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Abstract

:

The biological taste system has the unique ability to detect taste substances. Biomaterials originating from a biological taste system have been recognized as ideal candidates to serve as sensitive elements in the development of taste-based biosensors. In this study, we developed a taste bud organoid-based biosensor for the research of taste sensation. Taste bud organoids prepared from newborn mice were cultured and loaded onto the surface of a 64-channel microelectrode array (MEA) chip to explore the electrophysiological changes upon taste; an MEA chip was used to simultaneously record multiple-neuron firing activities from taste bud organoids under different taste stimuli, which helped to reveal the role of taste buds in taste sensing. The obtained results show that taste cells separated from the taste epithelium grew well into spherical structures under 3D culture conditions. These structures were composed of multiple cells with obvious budding structures. Moreover, the multicellular spheres were seeded on a 64-channel microelectrode array and processed with different taste stimuli. It was indicated that the MEA chip could efficiently monitor the electrophysiological signals from taste bud organoids in response to various taste stimuli. This biosensor provides a new method for the study of taste sensations and taste bud functions.
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1. Introduction


Taste is one of the basic and most important senses; types of tastes include sweetness, bitterness, umami, sourness, and saltiness. The development of a biological taste system is strictly regulated and must generate unique structures and functions that allow for taste sensations with high performance [1]. The biological taste system must be able to monitor the quality of food and avoid the intake of potentially dangerous substances. Loss of taste has a serious impact on the quality of life of patients; it has garnered more attention [2]. However, the underlying mechanisms of taste sensations are still not completely understood. It is essential to explore novel approaches for the research of taste sensations. In recent years, taste bud organoids have been successfully developed and applied to many fields, especially those related to biomedicine [3]. Taste bud organoids have the characteristics of strong usability, maneuverability, and high similarity to in vivo taste buds, providing great convenience in the research on taste functions and mechanisms. One emerging field in biomedicine involves the combination of organoids and sensors in developing organoid chips, showing promising prospects and potential applications in many fields [4,5]. One current research hotspot concerning organ chips involves the use of in vitro 3D cultured organoids to replace the traditional 2D cultured cells on the chip, which could provide more reliable research results than 2D culture methods.



Taste buds are specialized organs for taste sensations; they are capable of detecting and reporting oral irritation caused by chemicals such as alcohol and capsaicin, thereby one may likely avoid the intake of toxic and harmful foods. With in-depth studies on the coronavirus disease 2019, in addition to common symptoms (such as fever, cough, dyspnea, fatigue, and myalgia), loss of smell and taste is gradually being considered. A recent report showed that up to 41% of people infected with severe acute respiratory syndrome coronavirus 2 experience a loss of taste [6]. Although tricyclic antidepressants [7], clonazepam, or diazepam [8] are proven to be useful in improving abnormal taste sensations, there is still a lack of effective treatment interventions. Most research on taste has focused on the cellular level, revealing the expression of receptors and the transmission of taste signals [5,9,10]. Meanwhile, since most of the mechanisms that cause dysgeusia are unclear, there is no clear treatment plan for dysgeusia. Fortunately, taste bud organoids have been successfully established, providing powerful models for the research on taste sensing mechanisms as well as for physiology and pathology [11]. Taste bud organoids derived from mice of the oral mucositis model have been applied to study the therapeutic effects of drugs on taste loss [12]. It is a model based on a 3D in vitro cell culture system that is highly similar to the source tissues or organs in the body, which have been widely used in cancer research [13]. There is no doubt that organoid technology has greatly advanced the taste sensation mechanisms as well as the treatment of taste disorders.



Ion channels form the bases for cellular electrical signaling. In nerve cells, K+ and Na+ channels are important pathways for the generation and propagation of action potentials. The resting membrane potential of living cells is usually dominated by different concentrations of K+ ions inside and outside the cell. When an external stimulus occurs, Na+ mainly flows into the cells, and the membrane potential in the surrounding area starts to change from a resting potential to an action potential determined by the ratio of Na+ ions. Transient membrane depolarization subsequently triggers the slower opening of voltage-activated K+ channels, which then repolarizes the membrane to the resting potential [14]. Earlier studies demonstrated that taste cells have electrical properties comparable to those of neurons. Patch clamp recordings showed that mammalian taste cells are electrically excited and can fire action potentials when stimulated by taste substances [15,16,17,18]. In rodents, voltage-gated Na+ and Ca2+ channels are involved in depolarization, whereas K+ and likely Cl− channels participate in repolarization during an action potential. Taste buds contain three types of taste cells [19]. Two types of taste receptors—the T1Rs identified for sweet and umami (glutamate) stimulation and the T2Rs for bitter stimulation—are coupled to the same downstream signaling effectors, including Gβγ activation of PLCβ2, IP3-mediated Ca2+ transfer from the internal storage release of the cells, and Ca2+-dependent activation of the monovalent selective cation channel TrpM5. These events lead to membrane depolarization and action potentials that activate taste afferents [20,21,22]. For the detection of taste cell membrane potential, a variety of bioelectronic devices have been developed by using taste cells or tissues [23,24], taste receptors [25], and heterologous expressions of taste receptor proteins [26] as sensitive elements. The transducers include microelectrode arrays [24], field-effect transistors [27], light-addressable potential sensors [23], and quartz crystal microbalance devices [28].



A microelectrode array (MEA) records extracellular electrical activities of cultured excitable cells or tissues from multiple recording sites [24] and there are many different forms. For example, multi-transistor, microelectrode, multielectrode, micro-nail, capacitive-coupled, and 3D structures are used as transducers of MEA. According to the type of substrate, MEAs are mainly categorized into active arrays, passive arrays, silicon arrays, or complementary metal-oxide semiconductor arrays. In contrast, needle-type probes and polytrodes are divided according to the shape of the device or the implantable array. A 3D probe records nerve signals sharply. Studies based on multiple flow channels [29], flexible materials of parylene-C [30], and wireless light [31] have demonstrated the use of needle probes. Polytrodes are high-density electrode arrays designed to record from large numbers of neurons [32]. On the other hand, MEA mainly includes in vivo MEA, and in vitro MEA, according to the applications [33]. For the signal recorded by MEAs, bandpass filtering is usually performed first [34]. Bandpass filters are further divided into narrowband filters (300–3000 Hz) and broadband filters (1–7000 Hz). It is a common practice to use a wideband filter to record the data, and then use a narrowband filter to extract the spike timing information, which considers exactly when spikes occur within the time window [33]. After the spike signals of the taste cells are detected, there are two commonly used analysis methods. One is based on creating spike templates and then performing template matching. Another one usually relies on feature extraction and clustering, using both the spike shape and the estimated location of the event [35]. The next step is to group according to the spike shape, which is called spike sorting. The main methods used are the principal component analysis [36] and wavelet transform [37]. The earliest use of MEAs involved recording electrical signal changes in chicken heart cells under pulsed amplitudes [38]. Since then, the application of MEAs has rapidly developed [39,40]. At present, bioelectronic devices for taste detection have been developed based on taste cells or tissues [23,24], taste receptors [25], and taste receptor proteins prepared from heterologous expression systems [26]. Among them, MEA was one of the most important transducers due to its decisive advantages, such as high-throughput recording, high time resolution, and high quality of signals [24]. Our literature review showed no reports on the combined taste bud organoids with MEA chips for the development of taste-based biosensors.



Therefore, in the present study, we aimed to develop a taste bud organoid-based biosensor for the research of taste sensation. Taste bud organoids prepared from newborn mice were cultured and loaded onto the surface of a 64-channel MEA chip to explore the electrophysiological changes upon taste. An MEA chip was used to simultaneously record multiple-neuron firing activities from taste bud organoids under different taste stimuli. We recorded and discriminated the extracellular potentials of the taste receptor cells in taste bud organoids in response to basic taste qualities with the MEA–organoid hybrid biosensor. The obtained results suggest that it would help to reveal the spatiotemporal information of early taste sensing for the taste sensation and, thus, could potentially contribute to demonstrating the role of taste buds in taste sensing. It is worth noting that the MEA chips and taste bud organoids used in this study only demonstrate the technical feasibility of this novel approach for taste sensation mechanisms.




2. Materials and Methods


2.1. Preparation of Taste Bud Organoids


The experimental animals were 7-day-old C57BL/6J neonatal mice (Laboratory Animal Center of Xi’an Jiaotong University, Xi’an, China). After being anesthetized with urethane (25%, 5 mL/kg), the tongue tissues of mice were excised and the lingual epitheliums were stripped. Next, the epitheliums were minced and digested with 0.25% Trypsin-EDTA at 37 °C for 20 min. Then, the single cells were dissociated after filtering with a 40 μm filter and seeded in a 24-well ultra-low attachment culture plate. The culture medium (DMEM/F12, Gibco, 10565018, Waltham, MA, USA) was supplemented once every 3–4 days, which was made of a modified Hans Clever intestinal organoid medium, including R-spondin-1, Noggin, Jagged-1, Y27632, epidermal growth factor (EGF), N-2 supplement (a chemically-defined serum-free additive), and a B-27 serum-free supplement. After 10–15 days of culture, taste cell spheres were obtained and used for further experiments. The use of animals was approved by the Medical Ethics Committee of Xi’an Jiaotong University.




2.2. Immunostaining of Taste Bud Organoids


The cultured taste organoids were fixed with 4% (w/v) paraformaldehyde at room temperature for 30 min, permeabilized with 0.1% (v/v) Triton X-100 for 20 min, and finally blocked with 5% (w/v) bovine serum albumin (BSA) solution for 1 h. Then, they were incubated at 37 °C for 2 h with a primary antibody (GNAT3 Rabbit pAb, ABclonal, A15982, Wuhan, China; TRPM5 rabbit polyclonal antibody, Proteintech, 18027-1-AP, Chicago, MA, USA) and then with secondary antibody (Goat Anti-Rabbit IgG labeled with Flour594, Affinity, S0008, Jiangsu, China) for 1 h, and finally with 4’,6-diamidino-2-phenylindole (DAPI) for 20 min. Stained taste bud organoids were applied on glass slides and observed by a fluorescence microscope using a CARL ZEISS, AXIO Scope. A1 microscope (Carl Zeiss, Axio Scope A1, Germany).




2.3. MEA Setup and Measurement


In our work, 64-channel MEA chips (Multichannel system, USA), including 54 recording electrodes divided into 6 holes, were seeded with prepared taste bud organoids for a 24 h culture, allowing for attachment onto the chip surface. First, about 50 μL of organoid suspension was added dropwise and placed at 37 °C for 30 min. This ensured that the spheroid was completely attached to the electrode. When taste stimulation substances were added, taste cells were depolarized, generating an action potential, which was then measured at the electrodes. Then, 150 μL of taste bud organoid mediums were supplemented and incubated for 24 h. Finally, the MEA chip was fixed and linked with an MEA detection system to record the membrane potential with or without taste stimuli. With an Intan stimulation/recording system (Intan RHS2000, Los Angeles, CA, USA), the amplifier sampling rate was set at 30.0 kS/s (thousand dots per second). The elimination offset filter cutoff frequency was set to 1.00 Hz. The lower limit bandwidth of the amplifier was 0.1 Hz, and the upper limit bandwidth of the amplifier was 1000 Hz. Initially, when the basal discharge of taste cells was detected in the absence of stimuli, 10 mM of citric acid (KeyGEN BioTECH, KGF024, Jiangsu, China) and 100 mM of NaCl (Guanghua Sci-Tech Co., Ltd., 20140222, Guangdong, China) stimuli were added into the chamber in turn; the recording time was 5 min for each stimulus. Then, the cutoff frequency was set to 250 Hz to extract the spike timing information and analyze the change of the waveform under a Butterworth low-cut filter.





3. Results and Discussion


3.1. Preparation of Functional Taste Bud Organoids


To develop biosensors with high performance, it is essential (and favorable) to achieve functional biomaterials suitable to serve as sensitive elements for the detection of target signals. Within this context, the preparation of functional taste bud organoids is of great significance in the development of biosensors for taste sensations. For this, we prepared the taste bud organoids from the taste stem/progenitor cells isolated from the lingual epitheliums of neonatal mice using a 3D cell culture system. This system provides a well-defined microenvironment for the culture and differentiation of taste stem/progenitor cells, allowing for the cells to grow into 3D cell spheres. This makes it possible to generate taste bud organoids with structures and functions more similar to in vivo taste buds [41]. Organoids were generated from the whole tongue epithelium. We sorted progenitor/stem cells from neonatal mice. After culturing for 7–14 days using a taste organoid medium, the light micrographs of 7-day and 14-day cultured taste cell spheres are depicted in Figure 1a,b, respectively. In addition, Figure 1c shows an enlarged image of 1b in which the taste cell sphere had bud-like structures. From these micrographs, their diameters were observed to increase from ~300 µm (Figure 1a,b) to 500 µm (Figure 1c) with 3D structures. These 3D cell spheres were distributed evenly at a low density of 30–50 organoids per well. As a result, the spheres were easily suspended for use in further experiments. This greatly facilitates the transfer of these 3D cell spheres from the cell culture plate to the MEA chip surface.



Given the expanding morphologies of organoids, we hypothesized that mature taste cell markers may be expressed in them. Therefore, we performed immunofluorescent staining experiments on TRPM5 and GNAT3, which exist on the taste cell membrane and were considered features of taste buds [42,43]. On day 15, individual organoids were examined for incorporation of TRPM5 and GNAT3 primary antibodies after fixing with paraformaldehyde, permeabilizing with Triton X-100, and finally blocking with a BSA solution. Then, a secondary antibody with a red fluorophore was conjugated with the primary antibody to visualize the protein. DAPI is a fluorescent dye that binds strongly to DNA; it was used to visualize cell nuclei in blue. There are three panels in Figure 1d,e. Of the three panels, the first column shows the expressions of the key proteins TRPM5 and GNAT3 (red) distributed on the spherical surface of taste bud organoids. The second column shows nuclear staining (to locate the location of the nucleus). The third column shows the results of merging the nucleus of the same organoid with images of proteins on the membranes. The results demonstrate the apparent TRPM5 and GNAT3 proteins presented on the cell membrane surrounding the nuclei (blue) of the taste bud cells. The above results also suggested that the prepared taste bud organoids consisted of type II taste receptor cells.



To further investigate the growth of taste bud organoids, the sizes of 3D cell spheres at different growth days were recorded and compared. We first took pictures of the taste cell spheroids in each well, then used imageJ software to manually measure the diameters of the spheroids, and finally imported the data into GraphPad Prism 8.0 to obtain statistical results of different particle sizes at different culture days. The average diameter of 3D cell spheres increased rapidly with the growth time and reached a peak on the ninth day (Figure 2a). The average diameter of 3D cell spheres decreased slightly over time. This was probably due to inadequate nutrition supply to the center of the 3D cell spheres caused by the rapid volume increase of 3D cell spheres. As a result, the sizes of the prepared taste bud organoids were limited by the efficiency of the nutrition supply from the surface to the center of the 3D cell spheres. These results indicated that a 9-day growth was optimum for the preparation of taste bud organoids with optimal sizes. This hypothesis is proven by the results shown in Figure 2b, which shows the number distributions of different diameters of 3D cell spheres at different growth stages. The results revealed that the most suitable growth time for cell spheroids was 9 days. During this period, the number of spheroids of all sizes was highest on day 9. It was suggested that the optimal sizes of taste bud organoids could be 300 μm, which makes it possible to prepare taste bud organoids with identical sizes. It is important to develop biosensors with stable and identical performances. The obtained results lead us to conclude that the prepared taste bud organoids are suitable for further experiments—to develop taste bud organoid-based biosensors and investigate their responsive capabilities to various taste stimuli.




3.2. Coupling of Taste Bud Organoids with the MEA Chip


The coupling of sensitive elements with transducers is of great importance to the performance of biosensors. In this study, the prepared functional taste bud organoids were utilized as sensitive elements for the development of biosensors. We used 64-channel MEA chips as transducers for the membrane potential recordings from taste bud organoids under various taste stimuli. Thus, it is crucial to achieve high-efficient coupling between taste bud organoids and MEA chips. For this, the prepared taste bud organoids were transferred from the 3D cell culture system to the surface of an MEA chip that was sterilized before use. In addition, taste bud organoids were incubated on the surface of the MEA chip for 24 h, which allowed for good growth and good attachment of bud organoids onto the surface of the MEA chip. Moreover, taste bud spheroids were centrifuged before being transferred to the surface of the MEA chip, which increased the concentrations of taste bud organoids and, consequently, could increase the probability of taste bud organoids attached to the tips of the microelectrode. This enhances the success rate of MEA chips in producing responsive signals from taste bud organoids upon taste stimuli.



An image of the MEA chip used in this study is shown in Figure 3a, which consists of a square glass substrate fixed with a round cell culture chamber divided into six sector areas. The culture chamber allows for the loading of taste bud organoids to the surface of MEA chips, where the surfaces of microelectrodes were exposed to the solution loaded to the culture chamber. Next, the prepared taste bud organoids were transferred to the surface of the MEA chip for coupling via 24 h incubation. During this process, cells of organoids adhere to MEA surfaces perhaps via the cytoskeleton [44], membrane-bound adhesion proteins [45], and glycocalyx elements [46]. This allows for the good attachment of taste bud organoids onto the surface of MEA chips. The area indicated by the red arrow is the electrode that detects the membrane potential. The resultant taste bud organoids attached to the MEA chip are depicted in Figure 3b, which shows that taste bud organoids were randomly attached to the chip surface and maintained the original multicellular structure. In addition, some taste bud organoids were attached to the surfaces of the individual circular microelectrode. This made it possible for the microelectrode to record membrane potential changes from the attached taste bud organoids. These results suggested that high-efficient coupling between taste bud organoids and MEA chips was obtained and that it is suitable to be used for further experiments related to performance testing.




3.3. Performance Testing of Taste Bud Organoid-Based Biosensors


To preliminarily test the performance of this taste bud organoid-based MEA biosensor, we first recorded the signals from the taste bud organoids using an MEA chip when no taste stimuli were applied. The recorded results from one typical channel of the MEA chip are shown in Figure 4a, which represent those microelectrodes attached with taste bud organoids. The left column of Figure 4 presents the original signal recordings, showing the typical extracellular recordings of taste bud spheroids by a microelectrode of an MEA chip upon the spontaneous status and stimulation status. Extracellular action potentials recorded by MEAs are also known as “spikes” [47]. The voltage-dependent sodium channel is responsible for the rising phase of an action potential. Ca2+ and K+ affect the descending phase of the action potential [48]. These results indicated that the microelectrodes efficiently recorded the specific firing patterns of spikes from taste cells under different stimulation statuses. This suggests that taste bud spheroids immobilized on the MEA surface are capable of responding to taste stimulations. The right column of Figure 4 shows the results of clustering of the recorded spikes from the original recordings using a Butterworth low-cut Filter with a 250-Hz cutoff frequency and a scroll range of 100. Then, signal spike times with similar waveforms were collected (and displayed). The originally recorded spikes indicated that the taste spheroid is responsive to the taste stimuli. These spikes at certain firing rates are probably due to the spontaneous firing of taste bud organoids. This could be considered the baseline of the taste bud organoid-based biosensor since it was recorded when no taste stimuli were applied to the detection chamber (Figure 4a). On the contrary, some channels of the MEA chip did not record any spikes, which is probably due to the lack of taste bud organoids attached to the tip of the microelectrode. More importantly, the distribution of taste bud organoids on the MEA chip surface was at a high density, which makes it possible to achieve highly-efficient coupling between taste bud organoids and the MEA chip. In our experiments, more than 60% of channels of the MEA chip could record the baseline successfully. This means more than 60% of microelectrodes were successfully coupled with taste bud organoids.



To further verify the responsive capabilities of taste bud organoids attached to the MEA chips, various taste stimuli (10 mM citric acid and 100 mM NaCl) were applied to stimulate taste bud organoids. For this, sour and salty stimuli were introduced to the detection chamber loaded with taste bud organoids separately. The MEA recording results are shown in Figure 4b,c. Compared with the spontaneous generation state (Figure 4a) which had no obvious waveform changes on either side of the spike, MEA chips recorded specific spikes under the stimulation of sour and salty substances (Figure 4b,c), showing a smooth rising waveform on the right side of the spike. These distinct waveforms could be elicited when taste stimuli were applied. These results suggest that the attached taste bud organoids can respond to taste stimuli. In addition, the waveform changes caused by different taste stimuli could be used to distinguish the types of taste stimuli in the future. It is interesting that all the channels loaded with taste bud organoids responded to both sour and salty stimuli and showed responsive signals. These results indicate that the prepared taste bud organoids have a responsive capability to taste stimuli, which suggests a good homogeneity of prepared taste bud organoids, to some extent, when utilized as sensitive elements for the development of biosensors toward taste sensation. Then, at every 2 s, the number of spikes generated within the channel where the response occurred was counted. GraphPad software was used to map and obtain the quantitative results of the spike (Figure 5). The results prove that these taste bud organoid-based MEA biosensors have great potential to provide novel tools for the research of taste sensation mechanisms as well as for the detection of specific taste substances. However, further testing and improvement on the taste sensation capabilities of this biosensor are necessary to enhance the recording efficiencies of potential changes from loaded taste bud organoids onto MEA chips.





4. Conclusions


In this study, a taste bud organoid-based MEA biosensor was developed for taste sensation. We investigated the preparation of functional taste bud organoids from the taste stem/progenitor cells isolated from the lingual epithelium of neonatal mice. The taste bud organoids were shown to be suitable for use as sensitive elements for the development of a taste bud organoid-based biosensor for taste stimuli detection; 64-channel MEA chips were utilized as transducers. These taste bud organoids were coupled to MEA chips to monitor the electrophysiological signals from taste bud organoids in response to various taste stimuli. The waveform changes were caused by taste stimuli when compared to no stimulation. This taste bud organoid-based biosensor has great potential in providing a new method for the study of taste sensation mechanisms as well as in the detection of specific taste substances. However, more attempts to tune the stability of the system are necessary to improve the performance of this biosensor. In the future, we will focus on the improvement of the quality of recorded signals from taste bud organoids as well as the coupling efficiency between taste bud organoids and MEA chips.
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Figure 1. Light micrographs of (a) 7-day and (b)14-day taste bud organoids prepared from neonatal mice. (c) A higher magnification image of (b). (d) Morphology and TRPM5 immunofluorescence staining of taste bud organoids cultured for 15 days using a TRPM5 rabbit polyclonal antibody (left) and DAPI fluorescent dye (middle). The right panel is a merged image of the left and middle. (e) GNAT3 immunofluorescence staining of taste bud organoids cultured for 15 days using GNAT3 Rabbit antibody (left) and DAPI fluorescent dye (middle). The right panel is a merged image of the left and middle. 
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Figure 2. Particle size statistics of taste bud organoids at different growth days. (a) The average diameter of taste bud organoids on the 6th, 9th, and 16th day. All data represent the mean ± standard error of the mean (S.E.M.) and are shown in a histogram. ** p < 0.01 is considered as significant difference, Student’s t-test. (b) Different particle size distributions of taste bud organoids at different growth days. 
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Figure 3. (a) An image of the MEA chip. (b) A chip surface after culturing the taste bud organoids for 24 h. 
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Figure 4. Membrane potential changes were recorded from attached taste bud organoids via the MEA chip (a) when no stimulus, (b) acid stimulus (10 mM citric acid), and (c) salty stimulus (100 mM NaCl) were applied separately. The left column presents the original recording signals, showing the patterns of firing spikes via grating. The right column shows the results of the clustering of recorded spikes from the original recordings. 
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Figure 5. Spike responses of taste bud organoids are stimulated by different taste substances. All data represent the mean ± standard error of the mean (S.E.M.) and are shown in a histogram. ** p < 0.01 is considered as significant difference, Student’s t-test. 
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