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ARTICLE INFO ABSTRACT

Keywords: Bitter flavor detection has attracted extensive attention in industry and basic research due to pharmacological
Bitter receptor and food safety issues. Opportunities exist to extend the conventional methods of bitter flavor evaluation in
Biosensor

performance and operation. This study proposes a novel sperm-cell-based biosensor (SCB) that utilizes living
mouse spermatids as the primary sensing element, employs Fluo 4-AM as a transducer and works in conjunction
with flow cytometry to realize the rapid quantitative detection of bitter compounds. The preparation conditions
of the SCB were optimized with different quinine concentrations, and quinine and two other bitter compounds
were employed to verify the sensing properties. Furthermore, the responses of the SCB to five basic flavor types
were characterized to evaluate the sensor specificity. The SCB enabled preliminary classification of three bitter
substances by using principal component analysis (PCA). The results revealed that the SCB is convenient, in-
expensive and easy to use and can respond to bitter compounds in a dose-dependent manner with high sensi-
tivity, high specificity and a low limit of detection, providing a novel and efficient approach for comprehensive
evaluation of bitter substances in many fields, such as the pharmaceutical and food industries and in biosafety.

Sperm cells
Calcium detection
Fluorescence probe

1. Introduction

Bitter perception is one of the five basic tastes in mammals. Most
poisons in the natural environment taste bitter; thus, bitter taste detec-
tion plays an important role in animal survival. Bitter substance detec-
tion and identification have wide applications in many fields, such as the
pharmaceutical and food industries and in biosafety [1-3]. Various
conventional methods and devices have been applied for bitter taste
detection, including human tasting, conventional electronic tongues and
high-performance liquid chromatography-mass spectrometry. However,
these methods have some intrinsic shortcomings, such as large individual
variation, single detection target and high cost [4-7]. For cell-based
bioassays, calcium ion fluorescence imaging is usually employed to de-
tect bitter compounds [8]. However, this method commonly relies on
general taste cells (located mainly in the oral taste buds) [9-11], which
express multiple sensitive taste receptors and cannot detect bitter flavors
specifically [12]. In recent years, bitter taste receptor cells prepared by
heterologous expression have been applied for bitter detection, but some
deficiencies remain, such as a low efficiency, relatively long operation
times, a relatively large number of operation steps, and an inability to
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detect multiple different bitter compounds [13]. In addition, the fluor-
escence imaging method is qualitative rather than quantitative. Recently,
cell-based biosensors have received widespread attention because of
their high sensitivity and specificity. Furthermore, studies have shown
that there are a large number of bitter receptor genes in mouse testicular
tissue [14-17]. Mouse sperm cells contain a large number of bitter re-
ceptors, which can be used as sensitive elements to sense bitter com-
pounds [18,19]. In conjunction with calcium ion fluorescent probes [20],
this method can realize the quantitative detection of bitter taste.

In this study, a sperm-cell-based biosensor (SCB) is proposed for
quantitative bitter taste detection. The SCB integrates living sperm cells
and calcium ion fluorescent probe technology and realizes bitter de-
tection in conjunction with flow cytometry. To this end, spermatids as
primary cells were isolated from mouse testicles. The SCB was prepared
for optimal detection of bitter compounds, and five basic flavor types
were employed to verify its sensing properties. Moreover, three bitter
substances were adopted for classification with principal component
analysis (PCA). As discussed in the following sections, this biosensing
system provides convenient, low-cost, efficient, high-sensitivity, high-
specificity, rapid and comprehensive evaluation of bitter taste.
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Fig. 1. (a) Schematic diagram of the detection principle of the SCB system; (b) Detection principle of the flow cytometry measurement system; (c) Process diagram for

obtaining mouse sperm cells.

2. Working principle

The SCB uses spermatids as a sensing element to perceive the sti-
mulus of a bitter substance, which alters the intracellular calcium flow.
Then, a Fluo 4-AM-based probe acts as a transducer to convert the
changes in calcium flow into a fluorescence signal, which can indicate
the concentration of the bitter substance. Fig. 1a is a schematic diagram
of the detection mechanism of the SCB. Fluo 4-AM is cleaved to form
Fluo 4 after entering the cell. Fluo 4 is almost nonfluorescent when it
exists in free form. The bitter receptor is a kind of G protein-coupled
receptor (GPCR) [21,22]. When the GPCR is activated by bitter com-
pounds, the calcium ion channel opens and promotes calcium influx
[23,24]. Moreover, calcium ions bound to the endoplasmic reticulum are
released into the cytoplasm. Both of these effects result in an increase in
the intracellular calcium ion concentration. Intracellular Fluo 4 combines
with calcium ions and then emits 525 nm green fluorescence under the
irradiation of 488 nm excitation light [25]. Therefore, the green fluor-
escence intensity reflects the concentration of bitter compound.

A schematic diagram of the flow cytometry detection process is
shown in Fig. 1b. The mixture is transferred into a sample tube, the
individual cells are illuminated by light excitation while passing
through the sample aperture, the emitted light is recorded by a CCD
camera, and the fluorescence intensity data are transmitted to a com-
puter for analysis.

3. Materials and methods
3.1. Reagents and animals

Denatonium benzoate (Dena), N-phenylthiourea (PTC), quinine
(Quin), citric acid (CA), sucrose (Suc), monosodium glutamate (MSG)

and NaCl were purchased from Solarbio (Beijing, China). Urethane and
bovine serum albumin (BSA) were purchased from Sinopharm Chemical
Reagents Co. Ltd (Shanghai, China). Fluo 4-AM was purchased from
Dojindo. Wild-type adult male mice were purchased from the Zhejiang
Academy of Medical Sciences. Other reagents were purchased from
Aladdin.

3.2. Mouse germ cell isolation

A wild-type adult male mouse (approximately 8 weeks old) was
anesthetized by 25% (w/w) urethane. The two testes were immediately
isolated; the fat pad, white membrane and blood vessels were removed;
and the remaining tissue was transferred to a centrifuge tube with HS
medium (mM: 135 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 30 HEPES, 10 glu-
cose, 10 lactic acid and 1 pyruvid acid; pH adjusted to 7.4 with NaOH)
[19]. For isolation of sperm cells, seminiferous tubules from mouse
testicle were dissected out and cleaned twice in a 20-mm dish con-
taining 3 ml of HS medium to remove blood cells and other impurities.
The tissue was transferred into 1 ml HS medium containing 5 mg/ml
BSA and finely minced. The mixture was filtered with a 100-mm nylon
cell strainer, then the filtrates was centrifuged at 700 rpm for 5 min to
remove the tissue clumps. The sperm cells were dissociated and col-
lected from the upper portion of the solution by a pipette [26]. In this
way, the germ cell suspension was obtained. The suspension was ad-
justed to 1,500,000 cells/ml density. The cells were maintained in a cell
incubator at 37 °C and 5% CO, (Fig. 1c).

3.3. SCB construction

Before experiment, 5 uM Fluo 4-AM solution was freshly made with
distilled HBSS from stock solutions (1 mM Fluo 4-AM stock solutions
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(dissolved in DMSO), store at —20 °C, sealed away from light). The
sperm cell suspension was separated into 1.5 ml centrifugal tubes (1
ml/tube). After 800 r/min centrifugation for 5 min and removal of the
supernatant, 5 uM Fluo 4-AM was added to each tube, followed by
incubation for 30 min at 37 °C in the dark [27] (hereafter referred to as
the mixing time). The Fluo 4-AM staining solution was removed by
centrifugation at 800 r/min for 5 min. The cells were washed twice with
HBSS, followed each time by centrifugation of the supernatant at 800 r/
min for 5 min. Then, the tubes were incubated for 20 min away from
light to ensure that the Fluo 4-AM was completely cleaved to Fluo 4 in
the cells (referred to hereafter as the cleavage time). Then, 500 pl of the
bitter substance (Quin) was added to the cell suspension, which was
then transferred to a flow tube, thus completing sensor construction.

3.4. Conditional optimization

For conditional optimization, the following comparative experi-
ments were conducted: (1) 2000 pM Quin was used as the bitter sub-
stance with a fixed mixing time of 60 min and different cleavage times
(20, 30, 40 min) of Fluo 4-AM in the cells; (2) a fixed cleavage time of
30 min was used with different mixing times (15, 30, 45, 60 min) of the
Fluo 4-AM solution and cells; (3) different concentrations (5, 20, 50,
100, 250, 500, 1000, 2000, 4000 uM) of Quin were used to determine
the best detection time after adding the bitter substance; and (4) the
fluorescence response intensities at different detection times (3, 6,
10 min) were recorded.

3.5. Detection of bitter substances

Different concentrations (Dena or Quin: 5, 20, 50, 100, 250, 500,
1000, 2000, 4000 puM; or PTC: 10, 25, 50, 100, 200, 1000, 2000 uM)
were prepared for administration to the germ cells. The complete so-
lutions (bitter compound and sperm cells with Fluo 4) were analyzed by
flow cytometry (FCM) in FITC mode to collect the signals.

3.6. Fluorescent image detection

The sensor's fluorescent imaging results were tested with Quin as
the bitter substance. The obtained germ cell suspension (Section 3.2)
was seeded in culture dishes precoated with poly-lysine (1 mg/ml).
Next, the fluorescent probe fabrication steps were performed as de-
scribed in Section 3.3. Different concentrations of Quin (20, 50, 100,
250, 500, 1000, 2000 uM) were added to the dishes, and the imaging
results were observed at an emission wavelength of 488 nm.

3.7. Specificity analysis

Acidic (1 mM CA), salty (1 mM NaCl), sweet (1 mM Suc), umami
(1 mM MSG) and bitter (0.1 mM Dena, Quin, PTC) substances were
added to the prepared sperm sensor. FCM in FITC mode was used to test
the performance of each mixed sample (the compound and sperm cells
with Fluo 4).

3.8. Data process

Since the fluorescence intensity was different between each group of
experiments, the results of each group needed to be processed. The
relative fluorescence intensity was employed for analysis. The fluores-
cence of the control samples in each group was taken as the reference
value Fy, and the fluorescence of the detection samples was designated
Fex. The relative fluorescence intensity was normalized by the following
equation:

F = (Ex — R)/F,
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3.9. Bitter flavors classification

Five parameters (Gate mean FITC fluorescence means fluorescence
intensity of the gating FITC-H-Count histogram. Total mean FITC
fluorescence means fluorescence intensity of all cells FITC-H-Count
histogram. Gate maximum FITC fluorescence is fluorescence intensity
at maximum cell count peak of gating FITC-H-Count histogram. Gate
maximum FITC fluorescence cell number represents count value at
maximum cell count peak of gating FITC-H-Count histogram. 1/2 gate
FITC fluorescence difference is width value between 1/2 of the mean
fluorescence intensity of gating FITC-H-Count histogram) were ex-
tracted from the detection results of Dena, Quin, and PTC. Then, the
five eigenvalues were analyzed by a PCA algorithm to discriminate the
features of different bitter flavors.

4. Results and discussion
4.1. Conditional optimization results

It is necessary to explore the relationship between the fluorescence
intensity and the mixing, cleavage and detection times for detection per-
formance optimization. Since the detected calcium ion concentration de-
pended on the intracellular Fluo 4 concentration, the mixing time of the
Fluo 4-AM and cells and the cleavage time of the intracellular Fluo 4-AM
were explored to ensure a sufficient concentration of Fluo 4 in the cells
without excessive time consumption. Fig. 2a shows the fluorescence in-
tensity for different incubation times of 20, 30, and 40 min and a fixed
mixing time of 60 min. The fluorescence intensity at 30 min is much
higher than that at 20 min and almost the same as that at 40 min, sug-
gesting that the probe had completely entered the cell at 30 min. Similarly,
the fluorescence intensities at 15, 30, 45, and 60 min were measured, as
shown in Fig. 2b. The Fluo 4-AM was completely cleaved within 30 min,
so 30 min was selected for each of the mixing and incubation times.

Fig. 2c shows the relationship between the fluorescence intensity
and detection time as characterized by flow cytometry. The fluores-
cence intensity values at 3 min are much lower than those at 6 min,
indicating that response had not yet reached the maximum value at
3 min. The results at 10 min were lower than those at 6 min, possibly
caused by a decrease in the calcium ion concentration after reaction
completion and fluorescence quenching. Therefore, 6 min was em-
ployed for the detection time after adding the bitter compound.

4.2. Fluorescence response of mouse male germ cells to bitter compounds

Three common bitter compounds with diverse chemical structures,
namely, PTC, Quin and Dena, were selected as bitter stimuli to test the
performance of the biosensor.

Dena is a bitter compound commonly used for sensor performance
testing. With this stimulus, the fluorescence intensity increased with
increasing concentration over the range from 5 to 4000 uM. The Dena
linear detection range was 50-4000 uM; as shown in Fig. 3a, a corre-
lation coefficient of 0.96 and a LOD of 15.6 M were obtained. The LOD
was calculated by the 38/slope method.

Quin is an alkaloid isolated from the bark of the cinchona tree. A
linear relationship was identified from 50 to 2000 uM with a correlation
coefficient of 0.91 (Fig. 3b). The LOD was 5.7 pM.

PTC tastes very bitter or virtually tasteless to an individual, de-
pending on the genetic makeup of the taster. Therefore, this substance
is commonly used to define taste genetic variations in humans. Fig. 3c
shows that PTC stimulation induced a dose-dependent increase in
fluorescence intensity. A linear relationship between the fluorescence
intensity and PTC concentration was found over a range of PTC con-
centrations from 25 to 1000 uM with a correlation coefficient of 0.95.
The detection limit was 25.1 pM.

These results indicated that this biosensor had good linear char-
acteristics for all three bitter substances within the detection range.
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4.3. Fluorescence detection results

Corresponding to Quin detection as described in Section 3.2,
fluorescence response images of different concentrations of Quin were
recorded to verify that this biosensor could be used for bitter detection.
Fig. 4 shows the Fluorescence response maps of Quin at different con-
centrations. There is almost no fluorescence at 0 uM Quin, with

increasing Quin concentration, the increase in the fluorescence re-
sponse. For comparison, the fluorescence response of 0 UM was set to 1,
the response of 0 puM, 20 pM, 50 pM, 100 uM, 250 uM, 500 pM,
1000 uM and 2000 uM were about 1,8,20, 40, 50, 55,65 and 75, re-
spectively. The fluorescence result consistent with the earlier Quin re-
sults, proving the approach of bitter detection with fluorescence re-
sponse is feasible.
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Fig. 4. Fluorescence response maps of Quin at different concentrations.

4.4. Germ cells respond to bitter compounds with high sensitivity and
specificity

Five kinds of taste compounds were selected to verify the specificity
of the SCB. Fig. 5 shows the biosensor response to the following sub-
stances: CA, NaCl, Suc and MSG (1000 uM) and the three bitter flavors
Dena, Quin and PTC (100 pM). The response of the SCB to NaCl
(0.0249 + 0.0031) was the strongest of all the nonbitter flavor re-
sponses. However, the responses to Dena (0.1006 + 0.00577), Quin
(0.2233 = 0.0100) and PTC (0.0845 =+ 0.0058) were significantly
higher (p < 0.001, N = 3) than the response induced by NaCl. The
reason might be attributed to the fact that sperm cells express only
bitter receptors and no other taste receptors. When different types of
taste substances were added to sperm-based biosensor, only bitter
compounds could activate corresponding bitter receptors, thus only
bitter compounds could result in intracellular calcium ion concentra-
tion increasing sharply and then fluorescence emitted. The results show
that the biosensor response is specific to bitter compounds.
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Fig. 5. Specificity of the detection system. All the data were obtained in 3 re-
peated tests, and the error bars represent the SD. Levels of significance:
**p < 0.001; ****p < 0.0001.

4.5. Classification of bitter flavors by the SCB

To further explore the feasibility of the SCB for bitter flavor classi-
fication, five eigenvalues were extracted from the detection results of
Dena, Quin, and PTC. Bitter classification was performed with a PCA
algorithm. Fig. 6 is three-dimensional pattern clustering result of sig-
nals produced by different bitter compounds based on PCA. As illu-
strated in Fig. 6, three aggregation areas are in the picture, corre-
sponding to the results of three bitter substances, indicating that the
three bitter flavors could be accurately classified. The reason might be
that different bitter substances activated different bitter receptors on
the sperm cells, leading to different response patterns of sperm cells and
that the responses of the SCB were correspondingly different. The re-
sults indicate that the SCB can be employed to classify bitter substances.

5. Conclusions

The sperm cells used in this study were primary cells with bitter
receptors; their acquisition was relatively simple, and their availability
is high. The mixing time and degreasing time were 30 min, meaning
that it took approximately only 1 h to complete the sensor construction.
In addition, the detection time was merely 6 min; hence, the test period
was quite rapid. The SCB was used to conduct a comprehensive
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Fig. 6. Three-dimensional pattern clustering result of signals treated by dif-
ferent bitter compounds based on PCA.
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evaluation of bitter substances due to the multiple bitter receptors on
sperm cells. Notably, the SCB can be used with calcium ion fluorescent
probes to improve the sensitivity and reduce the LOD. The SCB detected
three bitter compounds: Dena, Quin and PTC, with LOD values of
15.6 uM, 5.7 uM and 25.1 uM, respectively. The responses caused by
other flavors were significantly lower than those induced by the bitter
substances, illustrating that the SCB offers good specificity for bitter-
ness. A PCA analysis indicated that the SCB can provide preliminary
bitter substance classification. In addition, flow cytometry enabled
quantitative detection with a straightforward detection process.

In summary, a novel biosensor that incorporates sperm cells is
proposed for quantitative bitter flavor detection. The SCB integrates
living sperm cells and calcium ion fluorescent probe technology and
realizes bitter evaluation and classification in conjunction with flow
cytometry. The results verify that this sensor is convenient, low cost and
easy to use, with high sensitivity, high specificity, and a low LOD for
bitter detection. This biosensor has great potential in detecting bitter-
ness in the fields of the pharmaceutical and food industries and in
biosafety.
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