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Bioelectronic sensor mimicking the human neuroendocrine system for the detection of hypothalamic-pituitary-adrenal axis hormones in human blood
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In the neuroendocrine system, corticotropin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH) play important roles in the regulation of the hypothalamic-pituitary-adrenal (HPA) system. Disorders of the HPA system lead to physiological problems, such as Addison's disease and Cushing's syndrome. Therefore, detection of CRH and ACTH is essential for diagnosing disorders related to the HPA system. Herein, receptors of the HPA axis were used to construct a bioelectronic sensor system for the detection of CRH and ACTH. The CRH receptor, corticotropin-releasing hormone receptor 1 (CRHR1), and the ACTH receptor, melanocortin 2 receptor (MC2R), were produced using an Escherichia coli expression system, and were reconstituted using nanodisc (ND) technology. The receptor-embedded NDs were immobilized on a floating electrode of a carbon nanotube field-effect transistor (CNT-FET).

The constructed sensors sensitively detected CRH and ACTH to a concentration of 1 fM with high selectivity in real time. Furthermore, the reliable detection of CRH and ACTH in human plasma by the developed sensors demonstrated their potential in clinical and practical applications. These results indicate that CRHR1 and MC2R-based bioelectronic sensors can be applied for rapid and efficient detection of CRH and ACTH.

Introduction

In the human body, the endocrine and nervous systems are used for communication between internal systems (Hiller-Sturmhofel and Bartke 1998). The neuroendocrine system enables communication between the endocrine and nervous systems, and contributes to maintaining homeostasis (Vigas and Jezova 1996). The system consists of the hypothalamus, pituitary gland, and other glands, and can be classified into the hypothalamic-pituitary-adrenal (HPA) axis, hypothalamic-pituitary-thyroid axis (HPT), and hypothalamic-pituitary-gonadal (HPG) axis, depending on the gland (Marques-Deak et al. 2005).

Among them, the HPA axis plays an important role in the regulation of homeostasis in response to stress (Herman and Cullinan 1997). In response to a stressful event, corticotropinreleasing hormone (CRH) is synthesized, and released from the hypothalamus. Subsequently, CRH stimulates corticotropin-releasing hormone receptor 1 (CRHR1) on corticotropic cells in the pituitary, and induces the secretion of adrenocorticotropic hormone (ACTH) from the anterior pituitary. ACTH travels and binds to melanocortin 2 receptor (MC2R) on adrenocortical cells of the adrenal cortex. As a result, glucocorticoid hormone is released from the adrenal cortex (Nieuwenhuizen and Rutters 2008). The secretion of glucocorticoid hormone can be controlled by a negative feedback mechanism in the hypothalamus and pituitary (Juruena et al. 2004).

The HPA axis is associated with such functions of the body as energy usage, digestion, reproduction, and the immune system (Habib et al. 2001;Sapolsky et al. 2000;Smith and Vale 2006). Dysfunction of the HPA system causes pathologic, psychological, and physiological problems, such as Addison's disease, Cushing's syndrome, general adaptation syndrome, posttraumatic stress disorder, obsessive-compulsive disorder, anxiety disorders, and diabetes (Arnett et al. 2016;Coryell et al. 1989;Faravelli et al. 2012;Fries et al. 2015;Kinlein et al. 2015;Naughton et al. 2014). Because these diseases and syndromes are caused by tumors or damage to the hypothalamus or pituitary, and are subdivided depending on the location of the tumor and impaired part, monitoring of CRH and ACTH levels is crucial for making a correct diagnosis and prescribing the correct medication (Hiroi et al. 2001;Pyter et al. 2009).

Additionally, CRH and ACTH are prohibited by the World Anti-Doping Agency (WADA), to prevent its misuse (Knoop et al. 2017;Thevis et al. 2006). Therefore, a novel detection system is needed to enforce anti-doping regulations (Duran et al. 2019;Knoop et al. 2017).

Furthermore, the CRH-and ACTH-based interaction between the hypothalamus, pituitary, and adrenal cortex is complex and dynamic (Markovic et al. 2011). Therefore, a sensitive and selective sensor system to enable the real-time monitoring of CRH and ACTH is necessary.

Various detection methods have been used to detect CRH and ACTH (Crosby et al. 1988;Håkanson and Sundler 1971;Kertesz et al. 1998;Knoop et al. 2017;Shi et al. 2019).

These include radioimmunoassay (RIAs), enzyme-linked immunosorbent assay (ELISA), high-performance liquid chromatography (HPLC), and liquid chromatography-tandem mass spectrometry (LC-MS/MS). Although these methods have shown precise and quantitative results, they require a complicated pretreatment of the sample, long analysis time, large and expensive instruments, and complicated operations (Lee et al. 2015b;Ojeda et al. 2013). To overcome these limitations, electrochemical sensors were introduced (Duran et al. 2019;Li et al. 2017;Moreno-Guzmán et al. 2012;Moreno-Guzmán et al. 2012). However, these sensors require either an antibody (Ab) or a signal amplification for the detection of CRH and ACTH.

These requirements are disadvantageous because they make the sensing process timeconsuming and costly. Therefore, a novel, sensitive, selective, and efficient system is required.

Recently, several highly sensitive and selective sensor systems have been reported for the detection of target molecules using the combination of G-protein-coupled receptors (GPCRs) with a carbon nanotube field-effect transistor (CNT-FET) (Kim et al. 2013;Kim et al. 2009;Kim et al. 2011). GPCRs contribute to the regulation of physiological functions in the hormonal, neuronal, and sensory systems by interacting with their ligands (Premont and Gainetdinov 2007;Wettschureck and Offermanns 2005). Their specific characteristics of recognizing a corresponding ligand, such as CRH and ACTH, can be utilized for the construction of a bioelectronic sensor system (Ko and Park 2006;Kwon et al. 2018;Lim et al. 2013;Park et al. 2012). CRHR1 and MC2R are members of the GPCRs, and show high affinity with CRH and ACTH, respectively (Hofmann et al. 1974;Lovejoy et al. 2014). Although the recognition characteristics of CRHR1 and MC2R, for CRH and ACTH have been studied in human physiology, the application of these receptors for the detection of CRH and ACTH through construction of bioelectronic sensor system has not yet been reported.

Herein, we report a bioelectronic sensor system that mimics the human neuroendocrine system for the detection of CRH and ACTH. The receptors that recognize CRH and ACTH, CRHR1 and MC2R, were expressed in Escherichia coli (E. coli), and embedded into nanodiscs (NDs) for reconstitution. To construct the bioelectronic sensor system, the NDs containing each receptor were immobilized on a floating electrode that was combined with a CNT-FET sensor.

This sensor system was used to detect the levels of CRH and ACTH in the buffer solution and in human blood plasma. These approaches provide an effective strategy for the detection of HPA axis-related hormones.

Materials and methods

Materials

CRHR1 and MC2R cDNA were purchased from Origene (USA), and the MSP1E3D1 bacterial 

Fabrication of CNT-FETs with floating electrodes

Carbon nanotube-field effect transistors (CNT-FET) were fabricated following a previously reported method (Kim et al. 2012;Lee et al. 2015a). Briefly, a CNT dispersion with a concentration of 0.05 mg/mL in 1,2-dichlorobenzene was prepared using sonication for 5 h.

For selective CNT assembly, non-polar (octadecyltrichlorosilane, OTS) and polar (SiO2) monolayers were patterned on SiO2 substrate using a photolithography process. CNTs were selectively adsorbed on SiO2 regions by immersing the substrate in the CNT solution.

Afterwards, source, drain, and floating electrodes (Pd/Au 10 nm/15 nm) were fabricated using photolithography and thermal metal deposition. The length and width of the CNT channels were 170 µm and 5 µm, respectively. The length and width of the floating electrode were 10 µm and 200 µm, respectively. Finally, a passivation layer (photoresist, DNR) was fabricated to expose only channel regions and to eliminate leakage currents in liquid environments.

Functionalization of gold surfaces with NDs containing hormone receptor proteins

The gold surfaces of floating electrodes were functionalized with hormone receptor proteins following a previously reported method (Yang et al. 2017). V5 antibodies (Thermo scientific)

were reduced using 2-mercaptoethylamine hydrochloride (2-MEA) for 1 h at 37 °C, to prepare half-V5 antibody fragments (Karyakin et al. 2000). By treating the channel regions with solution containing half-V5 antibody fragments at 37 °C for 1 h, the half-V5 Ab fragments were immobilized selectively on the gold surface of the floating electrodes. The CRHR1-or MC2RNDs were immobilized on the floating electrodes by the interaction between the V5 epitope of the NDs, and the antigen binding site of the half-V5 antibody.

Preparation of samples

All the tested samples, including CRH, ACTH, DA, SE, and EP, were dissolved in HEPES buffer containing 20 mM HEPES-NaOH, 100 mM NaCl, and 1 mM EDTA, pH 8.0. For the preparation of blood plasma samples, blood plasma was centrifuged at 3,000 × g for 15 min at 4 °C. The supernatant was stored at -80 °C, until used. For the electrical measurements, the frozen samples were thawed and mixed with CRH and ACTH, to prepare blood plasma samples with various concentrations of CRH and ACTH.

Real-time electrical measurements

Real-time measurement using bioelectronic sensors based on CNT-FETs was performed (Lee et al. 2011;Lee et al. 2015a). A bioelectronic sensor was connected to a semiconductor analyzer (4200-SCS, Keithley, USA). A source-drain voltage of 0.1 V was constantly applied during electrical measurement, and source-drain currents were monitored. HEPES buffer solution was placed on the channel region of a bioelectronic sensor. Afterwards, various solutions were consecutively introduced into the channel, and the responses of the bioelectronic sensor were monitored.

Results and discussion

Construction of the bioelectronic sensor system

Fig. 1 shows the HPA axis of the human neuroendocrine system and the bioelectronic sensor system mimicking the human HPA axis for the detection of CRH and ACTH. In the human HPA axis, CRH is secreted from the hypothalamus, and binds to CRHR1 in the pituitary.

Subsequently, the pituitary releases ACTH, which interacts with MC2R in the adrenal cortex.

CRHR1 and MC2R are receptors in the HPA axis and recognize CRH and ACTH, respectively.

To apply these characteristics to a sensor system, CRHR1 and MC2R were produced in an E.

coli system and embedded in NDs through a reconstitution process.

The CRHR1NDs and MC2RNDs were immobilized on the floating electrode-based CNT-FET sensor system as described previously (Lee et al. 2018;Yang et al. 2017). Based on these processes, the bioelectronic sensor system mimicking HPA axis was constructed. In this system, CRHR1NDs and MC2RNDs were used as recognition elements and the floating electrode-based CNT-FET was used as a sensor transducer to detect CRH and ACTH.

Because GPCRs have a transmembrane domain and hydrophobic character with complicated charge distribution (Gafvelin and von Heijne 1994;Grisshammer and Tateu 1995), reconstitution is required to preserve the structure and functions of the GPCR. CRHR1 and MC2R are members of the GPCR family, and reconstitution processes can provide the structural and functional preservation of CRHR1 and MC2R (Bender et al. 2015;Roy et al. 2011). This means that reconstituted CRHR1 and MC2R can recognize the CRH and ACTH selectively and sensitively. NDs have been proposed as a reconstitution method to mimic the native GPCR structure (Denisov and Sligar 2016;Serebryany et al. 2012). In this method, the receptor and lipid bilayer are wrapped with membrane scaffold proteins (MSPs). The stability of NDs embedded with GPCRs and the superiority in detection by the sensor is reported (Oh et al. 2019). However, studies describing the reconstitutions of CRHR1 and MC2R using NDs or the application of the CRHR1ND and MC2RND in the sensor have not been carried out before.

The sensor transducer was also improved by the addition of floating electrodes to the CNT-FET (Kim et al. 2012;Lee et al. 2012;Lee et al. 2015a). The combination of the improved sensor and reconstituted receptors resulted in enhanced performance in terms of sensitivity and selectivity as previously described (Lee et al. 2018;Yang et al. 2017). In previous studies, floating electrode CNT-FET has shown high sensitivity in detecting analytes and high selectivity was achieved by immobilization of reconstituted receptors (Lee et al. 2018;Yang et al. 2017). Because CRHR1 and MC2R can recognize CRH and ACTH in the human HPA axis with high sensitivity and selectivity, CRHR1NDs and MC2RNDs play critical roles in enhancing the sensing performances by combining with floating electrode CNT-FET.

Characterization of CRHR1 and MC2R expressed in Human embryonic kidney (HEK-293) cells and E. coli

Membrane proteins, especially transmembrane proteins such as GPCRs, have been expressed

in HEK-293 cells, and their functions have been tested in many studies (Atwood et al. 2011;Liberles and Buck 2006). HEK-293 cells were transfected with the gene for CRHR1 or MC2R, and their ligand binding function was evaluated using a Dual-Glo luciferase assay system (see the details in the S.1 of Supplementary Materials). In Figs. 2a andc, CRHR1-and MC2Rexpressing cells showed dose-dependent responses to CRH and ACTH, respectively; however, the non-transfected cells had no meaningful responses to CRH and ACTH. These results show that both CRHR1 and MC2R were successfully expressed in HEK-293 cells, and retained their ligand-binding interactions.

To ensure the selective response of CRHR1 and MC2R to their ligand, cells expressing CRHR1 or MC2R were stimulated with 1 µM of (CRH, ACTH, DA, EP, and SE). DA, EP, and SE are neurotransmitters that contribute to the control of body functions as chemical messengers (Di Chiara et al. 1994;Hadjiconstantinou et al. 1983;Mariussen and Fonnum 2001).

When cells expressing CRHR1 were treated with CRH, a change in the luminescent signal was observed. However, ACTH, DA, EP, and SE did not elicit meaningful responses from the cells expressing CRHR1 (Fig. 2b). Similarly, cells expressing MC2R responded to only ACTH, while CRH, DA, EP, and SE did not cause change in the luminescent signal (Fig. 2d). These results indicate that CRHR1 and MC2R can discriminate their ligand.

To develop the receptor-based biosensor, CRHR1 and MC2R were produced using an E. coli expression system (Lee et al. 2018;Yang et al. 2017). Subsequently, the receptors were solubilized, and purified using Ni 2+ affinity chromatography. For the formation of NDs, the MSP1E3D1 was also successfully overexpressed in E. coli, and purified (S.1 of Supplementary Materials). Fig. 2e shows the results of the western blot analysis of the produced CRHR1 (left), and MC2R (right) (See the detailed procedures in S.1 of Supplementary Materials). The revealed bands correctly indicate the estimated size of the receptors, which implies that CRHR1 and MC2R were successfully expressed in E. coli. The receptor-embedded NDs were constructed by mixing the receptor, lipids, and MSP1E3D1. Fig. 2f presents a SEM image of CRHR1NDs, showing that the produced NDs have the appropriate discoidal shape, and that their average size was approximately 20 nm. These results indicate that the production, purification, and reconstitution of CRHR1 and MC2R were successfully achieved. Bacterial expression is a simple, convenient, inexpensive, and efficient for production of recombinant proteins (Park et al. 2016). In this study, E. coli was used as a representative host cell as commercial CRHR1 and MCR2 are expensive and their functionality is not guaranteed.

Although E. coli displays robust production of recombinant proteins, the expression and purification of GPCR is difficult because it has complicated structures with a hydrophobic character (Kiefer et al. 1996;Yang et al. 2015). In this regard, overexpression of CRHR1 and MC2R using an E. coli expression system and their purification are a remarkable aspect of this work. Furthermore, the purified CRHR1 and MC2R were reconstituted with the ND technology for the first time. These trials allowed the detection of CRH and ACTH using CRHR1 and MC2R, which had structural stability and in vivo-like functionality.

Optical and electrical characterization of the sensor system

An optical image of a CNT-FET with floating electrodes is shown in Fig. 3a. Detailed fabrication procedures of a floating electrode-based CNT-FET system are described in the Materials and Methods section. Floating electrode-based CNT-FET sensors have been reported

to exhibit better sensing performance than a conventional CNT-FET sensor system (Lee et al. 2012;Lee et al. 2015a). The size of the sensor 2 cm × 1 cm and the sensor has two CNT channel regions.

The fabrication of floating electrode CNT-FET system was verified using fieldemission scanning electron microscopy (FE-SEM). The SEM image of the channel region in the fabricated CNT-FET with floating electrode is shown in Fig. 3b. Five floating electrodes were constructed between the source and drain electrodes. The length and width of the floating electrode were about 10 µm and 200 µm, respectively. Furthermore, the right image of Fig. 3b is the enlarged SEM image of one floating electrode, which shows the CNT channel region under the floating electrode. The CNTs were well-aligned between the source and drain electrodes. The width of the CNT channel was about 5 µm. These results indicate that the CNT channel and floating electrodes of a CNT-FET system were well-fabricated. Especially, the CNTs were selectively attached on SiO2 regions. Fig. 3c shows the I-V curves of a floating electrode-based CNT-FET system before and after the immobilization of NDs. The bias voltage was varied from -0.4 V to +0.4 V and source-drain currents were monitored using a semiconductor analyzer. This result shows that the immobilization of NDs caused an increase in resistance and the slope of the I-V profile after the immobilization decreased. However, the linear behavior of the I-V curves was maintained in both before and after the immobilization of NDs on floating electrodes. This indicates a stable ohmic behavior despite the immobilization of NDs on the floating electrodes. Fig. 3d shows the liquid gate profiles of a sensor system before and after the immobilization of NDs. Source-drain currents were monitored in the gate bias range from -0.25 V to 0.25V. The currents decreased when the gate voltage increased, which indicates a p-type characteristic. Although the immobilization of NDs caused a decrease in channel conductance, the p-type behavior was maintained even after the immobilization of NDs on the floating electrodes. The decrease in channel conductance would be from the negatively-charged C-terminuses of NDs on the floating electrodes (Lee et al. 2018). These results confirm that the gate characteristic of a CNT-FET with floating electrodes was maintained after the immobilization of NDs, which indicates the constructed system could be appropriate for the detection of CRH and ACTH as a biosensor.

Electrical measurement of CRH and ACTH in a standard sample

Fig. 4a shows the real-time responses of a bioelectronic sensor functionalized with CRHR1NDs to different concentrations of CRH. The bioelectronic sensor was connected to a semiconductor analyzer, and a source-drain bias voltage of 0.1 V was constantly applied to the bioelectronic sensor during the measurement. Source-drain currents were monitored while CRH solutions were introduced to the channel region of the bioelectronic sensor. Here, ∆G⁄G0

was used as the signal of the bioelectronic sensor, where ∆G and G0 are the conductance change and original conductance of the CNT-FET, respectively (Lee et al. 2015a). The addition of the CRH solutions in the range of 1 fM to 1 pM led to increase in the conductance of the CRHR1NDs-functionalized bioelectronic sensor. However, a bare CNT-FET did not respond to various concentrations of CRH (Fig. S1a of the Supplementary Materials). This implies that the responses arose from specific binding events between CRHR1 and CRH. Presumably, the binding events induced a structural change in receptor proteins, leading to a change in the charge state of receptor proteins on the floating electrodes. This resulted in a change in the channel conductance of the bioelectronic sensor via Schottky barrier modulation (Kim et al. 2012;Lee et al. 2018). The result shows that the bioelectronic sensor functionalized with CRHR1NDs could sensitively respond to CRH in real-time. et al. 2018;Park et al. 2014;Song et al. 2014). The estimated equilibrium constant between CRHR1 and CRH obtained using bioelectronic sensors was 5.70 × 10 9 M -1 . This value is quite similar to previously reported values (Grammatopoulos et al. 1999;Hatzoglou et al. 1996;McDowell et al. 2012). These results indicate that the bioelectronic sensor responded to CRH dose-dependently and reproducibly. These results imply that the bioelectronic sensor functionalized with MC2RNDs could detect ACTH with high sensitivity in real-time.

In Figs. 4a andd of ACTH increased in a dose-dependent manner. The curve was saturated after the injection of 10 µM ACTH into the bioelectronic sensor because the binding sites of MC2R were occupied by ACTH. The equilibrium constant between MC2R and ACTH was estimated to be 5.47 × 10 10 M -1 . This value is similar to a previously reported value using a cell-based system [START_REF] Melmed | The pituitary[END_REF]. These results indicate that the bioelectronic sensor dose-dependently responded to ACTH with reproducibility.

Fig. 4f shows the real-time responses of a bioelectronic sensor functionalized with MC2RNDs to various hormones and neurotransmitters at a concentration of 1 nM. The introduction of SE, EP, and CRH solutions did not induce a conductance change in the bioelectronic sensor, and only the addition of ACTH solution led to significant increase in the channel conductance. These results show that MC2R on the bioelectronic sensor could discriminate ACTH from other hormones or neurotransmitters. As noted earlier, SE, EP, CRH, and ACTH exist in the human blood and play important roles in the regulation and homeostasis of bodily functions. The interaction of these hormones or neurotransmitters with their counterpart receptors results in the regulation of various processes in the body. Based on this, CRHR1NDs and MC2RNDs were reconstituted and combined with a floating electrode-based CNT-FET system. Hence, CRH and ACTH were selectively detected among other hormones or neurotransmitters by utilizing our sensor system (Figs. 4c andf). Therefore, the developed CRHR1ND and MC2RND-based bioelectronic sensor system had an advantage of selective detection of CRH and ACTH.

Evaluation of the sensing performance for CRH and ACTH in human blood plasma

To assess the possibility of the bioelectronic sensor for medical and clinical use, the detection of CRH and ACTH in human blood plasma was performed. The blood plasma contains many compounds, which could affect the conductance change of sensor platforms (Lim et al. 2014).

Thus, plasma sample was serially diluted with buffer solution to 1/10 6 . The non-specific influence of blood plasma was tested through injection of diluted plasma samples to a bare CNT-FET (Fig. S2 of the Supplementary Materials). The plasma diluted 1/10 to 1/10 2 had an effect on the conductance change of the sensor platform (data not shown). The diluted plasma samples in the range of 1/10 3 to 1/10 6 did not affect the conductance change of the bioelectronic sensor platform. Based on these results, a 1/10 4 diluted plasma sample was mixed with CRH or ACTH, and different concentrations of CRH or ACTH samples from 10 -18 to 10 -5 M were prepared. Fig. 5 shows the dose-dependent responses of a CRHR1NDs or MC2RNDsfunctionalized bioelectronic sensor to various concentrations of CRH (Fig. 5a) or ACTH (Fig. 5b) in the diluted plasma. The bioelectronic sensors dose-dependently responded to the CRH or ACTH in diluted plasma. The curves reached a plateau after the injection of 10 -6 M of CRH or ACTH. Typically, CRH and ACTH levels in blood plasma are in the picomolar range (Linton et al. 1987;Talbot et al. 2003). These levels are in the detection range of our bioelectronic sensor, based on the results shown in Fig. 5. When the dose-response curves of CRHR1NDs or MC2RNDs to CRH or ACTH were compared in plasma environment (Fig. 5) and in the buffer condition (Fig. 4), similar slopes were observed. The equilibrium constant between CRHR1 and CRH in diluted plasma was estimated as 2.20 × 10 9 M -1 , and the equilibrium constant between MC2R and ACTH in diluted plasma was estimated as 1.32 × 10 11 M -1 . The equilibrium constants in the plasma environment were similar to those from the experiments under buffer condition shown in Fig. 4b (CRHR1 to CRH) and Fig. 4e (MC2R to ACTH).

In order to verify the selectivity of the bioelectronic sensor functionalized with CRHR1NDs and MC2RNDs in human blood plasma, a 1/10 4 diluted plasma sample was mixed with various hormones and neurotransmitters, such as SE, EP, CRH, and ACTH. The intensities of the responses to CRH and ACTH were quantitatively compared with those of the other hormones and neurotransmitters of 1 nM concentration. Fig. 5c shows the selective responses of a CRHR1NDs functionalized bioelectronic sensor to CRH with 1 nM. The sensors showed significant changes in conductance in response to CRH. However, other hormones and neurotransmitters such as the SE, EP, and ACTH did not cause changes in the conductance of the sensor. Fig. 5d shows the selective responses of a MC2RNDs functionalized bioelectronic sensor to ACTH with 1 nM. The sensors showed a significant response to 1nM ACTH.

However, the introduction of SE, EP, and CRH induced negligible changes in the conductance of the sensor. These results indicate that the biosensors could sensitively and selectively detect CRH or ACTH in blood plasma as well as pure environment such as buffer. Our biosensor could be also effectively applied for the diagnosis of HPA axis-related diseases and anti-doping regulations. Therefore, the biosensors developed in this work could have potential for practical and clinical applications.

Although several studies have reported the detection of CRH and ACTH before, our receptor-based system has higher sensitivity and selectivity than the other systems (Table 1).

Recently, laser desorption/ionization mass spectrometry (LDI MS)-based analysis has been introduced as an advanced method of MS that features high sensitivity, accuracy, and in-second detection (Sun et al. 2018;Vedarethinam et al. 2019). Nevertheless, it is still difficult to make a conclusive comparison with the other systems because LDI MS-based analysis is yet to be applied for the detection of CRH and ACTH. Although electrochemical methods have shown good sensitivity, most of them required Ab-based detection approaches, and such approaches are time-consuming. Furthermore, several sensors additionally required signal amplification for detection due to their low sensitivity. Therefore, the sensing procedures are less efficient, more expensive, and time-consuming. However, the sensor developed in this study can detect CRH and ACTH using receptors like those of the human neuroendocrine system. This development circumvents the Ab requirement and signal amplification in the detection of CRH and ACTH. Therefore, our detection system is superior to the other reported systems in terms of cost, analysis time, and efficiency. Furthermore, the receptor-based sensing and recognition approaches developed in this study can be applicable for the detection of target molecules by other label-free sensing and recognition methods (Liu et al. 2020;Sun et al. 2019).

Conclusions

We developed a bioelectronic sensor system that mimicked the human neuroendocrine system for the detection of the HPA axis hormones, CRH and ACTH. The CRH receptor and ACTH receptor, CRHR1 and MC2R, were produced in E. coli, and reconstituted using NDs. The receptors were combined with a floating electrode-based CNT-FET. The bioelectronic sensor exhibited real-time responses to CRH and ACTH at concentrations down to 1 fM, and discriminated each hormone from other hormones and neurotransmitters. The performance was maintained in human plasma samples. These results indicate that our system can be applied to basic neuroendocrine-related research, and shows excellent potential for use in medical and practical applications. (f) Selective response of the MC2RND-based bioelectronic sensor to various hormones and neurotransmitters (1 nM). The sensor exhibited a response only when 1 nM ACTH was injected into the system, and did not respond to SE, EP, or CRH. 
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Table 1 . Comparison of performance between the developed sensor with other reported sensors.

 1 

	Analyte	Recognition element	Analytical method	Detection limit (M)	Assay time (min)	Reference
		-	LC-MS/MS	52.1 × 10 -12	> 20 min (Precipitation: >1 hr)	(Knoop et al. 2017)
	CRH	Antibody	EIS	0.7 × 10 -6	>100 min	(Duran et al. 2019)
		Receptor	FET	10 -15	Real-time	This study
		-	LC-MS/MS	2.0 × 10 -12	> 3 min (Precipitation: >1 hr)	(Shi et al. 2019)
	ACTH	Antibody	Voltammetry	4.0 × 10 -15	>100 min	(Moreno-Guzmán et al. 2012)
		Antibody	EIS	22.0 × 10 -15	>100 min	(Li et al. 2017)
		Receptor	FET	10 -15	Real-time	This study

Abbreviation. EIS: electrochemical impedance spectroscopy. LC/MS: liquid chromatography chromatography-tandem mass spectrometry. FET: field effect transistor
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CNT channel and floating electrodes. The five floating electrodes were fabricated between the source and drain electrodes. The CNT channel was also observed under the floating electrodes.

(c) I-V curves of a floating electrode-based bioelectronic system before and after the immobilization of NDs. The dI/dV exhibited a linear behavior. When the NDs were immobilized on the floating electrodes, the dI/dV decreased as the resistance increased.