, olfr78 was barely expressed in the HL-1
cardiomyocytes. Previous studies have shown that olfactory receptors olfr78, olfr544, and
Olfr558 are ectopically expressed in the heart [32,33,37]. However, olfr78 was shown to
be expressed in the smooth muscle cells of numerous arterioles of the heart [37]. The
detection of olfr78 in primary heart cultures might be because heart cultures did not contain
only cardiomyocytes. In contrast, HL-1 cardiomyocytes are purified cell lines without
interference from other cells, which also reduces the interfering factor of the biosensor.
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Figure 3. Identification of olfactory receptors on cardiomyocytes by RT-PCR. (a) Identification of
olfactory receptors on primary mouse heart cultures by RT-PCR (n = 3). (b) Identification of olfactory
receptors on HL-1 cardiomyocytes by RT-PCR (n = 3).

3.2. Detection and Analysis of the HCBO-Biosensor
3.2.1. Concentration-Dependent Response to Ligands of Olfr558

In a previous study, ligands of Olfr558 were shown to induce the negative inotropic
effects and negative chronotropic effects on cardiomyocytes [33]. Negative inotropes
decrease the contractility of the heart and negative chronotropic effects cause a decrease
in heart rate [33]. To test the properties of the HCBO-biosensor for odor detection, we
performed odor stimulation experiments with ligands of Olfr558 and observed whether
negative chronotropic effects occurred. NAA and BTA were validated as ligands for Olfr558.
Figure 4 shows the extracellular potential signal of HL-1 cardiomyocytes during NAA
stimulation. In a blank control test, PBS was added into the HCBO-biosensor (Figure 4a,
black arrow). Compared to the control group, there was a decreasing trend in the frequency
of EFPs with the addition of NAA (Figure 4).
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Figure 4. EFPs for concentration–dependent experiments. (a) NAA was added dropwise to the
biosensor at an interval of approximately 120 s. The seven arrows show the disturbance signal of
the fluid perturbation caused by the moment of liquid addition. (b) EFPs within 20 s after different
concentrations of odor stimulation.

We next extracted and analyzed the amplitude and frequency of the EFPs to quantita-
tively compare the effects of Olfr558 ligands on HL-1 cardiomyocytes. By setting thresholds,
the peaks of the original EFPs with valleys were identified, and the amplitude of each
EFP was calculated from the difference between its peak and valley. The signals within
60 s after odor stimulation were counted as data in a bin, and the average firing rate was
calculated (Figure 5a). To facilitate a comparison across experimental groups, we calculated
the relative changes of the average amplitudes as well as the firing rate with the value of the
control groups as a reference, respectively. As shown in Figure 5b,c, the relative changes in
the amplitude of the EFPs, which were induced by different concentrations of BTA or NAA,
did not significantly change from that of the initial concentration of odor (2 × 10−9 M).
Both were fitted with nonlinear methods and were not effective. Conversely, the relative
changes in frequency showed an inverse S-shaped curve in BTA and NAA groups with the
values of the relative change decreasing as the odor concentration increased (Figure 5d,e).
There was no significant difference in the relative change for both odor concentrations of
2 × 10−8 M compared to the initial concentration. This reduction effect in cardiac firing
rate was consistent with previous research and similar to the effect of negative inotropic
drugs [33,38]. One of the possible reasons for negative chronotropic effects, induced by
Olfr558 in cardiomyocytes, is that the opening of the G protein-coupled inwardly-rectifying
potassium channels after the activation of Olfr558 via the Gβγ subunit leads to a reduction
in the frequency of Ca2+ spike. The nonlinear fit method was used to calculate an IC50 value
of 890.4 nM for the BTA group, while the IC50 for NAA was 73.48 nM. The IC50 value of
NAA measured by the HCBO-biosensor was much smaller than the EC50 tested in HEK293
which heterologously expresses OR51E1. The result indicated that the HCBO-biosensor
was effective for the ligand odor of Olfr558 and was more sensitive than the transfection
method reported previously. In this test, we also determined the relative change value of
EFPs frequency as the output parameter of the biosensor.
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Figure 5. BTA and NAA concentration gradient response. (a) Schematic diagram of ampli-
tude and frequency feature extraction of EFP waveforms from one channel. (b,c) The effect of
2 × 10−9~2 × 10−4 M BTA and NAA on the relative change values of the amplitude of HL-1 car-
diomyocyte EFPs, respectively. (d,e) The effect of 2× 10−9~2× 10−4 M BTA and NAA on the relative
change values of the frequency of HL-1 cardiomyocyte EFPs, respectively.

3.2.2. Specific Response Test of HCBO-Biosensor

To verify the specificity of the HCBO-biosensor for ligands of Olfr558, we added the
ligands of the olfr78 (which is rarely expressed in HL-1 cardiomyocytes) as test groups. In
this experiment, acetic acid (ACA), propionic acid (PPA), BTA, and NAA at concentrations
of 2 × 10−5 M were used. As shown in Figure 6, there was no significant difference in the
relative change values of frequency of the ACA and PPA groups compared to the control
group, while both values of the BTA and NAA groups were significantly lower than the
control group. In other words, there was no significant change in the firing frequency of
HL-1 cardiomyocytes after the addition of ACA or PPA, while the addition of BTA and
NAA reduced the frequency. It indicated the specificity of the HCBO-biosensor for the
detection of ligands of the Olfr558.

Chemosensors 2022, 10, x FOR PEER REVIEW 9 of 13 
 

 

 

Figure 5. BTA and NAA concentration gradient response. (a) Schematic diagram of amplitude and 

frequency feature extraction of EFP waveforms from one channel. (b,c) The effect of 2 × 10−9 M~2 × 

10−4 M BTA and NAA on the relative change values of the amplitude of HL-1 cardiomyocyte EFPs, 

respectively. (d,e) The effect of 2 × 10−9 M~2 × 10−4 M BTA and NAA on the relative change values 

of the frequency of HL-1 cardiomyocyte EFPs, respectively. 

3.2.2. Specific Response Test of HCBO-Biosensor 

To verify the specificity of the HCBO-biosensor for ligands of Olfr558, we added the 

ligands of the olfr78 (which is rarely expressed in HL-1 cardiomyocytes) as test groups. In 

this experiment, acetic acid (ACA), propionic acid (PPA), BTA, and NAA at concentra-

tions of 2 × 10−5 M were used. As shown in Figure 6, there was no significant difference in 

the relative change values of frequency of the ACA and PPA groups compared to the 

control group, while both values of the BTA and NAA groups were significantly lower 

than the control group. In other words, there was no significant change in the firing fre-

quency of HL-1 cardiomyocytes after the addition of ACA or PPA, while the addition of 

BTA and NAA reduced the frequency. It indicated the specificity of the HCBO-biosensor 

for the detection of ligands of the Olfr558. 

 

Figure 6. Specific response of HL-1 cell-based biosensor. (a) After adding the solution for 20 s, the 

raw signals of groups Control, ACA, PPA, BTA, and NAA. (b) Statistics of the relative changes in 

the frequency of HL-1 cardiomyocytes in different groups. 

0 2 4 6

-0.4

-0.2

0.0

0.2
Δ

am
p

/a
m

p
0

Lg [nM]

BTA

R
2
=0.1742

ns
ns

ns
ns

ns

0 2 4 6

-0.4

-0.3

-0.2

-0.1

0.0

0.1

Δ
fr

e
/f

re
0

Lg [nM]

IC5 0 = 890.4 nM

R
2
 = 0.8091

ns ns

✱
✱

✱✱✱

0 2 4 6

-0.2

-0.1

0.0

0.1

0.2

Δ
am

p
/a

m
p

0

Lg [nM]

NAA

Interrupted

ns

ns ns

ns

ns

0 2 4 6

-0.8

-0.6

-0.4

-0.2

0.0

Δ
fr

e
/f

re
0

Lg [nM]

IC5 0 = 73.48 nM

R
2

= 0.8540

ns

✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

(b) (c)

(d) (e)

(a)

Amplitude

…
Bin#1 Bin#N

Contr
ol

A
C

A
PPA

BTA
N

A
A-0.8

-0.6

-0.4

-0.2

0.0

0.2

Δ
fr

e/
fr

e 0

✱✱✱

✱✱✱✱

ns
ns

Control

ACA

PPA

BTA

NAA

Control

BTA

ACA

NAA

PPA

1 s
50 uV

50 uV

1 s

1 s

50 uV

1 s
50 uV

1 s
50 uV

(b)(a)

Figure 6. Specific response of HL-1 cell-based biosensor. (a) After adding the solution for 20 s, the
raw signals of groups Control, ACA, PPA, BTA, and NAA. (b) Statistics of the relative changes in the
frequency of HL-1 cardiomyocytes in different groups.
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3.3. Construction of Isovaleric Acid Response Model and Detection of Olfr558-Inhibited Efficiency

After the successful construction of the in vitro HCBO-biosensor, we used IVA to
establish an IVA response model to explore the inhibitory efficacy of the potential masking
agents citral (CIT, with lemon scent) and β-Damascenone (DMO, with floral and fruity)
on Olfr558. IVA is proven to be one of the ligands of Olfr558 [34]. In the olfactory system,
odor masking may arise from odor-receptor interactions at the olfactory sensory neurons,
and lateral-inhibition of neurons in the olfactory bulb [39–41]. Previously, we developed
an odor masking system based on an in vivo bioelectronic nose [25]. To compare with
previous results we chose IVA to activate the HL-1 cardiomyocytes as well as to explore
the efficiency of CIT and DMO on Olfr558 inhibition. The flow chart of the assay for the
efficiency of inhibiting Olfr558 in this study was shown in Figure 7a.
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Figure 7. Detection of the efficiency of inhibiting Olfr558. (a) The flow chart of detection of
Olfr558−inhibited efficiency. (b) Raw signals of the HCBO-biosensor for IVA, IVA + CIT, and
IVA + DMO groups. (c) Effect of CIT and 10−7 M DMO on the HCBO-biosensor. (d) Nonlinear fitted
curves of relative changes of frequency for the three groups (black, IVA group; red, IVA + 10−7 M CIT
group; blue, IVA + 10−7 M DMO group), n = 3.

First, after the addition of PBS (control group), IVA at concentrations of 10−9 M,
10−8 M, 10−7 M, 10−6 M, 10−5 M, and 10−4 M were added sequentially to investigate the
effect of IVA on the HL-1 cardiomyocytes. Similar to the effect of BTA and NAA in the
previous section, the frequency of HL-1 cardiomyocyte EFPs decreased with increasing
concentrations of IVA (Figure 7b,d, black). In the absence of interference from potential
masking agents, the IC50 of IVA for the relative change of frequency was 361.8 nM (Table 2).
Next, we explored whether potential masking agents affected HL-1 cardiomyocytes. We
tested the effect of CIT and DMO at a concentration of 10−7 M, respectively. CIT and DMO
did not significantly change the frequency of HL-1 cardiomyocytes compared to the Control
group (Figure 7b,c).

Table 2. Fitting curve statistics in HL-1 cell-based biosensor for Olfr558 inhibition efficiency assay.

Group R2 IC50 [nM]

IVA 0.9874 361.8
IVA + 10−7 M CIT 0.8058 341.2

IVA + 10−7 M DMO 0.7838 2694
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Finally, we performed tests on the inhibition efficiency of CIT and DMO for Olfr558.
A total of 10−7 M of CIT or DMO was added to the biosensor after the addition of control
group samples. Following, the increased concentrations of IVA were sequential to stimulate
the HL-1 cardiomyocytes (Figure 7a). Figure 7c (red and blue) showed the relative change
values of HL-1 cardiomyocytes frequency after the addition of six concentrations of IVA
at 10−9~10−4 M in the presence of CIT and DMO. As the concentration of IVA increased,
the frequency of HL-1 cardiomyocytes decreased, but this trend was more obvious in
the IVA + CIT group. Both sets of curves showed a trend of inverted S-shaped curves
(Figure 7d, red and blue). The IC50 of the IVA + DMO group shifted up to 2694 nM, while
the value of the IVA + CIT group was 341.2 nM which was not significantly different from
the IVA group (Table 2). This indicated that the presence of DMO interfered more with the
binding of IVA to Olfr558, while CIT rarely affected the HL-1 cardiomyocytes.

The results were different from the results obtained by the in vivo bioelectronic
nose [25]. In the in vivo method, the masking efficiency of CIT was higher than that
of DMO. The reason for this result could be that the in vivo method compared the results
of the interaction of odors in the olfactory bulb as well as in the olfactory epithelium,
while it could not exhibit the efficacy of odor on specific olfactory receptors. However,
the method in the study only detected the response of cells induced by the interaction
between odorants and specific olfactory receptors. Olfr558 in cardiomyocytes has different
signaling pathways from olfactory sensory neurons [33]. Previous studies have shown
that CIT may inhibit the signaling of odor molecules after binding to olfactory receptors
by inhibiting CNG channels [39]. However, the CNG channels are not fully expressed in
cardiomyocytes, which is different from the olfactory sensory neurons [33]. Meanwhile, in
the odor masking test by humans, the DMO partly masked the IVA. The masking score of
DMO was 2.4 with a total score of 5 [39]. Thus, DMO was possibly an antagonist of the
Olfr558 receptor compared to CIT, which competed with the ligand of Olfr558, while CIT
did not. The results provided preliminary proof that the in vitro HCBO-biosensor can be
used for detecting the Olfr558-inhibited efficiency.

4. Conclusions

In summary, we first reported an in vitro HL-1 cardiomyocyte-based biosensor by
combining cardiomyocytes and an MEA chip for screening potential antagonists for the
olfactory receptor Olfr558. First, the olfactory receptors expressed on the HL-1 cardiomy-
ocytes were verified through an RT-PCR test. Compared to the primary myocardial cell
cultures of mice, HL-1 cardiomyocytes are purified enough to reduce the potential in-
terference from other cells. Meanwhile, they can be passaged and thus reduce the use
of mice. Then, the results from the odor experiments showed that the HCBO-biosensor
specifically responded to ligands of Olfr558 and was more sensitive than some reported
methods. The negative chronotropic effect caused by ligands of Olfr558 was observed from
the relative change in frequency of HL-1 cardiomyocytes, and the value was defined as
the output parameter of the HCBO-biosensor. Finally, an odor response model of HL-1
cardiomyocytes was constructed with IVA which was one of the key compounds of mal-
odorous body odor. Compared with the IVA group, the DMO significantly inhibited the
negative chronotropic effect and shifted the dose–response curve of IVA to the right, while
the CIT did not display an obvious antagonistic effect. The efficiency of the inhibition
of Olfr558 by DMO was initially verified from the in vitro HCBO-biosensor. In the next
stage, a combination of more in vitro expression methods for odor receptors could con-
struct in vitro odor receptor-array sensors for the more accurate detection of odor and
the screening of olfactory receptor inhibitors [42–44]. In addition, the chemical substrate
response of other cells ectopically expressing olfactory or taste receptors can be detected by
the cellular impedance method [35], and used for investigating the role of chemoreceptor
ectopic expression and finding potential drug targets [29].
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