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A B S T R A C T   

The transient receptor potential vanilloid 1 (TRPV1) is a key target for the spicy taste sensor and analgesic drug 
development. However, the human TRPV1-associated signaling remains to be obscure. In this study, we over
expressed human TRPV1 (hTRPV1) in HEK293T cells and explored its signaling activated by spicy substances. A 
cell membrane biosensor was constructed by using the cells highly expressed hTRPV1 through a layer-by-layer 
assembly. Our results showed that the activation constants by capsaicin, allicin and sanshool, the active com
ponents of chili pepper, garlic and mountain pepper, were Ka, capsaicin = 3.5206 × 10-16 mol/L, Ka, allicin = 5.0227 
× 10-15 mol/L, Ka, sanshool = 1.7832 × 10-15 mol/L. Obviously, the order of the sensitivity mediated by hTRPV1 
was capsaicin > sanshool > allicin. The affinity values of the three spicy substances with hTRPV1 analyzed by 
molecular docking simulation also displayed the same law. Most importantly, some amide bonds and their 
similar groups and even benzene rings of spicy compounds were fund to be critical in the spicy sensing process. In 
addition, Glu570 in the active pocket of hTRPV1 plays an important role in identifying spicy substances. The 
elucidation of the detailed mechanism mediated by hTRPV1 in spicy sensing will lay a theoretical foundation to 
design rational strategies for screening of potential analgesics.   

1. Introduction 

The research of receptor-type ion channels has always been the focus 
of attention, not only because it can play a role in identifying the specific 
ligands, but also the channels can change the intracellular ion level to 
affect the life activities of the cell. Transient receptor potential (TRP) 
channels belong to the superfamily of sensory-related ion channels, 
which respond to a variety of thermal, mechanical, or chemical stimuli 
(Nilius and Szallasi, 2014). The transient receptor potential vanilloid 1 
(TRPV1) is a well-studied member of the TRP family, involving a series 
of functions such as spicy taste, pain and inflammation (Cui et al., 2016). 
As a non-selective cation channel, it can be activated by harmful tem
perature higher than 43 ◦C, spicy substances (capsaicin, allicin, etc.), 
lipids, tissue injury stimulators and arachidonic acid metabolites and 
other endogenous factors, thus leading to the occurrence and develop
ment of pungency sensing, pain transduction and inflammatory 

responses (Liu et al., 2009). Therefore, Understanding the TRPV1 
ligands-mediated mechanism of sensing is of great significance in food, 
drug, and physiological and pathological research. 

Currently, the main methods for determining spicy substances are 
Scoville Heat Units (SHU) sensory evaluation and high performance 
liquid chromatography (HPLC) (Govindarajan et al., 1977; Weaver 
et al., 1984; Gonzalez-Zamora et al., 2013). The advantage of the SHU 
sensory evaluation method is that it can provide the sensory charac
teristics of spicy substances, which is more similar to the actual feeling of 
human body. However, the objectivity and accuracy of the assessment 
are limited by the differences in individual sensitivity and tolerance of 
sensory assessors (Njoman et al., 2017). HPLC can detect the true 
components of spicy substances in food, but the degree in activating the 
sensing of taste bud cells through TRPV1 by different spicy substances 
may be quite different (Watanabe and Terada, 2015). The difference in 
the Ca2+ influx and action potentials of taste bud cells upon stimulation 
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ultimately results in distinctive spicy sensation (Qiao et al., 2015). This 
outcome is probably due to the unique molecular structure of various 
spicy substances, which displays different affinity with the TRPV1 active 
pocket. Therefore, the types and components of spicy substances cannot 
truly present the real spicy feeling of human beings. In recent years, an 
electronic tongue has been developed as a new generation of the tasting 
technology, which can be used for detecting a variety of tastes including 
sour, salty, sweet, umami, and bitter (Tahara and Toko, 2013). Courtney 
and Victoria used electronic tongues to detect spicy compounds 
(Schlossareck and Ross, 2019; Paup et al., 2019), which is based on the 
difference in the potential changes of the artificial lipid membrane 
caused by different spicy substances. Different from the recognition and 
sensing of the capsaicin receptor (TRPV1), whether this potential change 
can represent the true spicy taste remains to be further investigated. 
Therefore, it is urgent to develop novel analytical methods to more 
accurately, objectively and truly evaluate the sensing for spicy 
substances. 

Recent years, biosensors developed by fixing biological sensitive 
elements on the different supporting materials have made tremendous 
progress in studying enzyme functions, ligand and receptor interaction, 
cell signaling and other aspects. In our preliminary work, Qiao et al. 
prepared biosensors by immobilizing SD rat taste bud tissues to detect 
capsaicin and gingerol (Qiao et al., 2015). After that, we successfully 
screened several TRPV1 antagonists using the taste bud tissue sensor, 
and analyzed the relationship between structure and function (Xiao 
et al., 2019). The information provides a new direction for the devel
opment of analgesic drugs. Although the SD rat taste bud tissue sensor 
can be successfully used for the detection of spicy substances and 
screening of TRPV1 antagonists, it is inevitable to directly study human 
TRPV1 channel proteins (hTRPV1) under the premise that all studies are 
aimed at serving human beings. This is because the results obtained with 
animal TRPV1 as the research object add uncertain factors to the anal
ysis of actual human conditions. However, the difficulty in obtaining 
human tissues and ethical issues severely limit the direct research of 
hTRPV1. Therefore, only hTRPV1 receptors or cells and other materials 
can be used for research. In the field of biosensors, the construction of 
cell sensors is difficult due to problems such as cell activity and stability, 
and the development of single-molecule sensors with immobilized en
zymes or receptors is the most in-depth. Therefore, direct immobiliza
tion of free hTRPV1 seems to be a good choice. However, hTRPV1 is a 
membrane channel protein with dual functions of receptor and ion 
channel. In recent years, several research have revealed the activation 
mechanism of vanilloid ligands on TRPV1 channels (Hammond et al., 
2012; Cao et al., 2013; Gao et al., 2016). This activation mechanism 
conveys an important message that the switching process of the TRPV1 
channel on/off state needs to maintain the conformation of the TRPV1 
transmembrane domain. The integrality of six transmembrane structure 
is essential for TRPV1 channel to execute its function. Some researchers 
have achieved the immobilization of other ion channels in vitro by using 
artificial lipid membranes and obtained anticipated results (UTO et al., 
1990; Cornell et al., 1997; Oh et al., 2008). Different from the use of 
artificial lipid membranes, in this study, we hope to use the most 
primitive cell membrane structure as a carrier to achieve the immobi
lization of TRPV1 channel closer to the physiological state. 

Therefore, in this study, we overexpressed hTRPV1 in HEK293T cells 
by using genetic engineering technology, and constructed a novel cell 
membrane (CM) biosensor by directly immobilizing the cell membrane 
of HEK293T cells with hTRPV1 based on the characteristics of cyto
skeleton proteins and extracellular matrix proteins. The biosensor was 
successfully used to detect capsaicin, allicin and sanshool. More 
importantly, it was able to distinguish the activation intensity of 
hTRPV1 by different spicy substances. Furthermore, the molecular 
mechanism by which hTRPV1 interacts with the three spicy substances 
was determined at its amino acid level via molecular docking. 

2. Materials and methods 

2.1. Materials, equipment and pretreatment of glassy carbon electrode 

The list of reagents, materials and equipment used in this work and 
pretreatment of glassy carbon electrode are provided in the Supple
mentary material. 

2.2. Establishment of HEK293T cell line stably expressing hTRPV1 

Firstly, pcDNA3.1 (+) eukaryotic expression vector containing the 
gene of hTRPV1 (NCBI reference sequence: NM_080705.4) was con
structed (Caterina et al., 1997), and the plasmid vector was transformed 
into the competent Escherichia coli cells to obtain the engineered strain. 
Subsequently, the engineering bacteria were amplified using selective 
Luria-Bertani medium containing 100 μg/mL ampicillin, and a large 
number of high-purity target plasmids were obtained by endotoxin-free 
plasmid extraction. Then pcDNA3.1 (+) was transfected into HEK293T 
cells by lipofection. After transfection, the cells were screened in the 
medium containing G418. Finally, agarose gel electrophoresis and 
Western blot experiments were used to verify the successful construction 
of pcDNA3.1 (+) vector containing hTRPV1 gene sequence and the 
expression of hTRPV1 on the cell membrane of stably transfected 
HEK293T cells. Specific steps for establishing a HEK293T cell line stably 
expressing hTRPV1 are provided in Supplementary materials. 

2.3. Construction of hTRPV1-cell membrane biosensor 

2.3.1. Preparation of cell membrane suspension 
The preparation method of the cell membrane is as follows. The 

cultured hTRPV1-HEK293T cells were transferred to a 15 mL centrifuge 
tube and centrifuged at 800 rpm (86×g) for 3 min to obtain the cell 
precipitation. Then 10 mL Tris-HCl buffer solution (pH = 7.4) was added 
into the centrifuge tube to resuspend and disperse the cells, and then 
300 μL 100 mmol/L phenylmethylsulfonyl fluoride (PMSF) was added to 
fully mix. The cells were disrupted by ultrasonic in an ice bath. The 
ultrasonic parameters were set as follows: 3s ultrasonic time, 3s interval 
time, 20 times, 150 W power. The broken cell debris suspension was 
centrifuged at 1000 rpm (134×g) for 10 min at 4 ◦C, and the supernatant 
was centrifuged at 15000 rpm (29988×g) for 20 min to obtain a cell 
membrane precipitation. Finally, an appropriate amount of Tris-HCl 
(pH = 7.4) was used to remix the cell membrane precipitation to 
obtain a cell membrane suspension. 

2.3.2. Preparation of nano-gold and reduced graphene oxide (RGO) 
The nano-gold solution was prepared by thermal reduction method 

(Boisselier and Astruc, 2009). First, transfer 100 mL of 0.01 g/100 mL of 
chloroauric acid solution and 4 mL of 1 g/100 mL of sodium citrate 
solution to a clean Erlenmeyer flask, and then heat the mixture in a 
microwave oven at low heat until the solution appears translucent wine 
red. The prepared nano-gold solution should be stored in the dark at 
4 ◦C. 

The preparation of RGO refers to Lei’s work with some melioration 
(Lei et al., 2017). 30 mg of monolayer graphene oxide (GO) was 
dispersed in 30 mL of water by ultrasonic treatment. The pH of the GO 
suspension was adjusted to 9–10 using a 5% sodium carbonate solution, 
and then 240 mg of sodium borohydride was added. Then the mixture 
was stirred at 750 rpm for 1 h at 80–90 ◦C. During the reduction process, 
the GO dispersion changed from dark brown to black. The RGO pre
cipitate was obtained by centrifugation at 5000 rpm (3354×g) for 10 
min, and the resulting precipitate powder was freeze-dried overnight. 
The dried powder was resuspended with 0.5% chitosan solution by ul
trasound to obtain 1 mg/mL RGO solution, which was sealed and stored 
for future use. 
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2.3.3. Assembly of hTRPV1-cell membrane biosensor 
The GCE is first pretreated using the method described in the Sup

plementary material. Then, the ultrasonically dispersed 1 mg/mL RGO 
chitosan solution was dripped on the surface of the pretreatment elec
trode, dried naturally at room temperature, and rinsed off the unbound 
RGO with ultrapure water. A fresh thionine-chitosan (Thi-Chit) solution 
was prepared by mixing 2% chitosan and 0.01 mol/L thionine in 2% 
acetic acid solution. Thi-Chit solution was applied dropwise to the sur
face of RGO modified electrode to obtain Thi-Chit/RGO/GCE. Then put 
the above electrode into the pre-prepared nano-gold solution and self- 
assemble at 4 ◦C for 24 h. After washing off the unbound nano-gold, 
the electrode was immersed in 18 mmol/L cysteamine (CA) aqueous 
solution for 4 h at room temperature in the dark (Xia et al., 2017). The 
electrode was then taken out of the CA solution and rinsed with ultra
pure water to remove physically adsorbed CA. Finally, it was dried with 
N2 to form CA/AuNP/Thi-Chit/RGO/GCE. The electrode was then 
incubated with 100 μg/mL intermediate filaments (IF) for 2 h by 
EDC/NHS catalysis to fix the intermediate filaments on the electrode 
(Viswanathan et al., 2012). Then the electrode was immersed in the 
prepared cell membrane suspension to self-assemble for 12 h at 4 ◦C. 
Through the specific binding of intermediate filaments to the cell 
membrane, the cell membrane is controllably fixed on the electrode 
surface. Finally, 100 μg/mL type I collagen (CoI) was used to encapsu
late the cell membrane to maintain cell membrane adhesion and 
viability (Jiang et al., 2013). Finally, 

CoI/CM/IF/CA/AuNP/Thi-Chit/RGO/GCE biosensors were successfully 
prepared. The electrode preparation process is shown in Fig. 1A. Fig. 1B 
shows the detection principle of the biosensor. hTRPV1 is used as the 
biological recognition element of the electrode, which can specifically 
bind to spicy substances. On the one hand, spicy substances are adsorbed 
to the hTRPV1 on the electrode surface, on the other hand, the activated 
hTRPV1 will also undergo conformational changes. These factors 
together lead to the change of electrode surface resistance, thereby 
affecting the current. During the preparation of hTRPV1-cell membrane 
biosensors, each step was characterized by cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) in 1 × 10-3 mol/L K3Fe 
(CN)6 solution (containing 0.2 mol/L KNO3). 

2.4. Detection of spicy substances 

Three-electrode system was used for measurement: hTRPV1-cell 
membrane GCE as working electrode, Ag/AgCl electrode (saturated 
KCl) as reference electrode and platinum wire electrode as counter 
electrode. Ultrapure water is used as the test base fluid. The response 
current of the prepared hTRPV1-cell membrane biosensors to capsaicin, 
allicin and sanshool was measured by amperometric i-t curve method. 
The response current change rate is used as a detection index and the 
calculation formula is shown in Eq. (1). 

Fig. 1. Preparation process (A) and detection schematic diagram (B) of hTRPV1-cell membrane biosensor.  
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ΔI
/

% =
I1 − I2

I1
× 100 (1) 

Among them, I1 and I2 refer to the steady state current values at the 
same time point before and after the determination, respectively. 

2.5. Molecular docking 

2.5.1. Homology-modelling of the 3D structure of hTRPV1 
In order to verify the results of the hTRPV1-cell membrane biosensor 

for detecting spicy substances, we used molecular docking to study the 
binding modes of three spicy substances and hTRPV1. Molecular dock
ing is a theoretical simulation method to predict the binding mode and 
affinity of ligand and receptor based on the geometric structure, energy 
and chemical environment of the ligand molecule and receptor protein. 
The molecular docking process is based on the three-dimensional (3D) 
structure of the ligand and the receptor, and the optimal energy 
conformation of the ligand-receptor complex is screened through a 
calculation function. Unfortunately, at present, the 3D structure of 
hTRPV1 has not been determined. Therefore, the amino acid sequence of 
the expressed hTRPV1 was searched by BLAST in the protein database 
(PDB). It was found that the hTRPV1 has a high degree of homology 
(>80%) with the TRPV1 of rattus norvegicus. Therefore, we carried out 
homology-modelling of the 3D structure of hTRPV1 through the SWISS- 
MODEL server (Waterhouse et al., 2018; Guex et al., 2009; Bienert et al., 
2017; Studer et al., 2020; Bertoni et al., 2017). 

2.5.2. hTRPV1 processing and ligand preparation 
The hTRPV1 protein and ligand need to be treated before molecular 

docking. First, by using AutoDockTools, the water molecules and ions of 
the hTRPV1 A chains (hTRPV1A) were deleted, and then polar hydrogen 
atoms were given to hTRPV1A (Sanner, 1999; Morris et al., 2009). Then, 
we obtained the two-dimensional (2D) molecular structure of capsaicin, 
allicin and sanshool by ChemDraw. Then, the energy optimization of the 
3D structures of the three spicy substances was carried out in Chem3D 
using the MM2 method, and the lowest energy conformation was 
selected as the initial conformation before molecular docking. 

2.5.3. Molecular docking parameter setting 
Using resiniferatoxin (6EU) as the reference ligand, AutoDockTools 

were used to determine the parameters of the active pocket of hTRPV1A 
(Sanner, 1999; Morris et al., 2009). First, the Gridbox center coordinates 
were set to center_x = 114.24, center_y = 139.226, and center_z =
129.406. Second, the 3D structure of the ligand needs to be fully con
tained in the Gridbox. Therefore, the Gridbox size was set to size_x = 15, 
size_y = 15, size_z = 15. Other parameters are default values. 

2.5.4. Feasibility verification of molecular docking 
It is necessary to check the reliability of the docking procedure and 

the set parameters before docking. First, we extracted 6EU from the 
structure of hTRPV1A-6EU, and then the 6EU was re-docked back into 
the active pocket of hTRPV1A by using AutoDock Vina software (Trott 
and Olson, 2010). Finally, PyMol software is used to obtain the visual
ization results (The PyMOL Molecular Graphics System, Version 2.4 
Schrödinger, LLC.). 

2.5.5. Molecular docking of spicy substances with hTRPV1A 
After confirming the feasibility of the docking method, this study 

uses semi-flexible docking method to study the mechanisms of capsaicin, 
allicin and sanshool to activate hTRPV1A respectively through AutoDock 
Vina software (Trott and Olson, 2010). The docking parameter settings 
are as described above. According to the Lamarckian Genetic Algorithm 
(LGA), the AutoDock Vina program continuously adjusts the confor
mation of the ligand molecule with a flexible structure within the 
Gridbox range, and then scores the different conformations of the li
gands (including orientation, position and energy) (Morris et al., 1998). 

During the docking process, each spicy substance produced 9 docking 
conformations, and each conformation was ranked according to the af
finity value from high to low. The result of the highest affinity value is 
that the conformation of ligand molecule and receptor protein reaches 
the best geometric and energy matching. Subsequently, PyMol and 
BIOVIA Discovery Studio software were used to analyze the binding 
mode and interaction of the three spicy substances with hTRPV1A. 

2.6. Data analysis 

The sensor data were analyzed and processed using Origin 8.0 soft
ware (OriginLab Northampton, MA) and GraphPad Prism 8 (GraphPad 
Software, USA). The limit of detection (LOD) was defined as the target 
concentration giving a response current signal at least three times 
different from the standard deviation of the blank control signal. 

3. Results 

3.1. Overexpression of hTRPV1 in HEK293T cell line 

The pcDNA3.1 (+) expression vector after restriction enzyme EcoRI/ 
BamHI digestion was verified by agarose gel electrophoresis. As shown 
in Fig. S1, agar-gel electrophoresis results showed two distinct bands, 
among which the band between 2500 bp and 3000 bp was consistent 
with the sequence length of hTRPV1 gene (2538 bp), while the band 
between 5000 bp and 6000 bp was pcDNA3.1 (+) plasmid vector (5.4 
kb). In addition, DNA sequencing results showed that nucleotide 
sequence of hTRPV1 gene in plasmid pcDNA3.1 (+) was the same as 
reported in the reference (Caterina et al., 1997). The results showed that 
the plasmid vector containing hTRPV1 gene was constructed 
successfully. 

Mem-PER™ Plus Membrane Protein Extraction Kit was used to 
extract the membrane proteins of HEK293T cells stably transfected and 
not transfected. Then the expressing level of hTRPV1 in the clonal cells 
was determined by Western blot analysis. The results are shown in 
Fig. S2. The membrane protein of transfected HEK293T cells displays a 
clear band at 95 kD, which proves that hTRPV1 is not only stably 
expressed in transfected HEK293T cells, but also can locate the cell 
membrane to function as a capsaicin receptor. In addition, the 
untransfected HEK293T cells has no visible band at 95 kD. This indicates 
that the hTRPV1 on the cell membrane of HEK293T cells is synthesized 
and expressed by the pcDNA3.1 (+) plasmid, rather than the HEK293T 
cells themselves. And hTRPV1 can automatically locate on the cell 
membrane. 

3.2. Characterization of nano-gold and RGO 

The prepared nano-gold was characterized by ultraviolet spectros
copy (UV) and transmission electron microscope (TEM). Studies have 
shown that the maximum UV absorption wavelength of nano-gold 
gradually red shifts as the particle size of nano-gold increases (Link 
and El-Sayed, 1999). As shown in Fig. S3A, the maximum UV absorption 
wavelength of the prepared nano-gold is 521 nm, indicating that the 
particle size of the nano-gold is about 22 nm. More precisely, the TEM 
results of nano-gold in Fig. S3B showed that the prepared nano-gold was 
round with the particle size about 15 nm. Furthermore, the nano-gold 
particles were evenly dispersed without obvious aggregation. Appar
ently, the TEM and UV analysis results were consistent, suggesting that 
the prepared nano-gold was suitable for modifying GCE. 

The GCE modified by GO or RGO was characterized by using a CV 
method. Interestingly, the oxidation-reduction peak current was signif
icantly increased while the graphene was being assembled on the surface 
of the pretreated GCE as shown in Fig. S4. The phenomena may be due to 
the capability of graphene in super-conductivity, high carrier mobility 
and extremely low electronic noise because of its spatial quantum 
tunneling structure (Chang et al., 2014). In addition, graphene also has a 
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specific surface area with high nanoparticle adsorption characteristics, 
which allows it to combine with metal nanoparticles or other carbona
ceous materials (such as carbon nanotubes) into a polymer to produce 
novel nanomaterials with enhanced optical and electrical properties 
(Palmieri et al., 2016; Chavez-Valdez et al., 2013). In addition, the peak 
current value increased by RGO was significantly higher than that of GO. 
This may be due to the large number of oxygen-containing groups on the 
GO surface, including hydroxyl groups, epoxy functional groups, 
carbonyl groups, carboxyl groups and so on, which reduce the electron 
transport ability of the electrode modified interface (Zhu et al., 2010). A 
appropriate reduction method reduces the number of oxygen-containing 
groups on the GO surface, which restores the relatively complete planar 
conjugated structure of graphene and improves its conductivity. 
Therefore, the RGO-modified GCE has a larger response current under 
the same voltage conditions. 

3.3. Electrochemical characterization of the hTRPV1-cell membrane 
biosensor 

Each step in the assembly process of hTRPV1-cell membrane 
biosensor was characterized by CV and EIS. The result is shown in Fig. 2. 
First of all, the redox peak current of RGO modified pre-treated GCE is 
significantly increased. And the approximate linear EIS also shows that 
the electrode surface impedance is significantly reduced. This not only 
indicates that RGO has been modified to the electrode surface, but also 
significantly improves the electron mobility and conductivity of the 
electrode surface. When Thi-Chit was modified on the electrode surface, 

the redox peak current was significantly reduced and the impedance 
increased compared with RGO modification. This is because although 
thionine (as an electron mediator) can enhance the movement of elec
trons, chitosan is a material that can hinder electron migration (Gerbino 
et al., 2008; Wu et al., 2020). The reason why chitosan is used to modify 
electrode is that chitosan has excellent biocompatibility, which can 
provide a good carrier for biological detection elements (Kumar et al., 
2004). Subsequently, a layer of nano-gold was loaded on the surface of 
Thi-Chit to improve the peak current. Due to the excellent electrical 
conductivity and the increased effective area of the electrode, the 
nano-gold modification significantly increased the current and reduced 
the impedance. Then the formation of Au–S bonds connects cysteamine 
to the electrode surface, so that the exposed amino group of cysteamine 
can be combined with the intermediate filaments in the form of an amide 
bond through EDC/NHS catalysis. The modification of cysteamine and 
intermediate filaments led to the decrease of Fe(CN)6

3-/4- peak current 
and the increase of electrode surface impedance. This phenomenon is 
attributed to the fact that cysteamine molecules and intermediate fila
ments hinder the reaction of the redox probe. As a cytoskeleton protein, 
intermediate filaments can selectively connect to the inner side of cell 
membrane (Geiger, 1987; Jones and Green, 1991). Therefore, in the 
process of cell membrane self-assembly, the inner side of cell membrane 
is bonded to the electrode surface, while the outer side is exposed. This 
method ensures that the extracellular domain of hTRPV1 faces the 
detection substrate. At the same time, type I collagen, as the component 
of extracellular matrix, was used to fix the cell membrane on the elec
trode surface. Type I collagen can maintain cell membrane adhesion and 
provide a stable microenvironment (Gelse et al., 2003). It was observed 
that the redox peak current decreased further the impedance increased 
significantly when the cell membrane and type I collagen adhered to the 
electrode surface. This is due to the blocking of electron transfer caused 
by the insulation of cell membrane and type I collagen. The CV and EIS 
characterization confirmed that each modified material was successfully 
assembled on the electrode surface, indicating the successful construc
tion of the hTRPV1-cell membrane biosensor. The prepared hTRPV1-cell 
membrane biosensor maintains the complete structure of hTRPV1 
through the fixation of cell membrane, so it can be used for the detection 
of spicy substances. 

3.4. Detection of spicy substances 

As shown in Fig. S5, the prepared hTRPV1-cell membrane biosensor 
has the maximum response current change rate to capsaicin at − 0.4 V. 
Fig. S6 shows that the response current stabilizes at 90s. Therefore, 
under the voltage of − 0.4 V, the amperometric i-t curve method was 
used to detect the three spicy substances. The steady response current of 
90s was taken as the measured value. The real-time i-t curves of the 
three spicy substances detection under different concentrations are 
shown in Fig. S7. In the gradient concentration detection of capsaicin, 
allicin and sanshool, the LOD was reached when the concentrations were 
1 × 10-15 mol/L, 1 × 10-14 mol/L and 1 × 10-15 mol/L respectively. 
Taking into account the drawing in a wide gradient concentration range, 
the concentrations of capsaicin, allicin and sanshool are redefined as 
follows: 

pCa(capsaicin) = 16+ log(C(capsaicin))

pCa(allicin) = 15+ log(C(allicin))

pCa(sanshool) = 16+ log(C(sanshool))

Among them, pCa refers to the redefined concentration of three spicy 
substances, and C refers to the initial concentration. 

The curve was plotted with pCa as the abscissa and the response 
current change rate as the ordinate. As shown in Fig. 3A–C, when the 
capsaicin concentration was 1 × 10-15–1 × 10-13 mol/L, the allicin 
concentration was 1 × 10-14–1 × 10-12 mol/L, and the sanshool 

Fig. 2. Electrochemical characterization of hTRPV1-cell membrane biosensor 
assembly process. (A) Cyclic voltammogram obtained at a scan rate of 50 mV/s 
over a voltage range of − 0.1–0.6 V. (B) The electrochemical impedance spec
troscopy is scanned under the condition that the initial voltage is the open 
circuit potential and the frequency range is 10-2 Hz–106 Hz. The characteriza
tion solution is 1 × 10-3 mol/L K3Fe(CN)6 solution (containing 0.2 mol/ 
L KNO3). 
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concentration was 1 × 10-15–1 × 10-12 mol/L, their respective response 
current change rate had a good linear relationship with pCa. Therefore, 
the concentration in their linear response range was further subdivided 
and detected. The kinetic curve was plotted with the concentration of 
the spicy substance as the abscissa and the response current change rate 
as the ordinate. By fitting this curve, it was found that there was a good 
hyperbolic relationship between the change rate of response current and 
the concentration of spicy substances. The fitting curve was shown in 
Fig. 3D–F. The fitting equation is: 

ΔI(capsaicin) =
0.66252 × C(capsaicin) × 10− 15

0.35003 + C(capsaicin) × 10− 15 (R
2 = 0.981)

ΔI(allicin) =
0.76972 × C(allicin) × 10− 14

0.53518 + C(allicin) × 10− 14 (R
2 = 0.963)

ΔI(sanshool) =
0.65723 × C(sanshool) × 10− 15

1.74214 + C(sanshool) × 10− 15 (R
2 = 0.990)

This indicates that the receptor-ligand binding effect of capsaicin, 
allicin or sanshool to hTRPV1 is similar to the enzymatic reaction ki
netics (Xiao et al., 2019). This is composed of low-concentration first-
order reactions, medium-concentration mixed-order reactions and 
high-concentration zero-order reactions, and has a ligand saturation 
effect (Warshel, 1984). In other words, when detecting 
low-concentration spicy substances, the amount of hTRPV1 immobilized 

on the electrode is greater than that of spicy substances. At this time, the 
response current change rate is controlled by the concentration of the 
spicy substance. Therefore, as the concentration of spicy substances 
increases, the response current change rate gradually increases. How
ever, because the amount of hTRPV1 immobilized on the electrode is 
limited and constant, when the concentration of spicy substances con
tinues to increase, hTRPV1 is gradually saturated. At this time, the 
response current change rate is determined by the number of hTRPV1 
immobilized on the electrode. Therefore, the response current change 
rate gradually stabilizes. This is similar to our previous research on the 
SD rat taste bud tissue sensor (Xiao et al., 2019). Therefore, we can 
calculate the activation constants of hTRPV1 by capsaicin, allicin, or 
sanshool by referring to the Michaelis-Menten equation. The activation 
constant (Ka) is defined as the substrate concentration required to reach 
half of the maximum output signal of response current change rate. 
Therefore, we take the reciprocal of the spicy substance concentration as 
the horizontal axis, and the reciprocal of the response current change 
rate as the vertical axis to obtain the double reciprocal curve by the 
Lineweaver-BurkBurk plot method. As shown in Fig. 3G–I. The fitted 
linear regression equation is as follows: 

1
ΔI(capsaicin)

= 1.509 + 0.53126 ×
1

C(capsaicin)
× 10− 15(R2 = 0.985)

Fig. 3. The detection law of hTRPV1-cell membrane biosensor to three spicy substances. All data show mean ± SD of triplicate measurements. (A), (B) and (C) 
Detection of the gradient concentration of capsaicin, allicin and sanshool. (D), (E) and (F) A fitting curve of the action law of response current change rate and 
capsaicin, allicin and sanshool in the linear concentration range respectively. (G), (H) and (I) A fitting curve of the action law between the reciprocal of the response 
current change rate and the reciprocal of capsaicin, allicin and sanshool concentration in the linear concentration range respectively. 
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1
ΔI(allicin)

= 1.30604 + 0.65598 ×
1

C(allicin)
× 10− 14(R2 = 0.969)

1
ΔI(sanshool)

= 1.51757 + 2.70612 ×
1

C(sanshool)
× 10− 15(R2 = 0.997)

The stimulation of different spicy substances is mainly manifested in 
the change of Ka value and the maximum response current change rate 
(Vmax). Therefore, referring to the calculation method of the Michaelis 
constant, the calculation formulas of Ka and Vmax are shown in Eqs. (2) 
and (3). 

Slope=
Ka

Vmax
(2)  

Intercept=
1

Vmax
(3) 

It can be calculated that Ka, capsaicin = 3.5206 × 10-16 mol/L, Ka, allicin 
= 5.0227 × 10-15 mol/L, Ka, sanshool = 1.7832 × 10-15 mol/L, Vmax, 

capsaicin = 0.6627, Vmax, allicin = 0.7657, Vmax, sanshool = 0.6589. The Ka 
value can reflect the affinity of the receptor to the ligand. The smaller 
the Ka value, the greater the affinity of hTRPV1 with spicy substances. 
Therefore, the sensitivity order of hTRPV1 to three spicy substances is: 
capsaicin > sanshool > allicin. And Vmax reflects the stimulation in
tensity of spicy substances to hTRPV1. The greater the Vmax value, the 
greater the change of the response current of hTRPV1-cell membrane 
biosensor induced by the spicy substance. Therefore, the stimulation 
intensity of three spicy substances on hTRPV1 is: allicin > capsaicin >
sanshool. 

3.5. Repeatability, stability and reproducibility 

The ability of the hTRPV1-cell membrane biosensor to continuously 
detect spicy substances was tested in 3.5 × 10-16 mol/L capsaicin solu
tion. The results are shown in Fig. S8. The relative standard deviation 
(RSD) value of response current change rate was 2.72%. This shows that 
the biosensor has good repeatability and can be used for continuous 
detection. 

The prepared hTRPV1-cell membrane biosensor was stored in 0.2 
mol/L PBS buffer solution (pH = 7.4), and the 3.5 × 10-16 mol/L 
capsaicin solution was detected at the same time every day. Fig. 4A 
shows the stability test results of five prepared biosensors. Obviously, 
the response current change rate on the seventh day dropped signifi
cantly, and the RSD between it and the response current change rate on 
the sixth day reached 23.61%. This may be due to the long-term im
mersion in PBS buffer solution, which caused the electrode surface 
modification material to fall off and the response signal decreased. 
However, the stability of the hTRPV1-cell membrane biosensor is good 
within six days. 

Finally, we evaluated the reproducibility of the hTRPV1-cell mem
brane biosensor. Five biosensors were prepared by the same method 
under the same conditions and used to detect 3.5 × 10-16 mol/L 
capsaicin (Fig. 4B). The results show that the RSD between the response 
current change rates of each biosensor is only 0.75%. This indicates that 
the biosensor can be stably prepared. 

3.6. Molecular docking 

3.6.1. Analysis of the results of homology-modelling of hTRPV1 
The SWISS-MODEL server uses the Qualitative Model Energy ANal

ysis (QMEAN) scoring function to evaluate the quality of different 
models. The results showed that the best scoring model (Fig. S9A) was 
constructed using the TRPV1 structure with a PDBID of 3J5P 
(TRPV13J5P) as a template (Liao et al., 2013). Due to the lack of ligands 
in TRPV13J5P template, the ligand binding center could not be deter
mined. Therefore, we use the “align” function of PyMol to align the 

homology-modelling structure of hTRPV1 (TRPV13J5P as a template) to 
the TRPV1 structure with a PDBID of 5IRX (TRPV15IRX) (Gao et al., 
2016). This is because the amino acid sequence of TRPV15IRX and 
hTRPV1 has the highest homology. In addition, hTRPV1 is a homote
trameric protein composed of four monomers. Therefore, we extracted A 
Chains from hTRPV1 as receptor (hTRPV1A) for molecular docking 
(Fig. S9B). Because resiniferatoxin is a super analog of capsaicin, 6EU in 
TRPV15IRX was selected as the reference ligand to determine the active 
pocket. Finally, we obtained the 3D structure of hTRPV1A-6EU. 

3.6.2. Feasibility verification of molecular docking 
As shown in Fig. S10, the re-docked conformation almost overlaps 

with the original conformation of 6EU. This indicates that the docking 
method has good reliability and can be used to study the binding mode 
of spicy substances and hTRPV1A. 

3.6.3. Analysis of molecular docking results 
Affinity is the evaluation criterion for the degree of binding between 

Fig. 4. The stability (A) and reproducibility (B) of hTRPV1-cell membrane 
biosensor for the detection of spicy substances. 3.5 × 10-16 mol/L capsaicin is 
used as the test solution. 
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the target receptor and the small molecule ligand. The higher the affinity 
value, the stronger the ligand-receptor binding capacity and the more 
stable the complex formed. The docking results showed that the affinity 
values of the optimal conformations of the three spicy substances were 
allicin = − 15.0624 kJ/mol, capsaicin = − 27.196 kJ/mol and sanshool 
= − 23.012 kJ/mol. Among them, the negative sign represents sponta
neous reaction. On the one hand, this proves that the three spicy sub
stances can spontaneously bind to the active pocket of hTRPV1A without 
absorbing energy from the outside. On the other hand, the affinity value 
also indicates that the stability order of the complex formed by the 
combination of the three spicy substances and hTRPV1A is: capsaicin >
sanshool > allicin. This is completely consistent with the activation 
constant (Ka value) of the three spicy substances on hTRPV1 measured 
by the prepared hTRPV1-cell membrane biosensor. This indicates that 
the prepared biosensor can be used to accurately study the response of 
hTRPV1 to different spicy substances. 

Subsequently, we observed the interactions within the complex at 
the amino acid level. First, Fig. S11 shows the optimal binding confor
mations of the three spicy substances in the active pocket of hTRPV1A. 
The results showed that the three spicy substances were successfully 
docked into the active pocket of hTRPV1A. Secondly, as shown in Fig. 5, 
the polar heads of the three spicy substances are inside the active pocket 
of hTRPV1A and form hydrogen bonds with amino acid residues. At the 
same time, the hydrophobic tail of the spicy substance interacts with the 
non-polar residues outside the active pocket with van der Waals forces. 
Molecular docking analysis showed that spatial complementarity, hy
drophobicity, hydrogen bonding and π-π interactions together promote 

the combination of spicy substances and hTRPV1A. Finally, we analyzed 
the specific role of amino acid residues in the process of spicy substances 
binding to hTRPV1A through the 2D diagram. As shown in Fig. 6A, the 
hydrogen bond and Pi-anion interaction of Glu570, Pi-alkyl interaction 
of Leu553 and Ala566, and carbon-hydrogen bond of Asn551 play a 
major role in the binding of capsaicin with hTRPV1A. It can be observed 
from Fig. 6B that the attractive charge of Glu570 and the hydrogen bond 
of Thr550 and Tyr554 are the keys to the binding of allicin to hTRPV1A. 
Sanshool shows different characteristics. As shown in Fig. 6C, in addi
tion to the hydrogen bond formed between Glu570 and amino hydrogen 
of amide group of sanshool, van der Waals force is also very important in 
the binding process of sanshool and hTRPV1A. Obviously this is related 
to the longer conjugated double bond in the structure of sanshool. The 
difference of molecular structure leads to the difference of interaction, 
and finally caused the difference of affinity of capsaicin, allicin and 
sanshool with hTRPV1A. 

4. Discussion 

With reference to the calculation method of Michaelis constant, the 
activation constants of three spicy substances on hTRPV1 were also 
obtained through the developed biosensor. This is consistent with the 
affinity value obtained through the molecular docking experiment. This 
demonstrates that whether it is the macroscopic result of the sensor or 
the microscopic result of the molecular level, the order of sensitivity of 
hTRPV1 to the three spicy substances is: capsaicin > sanshool > allicin. 
This result is also similar to what people actually feel. In addition, we 

Fig. 5. The interaction of capsaicin, allicin and sanshool with hTRPV1A active pocket includes shape complementarity, aromatic, hydrogen bond and 
hydrophobicity. 
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also analyzed the binding mode of resiniferatoxin and hTRPV1A 
(Fig. S12). The results showed that the affinity value of resiniferatoxin to 
hTRPV1A was higher than that of capsaicin, reaching − 33.8904 kJ/mol, 
which is consistent with the research results of Maggi et al. (1990). This 
not only shows that the molecular docking procedure established in this 
study is accurate, but also that the biosensor results consistent with the 
molecular docking results are also credible. 

After comprehensively analyzing the interaction of 6EU and three 
spicy substances with hTRPV1A, we found that the amide bond and its 
similar groups and benzene ring structure play an important role in the 
binding process of spicy substances and hTRPV1A. Among them, amide 
bonds and its similar groups mainly participate in the formation of 
hydrogen bonds, especially the hydrogen bond with Glu570. The ben
zene ring structure is mainly related to the role of Pi-alkyl interaction. 
The benzene ring in 6EU and capsaicin makes them show stronger af
finity, which just proves the importance of this structure. In the mo
lecular structure of spicy substances, the difference between these two 
groups is mainly responsible for the diversity in affinity, namely 6EU >
capsaicin > sanshool > allicin. This demonstrates a similar conclusion 
with our previous study based on the SD rat taste bud tissue sensor. 
Therefore, we believe that the above mentioned structure will be the key 
to the detection of hTRPV1 activators and the development of analgesics 
based on inhibitors. In addition, it can be found from Fig. 6B and C that 
the hydrogen bond of allicin is stronger than that of sanshool, but the 
affinity of sanshool to hTRPV1 is stronger. This may be due to the aro
matic and hydrophobic interaction caused by the long conjugated 
double bond in the structure of sanshool, which makes the binding of 
sanshool and hTRPV1 more stable (Fig. 5). It is suggested that the af
finity of the spicy substance with hTRPV1 can be increased by appro
priately extending the hydrophobic tail of the spicy substance, in 
addition to ensuring the binding of amide bond and its similar groups 
and benzene ring structure with the amino acid residues inside the active 
pocket of hTRPV1. In addition, Glu570 is involved in the binding of all 
spicy substances with hTRPV1 and plays an irreplaceable role. There
fore, in the study of hTRPV1, Glu570 should be the key focus. 

5. Conclusion 

In this study, starting from the practical problems of TRPV1 research, 
a novel hTRPV1-cell membrane biosensor was designed and constructed 
for the detection of spicy substances. Through the selective adsorption of 
intermediate filaments and the adhesion of collagen, the cell membrane 
loaded with hTRPV1 was successfully fixed on the electrode, and the 
electron transfer efficiency was significantly improved with the help of 
nano-gold and RGO materials. The results show that the activation 
constants of capsaicin, allicin and sanshool on hTRPV1 are Ka, capsaicin =

3.5206 × 10-16 mol/L, Ka, allicin = 5.0227 × 10-15 mol/L, Ka, sanshool =

1.7832 × 10-15 mol/L, respectively. Their detection sensitivity order on 

this biosensor is: capsaicin > sanshool > allicin. This is consistent with 
the binding mode of the three spicy substances and hTRPV1 simulated 
by the molecular docking method. The new cell membrane biosensor 
provides a high sensitivity and low detection limit platform for the direct 
study of the interaction between hTRPV1 and spicy substance. In addi
tion, the biosensor provides new ideas and methods for the construction 
of biosensors based on membrane receptors or ion channels. This work is 
expected to be a model for the development of human-related receptors 
or protein biosensors. 
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