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This study aimed to explore the interaction between bombykol and BmOR1 and also provide a paradigm for ag-
roforestry pest control. The electrochemical biosensor signal amplification system was used: nanogold with
horseradish peroxidase. An electrochemical bilayer nanogold membrane receptor sensor was developed using
the following schemes and processes: twice self-assembly of nanogold and succeeding absorption of Bombyx
mori olfactory receptor 1 (BmORT1); sex pheromone-binding protein; spectral scanning and transmission elec-
tron microscope to characterize nanogold sol; and atomic force microscope, cyclic voltammetry, and AC imped-
ance methods to characterize individual processes of sensor assembly. The amperometric I-T curve was adopted
to measure the response current upon interaction with different concentrations of bombykol (diluted in
phosphate-buffered saline) and BmORT1. The results demonstrated the receptor-ligand interaction pattern,
which was similar to enzymatic reaction kinetics, with the activation constant Ka of up to 8.57 x 10~2° mol/L
and signal magnification of about 10,000-fold. In this study, the simulation of intracellular receptor signaling cas-
cade by an electrochemical signal amplification system helped in directly measuring BmOR1-bombykol ligand
interaction and exploring the kinetics after the self-assembly of BmOR1 on the biosensor. It provided a novel plat-

form for future studies on receptor-ligand interaction.

© 2019 Published by Elsevier B.V.

1. Introduction

Bombykol, an insect sex pheromone, is secreted mainly by female
silkworm moths [1,2]. It is a natural ligand of Bombyx mori
pheromone-binding protein(PBP) [3]. Bombykol is transported to the
membrane surface of dendrites upon binding with PBP and interacts
with the membrane receptor protein. G protein-coupled receptor
(GPCR), the membrane receptor for bombykol, resides on the mem-
brane of sensory neuron axons [4,5]. Upon binding of the extracellular
domain with bombykol, the receptor couples to intracellular G protein
via complicated conformational changes in seven transmembrane do-
mains and cascade effects [6], selectively activating multiple down-
stream signaling cascades and generating nerve impulses and receptor
potentials by depolarization [7-9].

GPCRs, a receptor superfamily constituted by thousands of mem-
bers, have a critical role via complex intracellular signaling pathways
in systemic/cellular substance metabolism, energy metabolism,
and signaling communication [10]. At present, studies related to
ligand-receptor interaction focus mainly on the extracellular domain
of receptor and binding domain of ligand and on the application in
drug screening. For GPCR-based drug screening, the live cell assay
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platform [11] comprising high-throughput screening assays, cell micro-
arrays, and cell microfluidics is mostly used. It shows a high degree of
miniaturization and multifunctionality under low-cost conditions
[12,13]. Also, cells expressing exogenous GPCR target proteins are easy
to manipulate. However, they may not represent the true situation of
the target cells in the natural environment [14]. Moreover, new detec-
tion methods are based on label-free systems, such as surface plasmon
resonance, resonance waveguide grating, impedance [15-17], or surface
acoustic wave sensors [18].

These methods directly measure GPCR-ligand interactions, inde-
pendent of the binding site, probe, and signaling pathway. They are use-
ful for primary and orthogonal screening and overcome the limitations
of indirect and displacement assay methods [19]. Overall, these
methods are based on the receptor-ligand interaction. They are obvi-
ously useful, hypersensitive, and label-free techniques for the antigen-
antibody interaction, DNA-RNA molecular probe hybridization, and af-
finity analysis of aptamers. However, they are inappropriate for the
analysis of catalytic activity of enzymes, signal recognition by the extra-
cellular domain of receptors, and intracellular signal transduction and
amplification, even generating the opposite results. According to the
previous studies on signal transduction of ligand recognition and intra-
cellular amplification via receptors, which was detected with live cell
assay platform [20], the process of signal recognition and amplification
was similar to the enzyme-substrate catalysis. The Km value of enzymes
is known to negatively correlate with their catalytic efficiency,
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indicating that the smaller the Km value (the greater affinity of the
enzyme with the substrate), the smaller the concentration of substrate
(ligand) upon reaching the 1/2 maximum catalytic reaction rate, and
the more the effectiveness.

Silkworms can sense bombykol secreted from female silkworm
moths from miles away. This indicates that the natural olfactory signal
amplification system of the silkworms is quite efficient and sensitive
[21]. The interaction of olfactory receptors with odor molecules/sex
pheromones is a good study subject for receptor-ligand interactions.
Therefore, an electrochemical signal amplification system based on
nanogold and horseradish peroxidase (HRP) was designed, aiming to
simulate the intracellular signal amplification system, thereby further
probing the receptor-ligand interaction pattern (Scheme 1). The
heterotrimeric G proteins function as transducers to activate many sig-
naling pathways. When the guanosine diphosphate (GDP) on the Got
subunit was replaced with guanosine triphosphate (GTP), the complex
dissociated into Go/GTP and GBy subunits, which were then capable
of activating or inhibiting a wide range of signaling systems. This
study designed an electrochemical signal amplification system based
on gold nanoparticles (AuNPs) and HRP to simulate the intracellular
signal amplification system for the study of the receptor-ligand
interaction.

The proposed B. mori olfactory receptor 1 (BmOR1) biosensor was
schemed using the following strategy. Bombykol binds to the BmOR1
sensor, on which multiple thiol groups of the intracellular domain
bind to AuNPs. Also, the electrochemical signal changes, generated by
the interaction of the extracellular domain of receptor with the ligand,
are further amplified through HRP. The results demonstrated that the
biosensor could not only supersensitively detect bombykol but also sim-
ulate intracellular signal cascade amplification of receptors, benefiting
studies on the kinetics pattern of receptor-ligand interaction.

2. Experimental
2.1. Reagents and solutions
B. mori was procured from Jilin Provincial Sericultural Sericulture

Academy of Science (China). Bombykol was obtained from Hangzhou
FandaChem (China); Chitosan (chitosan, Chit, deacetylation degree

[gJan!

>90%) from Jinan Haidebei Marine Biological Engineering Co., Ltd.
(China); sodium citrate from Tianjin Winda Rare Chemical Reagent Fac-
tory (China); chloroauric acid from Shenyang Jinke Reagent Factory
(China); bovine serum albumin (BSA) and Tween-20 from Sigma
(USA); thionin acetate (Thi) from Sigma-Aldrich (USA); and
HRP (1000 units/mg) from Solarbio (Beijing, China). A total of
0.1 g/100 mL Chit solution was used: 0.1 g Chit dissolved in 100 mL of
1% acetic acid solution. The reagents used were of analytical grade,
and the water used in the experiments was ultrapure water
(18.2 MQ/cm).

2.2. Apparatus

The CHI 660E electrochemical workstation and the three-electrode
system were purchased from Shanghai Chenhua Instrument Co., Ltd.
(China). Among them, Ag/AgCl was used as the reference electrode,
platinum wire electrode (Pt) as the counter electrode, and glassy carbon
electrode (GCE, ¢ = 3 mm) as the working electrode. A KQ 3200B ultra-
sonic cleaner was procured from Kunshan Ultrasonic Instrument Co.,
Ltd. (China) and used for GCE pretreatment. A microwave oven was
purchased from the LG Company (Korea). A UV-2501 ultraviolet-
visible (UV-Vis) spectrophotometer was obtained from Shimadzu
Instrument Co., Ltd. (Japan). A DHG-907385-III CIMO electric heating
constant-temperature air-drying oven was purchased from Haixin
Miao Medical Device Manufacturing Co., Ltd. (China) An atomic force
microscope (AFM) Dimension 3100 was procured from Veeco (USA).
The tapping mode was used to characterize the different modification
stages of the electrodes. A transmission electron microscope (TEM;
Philips Tecnai G2F20, Netherlands) with an acceleration voltage of
200 kV was used to characterize AuNPs.

2.3. Preparation of Thi/Chit copolymer, AuNPs, and AuNPs/HRP

The thiopurine/Chit copolymers were prepared using the reference
method [23] with improvement. Then, 2.5 mL of 2% (w/v) Chit solution
(2 g of Chit in 100 mL of 2% v/v acetic acid solution mixed for 3 h) was
added to 320 pL of 10% glutaraldehyde (v/v) solution. After mixing,
200 pL of 0.01 mol/L thionine (Thi) solution was added to the aforemen-
tioned solution, and finally, 2% (v/v) acetic acid solution was added to a
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Scheme 1. Electrochemical signal amplification system simulating the intracellular signal amplification system.
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total volume of 6 mL. After mixing, the solution was used for dispensing
electrodes.

In this study, trisodium citrate was used to reduce chloroauric acid
for preparing AuNPs, following the Frens method [24]. Subsequently,
4 mL of 1 g/100 mL of trisodium citrate was added to a neutral
100 mL of 0.01 g/100 mL chloroauric acid solution. The solution was
placed in a microwave oven and heated until it became bright red
wine in color (about 10-20 min). After cooling, ultrapure water was
added to the original volume, and the solution was stored at 4 °C for fur-
ther use. The AuNP sols were characterized using UV-Vis spectropho-
tometry and transmission electron microscopy.

According to the previous methods [25], 0.1 mol/L K,CO3 was used
to adjust the pH of the prepared AuNPs sol to 7.0. Then, 1 mL of AuNP
sol was mixed with 1 mL of 2.0 g/L HRP solution [0.01 mol/L, pH 7.4,
phosphate-buffered saline (PBS) solution], stirred for 2 h, and stored
at 4 °C overnight for further use.

2.4. Extraction of BnOR1

BmOR1 protein was extracted according to the manual of the protein
extraction kit (KeyGen Biotech), with minor modifications. Specifically,
25 pairs of antennas were collected from male silkworm moths (virgin)
after eclosion. The antennas were ground in a beaker using a pestle
with the slow addition of 1 mL of lysis buffer (containing 5 pL of a
phosphatase inhibitor, 1 pL of a protease inhibitor, and 10 pL of
phenylmethylsulfonyl fluoride) using a pipette. The ground tissue was
homogenized 30-50 times using a glass homogenizer (on ice for the en-
tire process to prevent heat denaturation of proteins), prior to placing
on ice for about 5 min. Then, the homogenate was transferred to a
prechilled centrifuge tube to spin at 4 °C for 5 min at 13,000 rpm, and
the supernatant was transferred to a new centrifuge tube as the protein
extract.

2.5. Fabrication of the bombykol electrochemical olfactory receptor biosen-
sor and detection principle

GCE was pretreated using conventional methods. It was sequentially
polished on the suede with an o-Al, 03 paste of 1.0, 0.3, and 0.05 pm par-
ticle size and then washed in an ultrasonic water bath for 30 s after each
polishing. This process was repeated thrice. Finally, the samples were

used to repeatedly scan until a stable cyclic voltammetry curve ap-
peared. The recorded cyclic voltammetry curves in 1 mmol/L KsFe
(CN)g solution (containing 0.20 mol/L KNO3) were used to characterize
the pretreatment effect of GCE with a scan range of 0.6-0.1 V and a scan
speed of 50 mV/s. The electrode was used unless the peak potential dif-
ference of the cyclic voltammetry curve of the pretreated electrode
under laboratory conditions was <80 mV, approximately 64 mV, and fi-
nally the electrode was placed in a nitrogen atmosphere for drying.

An electrochemical biosensor with a signal amplification system was
developed using a previously reported method [26,27] (Scheme 2).
After the pretreatment of GCE, 5 pL of 0.5% Chit solution (0.5 g of Chit
dissolved in 100 mL of 1% acetic acid solution) was dropped on the sur-
face of the electrode, dried in an oven at 45 °C for 3 h, and cooled to
room temperature. Then, it was immersed in 1 mol/L NaOH solution
for 5 min, subsequently washed with ultrapure water, and immersed
in ultrapure water for 30 min (step 1). It was then taken out, naturally
dried, and placed in AuNPs sol for 24 h (step 2). Subsequently, the elec-
trode was placed in 1 mg/mL BmOR1 extraction solution at 4 °C for self-
assembly for 24 h to obtain a single-layer AuNP-modified sensor (step
3). Further, 5 pL of the prepared Thi/Chit copolymer solution was
added dropwise to the center of the electrode surface. After drying nat-
urally, the polymer film was repeatedly washed with ultrapure water
until the water had no absorbance at 600 nm, following which the elec-
trode was placed in the AuNPs/HRP solution at 4 °C for self-assembly
for 24 h (step 4). After washing with ultrapure water, the electrode
was placed in 1 mg/mL BmOR1 extraction solution at 4 °C for self-
assembly for 24 h (step 5). Finally, the modified electrode was placed
in the BSA solution (1 g/100 mL) for 1 h at 37 °C to block nonspecific
sites, and unbound BSA was washed with PBS and Tween 20 solution
containing 0.05% (v/v) Tween-20 (step 6). The film was naturally
dried to obtain an electrochemical nanobiosensor, and then the elec-
trode was placed in the PBS buffer at 4 °C for further use.

A three-electrode system on the receptor sensor was used to deter-
mine the silkworm moth alcohol. The current-time scanning was
performed at an optimized potential to vary the steady current values
(I; and L) before and after the reaction for a quantitative determination
of silkworm moth alcohol. The reaction principle was based on the com-
bination of HRP and Thi on GCE to produce a series of redox reactions
with Hzoz.

washed with a 1:1 ratio of HNO;, absolute ethanol, and ultrapure ~ HRP + H20,—~Compound I + H0. (1)
water. A cyclic voltammetry-activated electrode with a scan range of ] ) X
1.0-1.0 V and a sweep rate of 100 mV/s in 1 mol/L H,SO,4 solution was Compound I + Thi (red)—Compound II + Thi (ox)". (2)
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Scheme 2. Schematic illustration of the fabrication of BmOR1 biosensors.
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Compound II + Thi (0x)* 4+ 2H"—HRP + Thi (0x) + H,0. (3)
Thi (0x) +2e~ + 2H" —Thi (red). (4)

The ligand complex on the electrode surface blocked electron trans-
fer due to steric hindrance, and the change in the steric effect could be
measured by the change in the current. The concentration of the ligand
could be detected by detecting the change in the current before and
after binding of the ligand.

2.6. Use of BmOR1 biosensors

A three-electrode working system was adopted: assembled BmOR1
biosensors as the working electrode; Ag/AgCl electrode as the reference
electrode; and Pt as the counter electrode. Taking ultrapure water
(18.2 MQ/cm) as the blank control, the amperometric I-T curve was
adopted at a certain voltage to measure the response current upon its
interaction with different concentrations of bombykol and BmOR1,
and the change rate of response currents was taken as the measurement
variable (H,0, pre-added to reach the final concentration of 8 mmol/L).
Given that bombykol is soluble in organic solvents, it was dissolved in
75% ethanol to prepare the mother liquor at a concentration of
1 mol/L and preserved at 4 °C. The working concentration was prepared
by dilution in ultrapure water right before use.

The change rate in response current was calculated using the follow-
ing equation:

A% = % % 100 (5)

Note: I and I, respectively, represent the values of steady-state cur-
rent at the same time points as bombykol response current (pre- and
post-measurements).

3. Results and discussion
3.1. Characterization of AuNPs

The synthesized AuNPs in this study were bright red wine in color.
The scanning spectra in the wavelength range of 400-700 nm are
shown in Fig. 1. The result showed a strong absorption peak at
521 nm, roughly indicating that the average particle size of AuNPs was
15-20 nm. The TEM results of AuNPs are shown in Fig. 1B and C. The fig-
ure shows that the synthesized AuNPs in this study had a regular shape,
uniform particle size, and average particle size of about 15 nm with no
aggregation. The characterization of AuNPs using UV-Vis spectra was
the same as that using TEM scanning, suggesting that the particle size
of AuNPs was 15-20 nm, which could be used for subsequent
experiments.

3.2. Pretreatment characterization of the electrode

Fig. 2A shows the cyclic voltammograms of GCE before and after the
pretreatment. After preprocessing, its redox peak current increased sig-
nificantly. The peak potential difference was <80 mV and the peak cur-
rent ratio close to 1 (the electrode after H,SO4 activation produced
negatively charged oxygen-containing groups on the surface, such as
hydroxyl and carboxyl [28], and also formed a porous structure, increas-
ing the effective surface area [29]), suggesting that the electrode met the
requirements. Fig. 2B shows the cyclic voltammogram of the electrode
at different scanning rates (1 — 8 successively: 25, 50, 75, 100, 125,
150, 200, and 250 mV/s) (scanning range: 0.6-0.1 V). The embedded
Fig. 2C in 2B shows that the redox peak current exhibited a good linear
relationship with the square root of sweep speed, indicating that the
redox peak current of the electrode was controlled only by diffusion.

0.9+
.~ 521nm A

0.6 4

0.3

0.0

T T T
400 500 600 700

20 nm. 50 nm

Fig. 1. (A) Spectral absorption curve of GNPs. The TEM image of GNPs at (B) 1 x 145,000
and (C) 1 x 71,000.

GCE in this study received a good pretreatment effect, and the perfor-
mance of the electrode was improved by H,SO,4 activation, which
could be used in subsequent studies.

(a-h) GCE, Chit-GCE, GNPs-Chit-GCE, BmOR1-GNPs-Chit-GCE,
Thi/Chit-BmOR1-GNPs-Chit-GCE, HRP/GNPs-Thi/Chit-BmOR1-GNPs-
Chit-GCE, BmOR1-HRP/GNPs-Thi/Chit-BmOR1-GNPs-Chit-GCE, and
BSA-BmOR1-HRP/GNPs-Thi/Chit-BmOR1-GNPs-Chit-GCE.

Abbreviations: BSA, bovine serum albumin; BmOR1, bombykol re-
ceptor protein; chit, chitosan; GCE, glassy carbon electrode; GNPs,
gold nanoparticles; HRP, horseradish peroxidase; Thi, thionine

3.3. Electrode assembly and characterization

Fig. 2D and E shows the cyclic voltammetry characterizations of the
bombykol electrochemical olfactory receptor biosensors at different as-
sembly stages in 1 x 10~> mol/L K5Fe(CN)g (containing 0.20 mol/L
KNOs) solution, with a scanning range of 0.6-0.1 V and a scanning
speed of 50 mV/s.

In Fig. 2, the curves a, b, ¢, d, e, f, g and h represent eight
different modification stages of bare GCE, Chit-GCE, GNPs-Chit-GCE,
BmOR1-GNPs-Chit-GCE, Thi/Chit-BmOR1-GNPs-Chit-GCE, HRP/GNPs-
Thi/Chit-BmOR1-GNPs-Chit-GCE, BmOR1-HRP/GNPs-Thi/Chit-BmOR1-
GNPs-Chit-GCE, and BSA-BmOR1-HRP/GNPs-Thi/Chit-BmOR1-GNPs-
Chit-GCE, respectively.

Comparison between curves a and b shows that the peak current of
the cyclic voltammogram decreased and the impedance increased sig-
nificantly after the Chit film assembled on the bare GCE electrode be-
cause the Chit film hindered the electron transfer, confirming that it
was successfully assembled. The curve c shows that the redox peak cur-
rent of assembled GNPs increased sharply and the impedance decreased
sharply because the tunneling effect of GNPs and the excellent electron
transport ability accelerated electron transfer. The redox peak current
shown in curve d was significantly smaller than that shown in curve c,
while the impedance significantly increased because the lower conduc-
tivity of BmORT1 protein molecule and the steric hindrance effect on the
electrode hindered the transfer of electrons, indicating that the BmOR1
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Fig. 2. Characterization of the effect of the GCE pretreatment: (A) cyclic voltammetry; (B) cyclic voltammograms of bare GCE at scan rates of 0.025, 0.050, 0.075, 0.100, 0.125, 0.150, 0.200,
and 0.250 V/s (a — h); (C) the inset shows the dependence of the redox peak currents on the square root of scan rates (Correlation coefficients R> = 0.9873, R? = 0.9894); and (D and
E) characterized electrode in the modifying process by cyclic voltammetry and AC impedance; both CV and AC impedance performed in 1 mmol/L K3Fe(CN)g solution containing

0.20 mol/L KNOs,

was successfully assembled. Curve e shows that the redox peak current
of assembled Thi/Chit polymer slightly increased and the impedance
slightly reduced compared with those in curve d, which might be be-
cause the contribution of Thi to promote electron transfer was greater
than the effect of Chit on electron transfer inhibition. Curve f shows
the electrochemical characterization of the second layer of gold
(adsorbed with HRP). The redox peak current increased, and the imped-
ance decreased significantly. This might be due to the greater contribu-
tion of GNPs to electron transfer. The redox peak current in curve g
significantly reduced and the impedance increased compared with
that in curve f, indicating that the second layer of BmOR1 assembled

on the electrode. The redox peak current shown by curve h further de-
creased and the impedance increased, indicating that the BSA blocked
the electrode surface nonspecific sites.

Moreover, the characterization with AFM, via the roughness (Ra) of
membrane surfaces before and after assembly, directly displayed the
scenarios of biosensor assembly and then biosensor binding to
bombykol after successful assembly (shown in Fig. 3).

Table 1 lists the parameters of electrode surface morphology.
Nanoscope 6.11r1 was used to analyze the data. Compared with the
bare electrode (Fig. 3A), the Ra reduced from 3.18 to 0.52 nm after
Chit drying and membrane formation (Fig. 3B), because the Chit
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Fig. 3. AFM characterization of the electrode assembly by the tapping mode. (A-H) GCE, Chit-GCE, GNPs-Chit-GCE, BmOR1-GNPs-Chit-GCE, Thi/Chit-BmOR1-GNPs-Chit-GCE, HRP/GNPs-
Thi/Chit-BmOR1-GNPs-Chit-GCE, BmOR1-HRP/GNPs-Thi/Chit-BmOR1-GNPs-Chit-GCE, and BSA-BmOR1-HRP/GNPs-Thi/Chit-BmOR1-GNPs-Chit-GCE.
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membrane covered the scratch of the bare electrode, and the peak
depth reduced from 90.5 to 3.18 nm. After AuNPs adsorption (Fig. 3C),
Ra increased from 0.52 to 8.11 nm because Au nanoparticles showed
spherical shape, uniformly covering the surface of smooth membrane
and increasing Ra. Moreover, the peak depth also increased from 3.18
to 100.22 nm. After BmOR1 self-assembly (Fig. 3D), Ra continuously in-
creased because Au adsorbed many BmOR1 proteins by Au—S. The peak
depth also increased. After mixing Thi-Chit with sol and forming a
membrane (Fig. 3E), Ra decreased from 15.3 to 3.01 nm due to the
same reason, and the peak depth decreased to half of the membrane po-
tential after BmOR1 self-assembly. Afterward, the electrode was placed
in an AuNPs-HRP mixing solution and immersed overnight for self-
adsorption (Fig. 3F). The existence of Au particles and HRP increased
Ra slightly (3.01-4.44 nm). After the second adsorption of a large
amount of BmOR1 protein (Fig. 3G), Ra increased by about six times,
and the peak depth increased two times (Ra increased from 4.44 to
25.6 nm; peak depth increased from 70.6 to 143.3 nm). Finally, BSA
was used to block the Au nanoparticles that did not bind with BmOR1
molecules (Fig. 3H). Ra reduced, and the peak depth slightly decreased
(Ra decreased from 25.6 to 15.2 nm; peak depth decreased from 143.3
to 128.3 nm). The assembly of sensor was finished, and it was stored
at4 °Cin 0.01 M PBS (pH 7.4) for further detection.

3.4. Optimization of detection conditions for BmOR1 biosensors

3.4.1. Optimization of detection potential

The amperometric I-T curve was adopted to measure the response
current upon its interaction with bombykol at different potentials. Tak-
ing ultrapure water as the blank control, 10~ !> mol/L bombykol was
added to the test group, and the change rate of steady-state currents
was measured to evaluate the effect of different potentials on the re-
sponse effectiveness of this electrochemical biosensor. The results dem-
onstrated that the current change rate reached a maximum at a
potential of —0.4 V (Fig. 4A). Therefore, a constant potential at —0.4 V
was chosen for the study of biosensor response characteristics to
bombykol.

3.4.2. Optimal test time

Fig. 4B displays the response currents generated by the binding of
BmOR1 biosensors to 10~'> mol/L bombykol ligand at different time.
The chosen time scheme was as follows: the time of binding response
was 3-21 s, and the interval was 3 s. The comparisons indicated that
the change rate of electrode signal currents was basically stable in 9 s.
Therefore, the optimal test time for receptor-ligand binding was deter-
mined to be 10 s, following which the current values were stable.

3.4.3. H,0, concentration

Fig. 4C reveals that the addition of different concentrations of H,O,
influenced the change rate of response currents in BmOR1 biosensors.
When the H,0, final concentration was <8 mmol, the current change
rates gradually rose with an increase in additional volumes, whereas
they were stable after the H,0, final concentration reached 8 mmol, in-
dicating that 8 mmol could be taken as the optimal supplement dose.

3.4.4. Response current-time

Fig. 4D displays response currents upon addition of different concen-
trations of bombykol (107°~10~'4 mol/L) at different times. The re-
sponse current was stable at 30 s. Hence, the current at 30 s was taken
as the steady-state current.

3.5. Kinetic curve of bombykol-BmOR1 interaction

The amperometric [-T curve was adopted to test assembled elec-
trodes. The logarithm of concentration (IgC) was taken as the horizontal
ordinate, while the change rate of response currents was taken as the
vertical ordinate to plot the curve due to the wide spectrum of

Table 1
Surface roughness, peak height, and peak spacing during electrode assembly.

Assembly step  Ravalue (nm) Peak depth (nm) Peak to peak distance (nm)

A 3.18 90.5 1.32
B 0.52 3.18 1.14
C 8.11 100.22 0.81
D 15.3 126.7 134
E 3.01 51.7 1.21
F 4.44 70.6 1.68
G 25.6 143.3 2.61
H 15.2 128.3 2.13

Ra, Roughness.

bombykol concentration, which made plotting difficult. As shown in
Fig. 5A, the change rate of response currents showed an optimal linear
correlation with increasing bombykol concentrations within the con-
centration range of 10~'°~10~'4 mol/L.

A concentration range of 10~ °~10~'¢ mol/L of bombykol was cho-
sen based on the linear range, as shown in Fig. 5A. The test concentra-
tions were further subdivided for plotting (Fig. 5B), using
concentrations of test substance (bombykol) as the horizontal ordinate
and the change rate of currents as the vertical ordinate.

Based on the receptor-ligand binding kinetic equation:

R + (L] 2[RI (6)

kq

When the receptor was saturated:

_ k1 _[RIL]
Kd =5 ="y (7)

If [RT] was designated as the initial concentration of the receptor,
then [R] = [RT] - [RL]; if [LT] was the total ligand concentration, then
[L] = [LT] - [RL]; after substitution of [L] = [LT] - [RL]/[R] = [RT] -
[RL] into Eq. (7), the new equation was as follows:

[RL*~[RLI{[RT] + [LT] + Kd} + [RT][LT] = O ®)

The aforementioned equation is a hyperbolic quadratic equation
with one unknown, [RL] being the variate. When [RT]/Kd was fixed,
[RL] varied with changes in [LT], rapidly rising at the beginning, and
then gradually reaching the horizontal level, which was the saturation
curve of receptor-ligand interaction. The equation indicates that the
receptor-ligand binding had a ligand saturation effect, similar to the
enzyme-substrate interaction. The substrate saturation effect was the
signature of enzyme catalysis.

Software Origin 8.0 was applied to make a hyperbolic fitting for
curves in Fig. 5B, and the acquired new curve is shown in Fig. 5C, with
the following fitting equation:

Al = 4.2046 x 10_2°C/(1.0299 +Cx 10—19) (R2 = 0.9526) 9)

Fig. 5C and the aforementioned fitting equation show that the curve
of test substance-receptor interaction conformed to the hyperbola, with
the substrate saturation effect similar to enzyme-substrate interaction
kinetics.

Fig. 5B shows that the current change rates increased with increases
in test substance (bombykol) concentrations, indicating that BmOR1 re-
ceptor had not reached saturation yet. However, after reaching a certain
concentration, the test substance (bombykol) concentration kept rising,
while the current change rates hardly or slightly changed. This indicated
that the BmOR1 receptor had already reached saturation. The aforemen-
tioned process and hyperbolic fitting results/equation indicated that the
biosensor not only reflected the binding of BmOR1 receptor with the



270 D. Lu et al. / Bioelectrochemistry 128 (2019) 263-273

99 & i
35

30{ 7 \

25 §\

All %

N
4 [N
20 — i
15 ‘\\\

104

-OI.5 ' -01.4 -OI.3 -0.2 -0.1
EN(vs Ag/AgCl)

40-

304

20

Al %

10 1 /

0 T T T T T T T
2 4 6 8 10 12 14

CH202 / mmol

351
B
i — ,,,1,/—71——\\, e
30 A : }
/
25 - i
o\o //
-~ 20 g
<
15 ]
10 /
P
5 T T T T T T |
3 6 9 12 15 18 21
Exposure time/s
D
0.4
0.8
g g
= f
-1.2 a
-1.6| T T T T T T
0 10 20 30 40 50 60

t/s

Fig. 4. (A) Current rate change of the biosensor at different voltages in ultrapure water containing 10~"'> mol/L bombykol. (B) Current rate change of the biosensor for different time in
ultrapure water containing 10~'> mol/L bombykol. (C) Current rate change of the biosensor at different doses of H,0,. (D) Response current of the biosensor at different times

(concentrations of bombykol: 10~ °~10~4 mol/L).

ligand but simulated in vivo signal transduction following the receptor-
ligand binding.

When [R] = [RT] - [RL] was substituted in Eq. (7), the resulting equa-
tion was as follows:

_ {[RT]—[RLJ}[L]
Kd = R (10)
Kd[RL) = [RT][L]—[RL][L] (11)
Eq. (11) was transformed as follows:
1 1 Kd 1
R0~ &7 R 12

The aforementioned equation is the Lineweaver-Burk equation
(also named as double reciprocal equation). A straight-line diagram
was plotted, with 1/[RL] as the vertical axis and 1/[L] as the horizontal
axis, Kd/[RT] as the slope of the straight line, —1/Kd as the horizontal
axis intercept, and 1/[RT] as the vertical axis intercept. According to
the aforementioned deduction, a diagram was plotted (double recipro-
cal plot), with the reciprocal of bombykol concentration being the hor-
izontal axis and the current change rate being the vertical axis (Fig. 5C).
The linear regression equation of fitting was as follows:

1 —191 2 _
;=201 %1079 +2.3445 (R = 0.9768) (13)

2.01x107"

Kd=——-ms

=8.57 x 1072 mol/L (14)

Bombykol signal amplification constant Ka (Kd in the aforemen-
tioned equation) was 8.57 x 10~2° mol/L. The activation constant Ka
was similar to the enzyme catalysis parameter Km. It was defined as
the ligand concentration when the 1/2 maximum biological effect of re-
ceptor saturation was achieved. The smaller the Ka value, the greater
the biological efficiency generated by the receptor-ligand interaction.
Misawaf and coworkers [30] combined the use of Xenopus laevis oocytes
and fluidic devices to develop a highly sensitive and selective odorant
sensor using oocytes capable of expressing insect olfactory receptors.
The system can be applied to detect odorants and pheromones. These
receptors are known to be involved in the regulation of ion flow through
plasma membranes by selective recognition of the corresponding
pheromones or odorants, bombykol, bombykal, Z11-16:Ald, and 2-
heptanone. The advantages of this assay were easy processing, hyper-
sensitivity, and high specificity; the disadvantage was a typical short
lifespan associated with cell-based biosensors. Mitsuno and coworkers
reported the development of a novel cell-based odorant sensor element
that sensitively and selectively detected odorants and displayed in-
creased fluorescent intensities over a long period of time. The odorant
sensor elements, based on Sf21 cell lines expressing insect odorant re-
ceptors, are sensitive to the level of several tens of parts per billion in so-
lution. They can selectively distinguish between different types of
odorants based on the odorant selectivity intrinsic to the expressed re-
ceptors and have response times of approximately 13 s. Specifically,
using Sf21 cells and insect odorant receptors, the established cell lines
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stably expressing insect odorant receptors were found to detect odor-
ants with consistent responsiveness for at least 2 months, thus exceed-
ing the short lifespan normally associated with cell-based sensors. [31]
Proteins from silkworm antenna were directly extracted in this study
to act as the connecting molecule on the biosensor surface and initially
applied for measuring bombykol response current and studying
receptor-ligand interaction pattern. The biosensor displayed both hy-
persensitivity and hyperstability (long-term stability allowing for con-
sistent detection of odorants, after culturing for days to months).

3.6. Biosensor signal magnification/stability/reproducibility and the service
life of biosensors

The signal magnification was defined as follows: the ratio of
receptor-ligand interaction/the same ligand-bare electrode interaction,
upon 1/2 maximum response current to evaluate the performance of
biosensor signal amplification system (Fig. 5D).

Signal magnification could be calculated using the following equa-
tion:

N = 10PCa2—PCa (15)

The signal magnification of the proposed biosensor was about
10,000.

The BmORT1 biosensor was consecutively tested 12 times in the solu-
tion of 10> mol/L bombykol for every 15 min of incubation. The

relative standard deviation (RSD) for the change rate of response cur-
rents was 4.3%, implying the proper stability of this biosensor.

This receptor biosensor was preserved at 4 °C in PBS and tested
every 3 days at the same concentration of bombykol solution
(10~'> mol/L). Biosensor response currents were basically stable for
the first 21 days, whereas they were 82.3% of the initial current on the
24th day and only 42.8% on the 30th day, indicating that the electro-
chemical receptor biosensor could be preserved for at least 24 days.
When five BmOR1 biosensors from different batches were tested at
the same bombykol concentration (10~ !> mol/L), the RSD of response
currents was 5.14%, indicating proper reproducibility of this receptor
biosensor. This was the first time BmOR1 was immobilized on a sensor
surface to enable the ultrasensitive detection of bombykol. No data on
bombykol electrochemical receptor biosensor have been reported
so far. The detection of bombykol is generally carried out using
Gas Chromatography-Mass Spectrometer (GC-MS) and Liquid
Chromatography-Mass Spectrometer (LC-MS). Compared with GC-MS
and LC-MS, electrochemical sensors have fast response, high sensitivity,
and low cost.

3.7. Reaction kinetics between the bombykol electrochemical olfactory re-
ceptor biosensor and the nontarget compound

The bombykol electrochemical olfactory receptor biosensor was
used to determine the current response of four bombykol analogs
(Z11-16:Ald; Z11-16:0H; 16:0H; and Z9-16:Ald) in the concentration



272 D. Lu et al. / Bioelectrochemistry 128 (2019) 263-273

range of 10~ '8-107'° mol/L. The logarithmic value of the correspond-
ing compound concentration was plotted on the abscissa, and the cur-
rent change rate of the response current was plotted on the ordinate
(Fig. 6). The results showed that the sensor had good specificity.

3.8. Analysis of real samples

A recovery experiment was used to evaluate the accuracy of the
method. The bombykol concentrations in three rat serum samples
were tested under the best condition, and the bombykol standard solu-
tion was added to the serum. Finally, the bombykol concentration was
measured. The test was repeated five times, and the recovery rates
were between 96.7% and 104.5% (Table 2). This suggested that the accu-
racy of the method was good, which could be used to detect bombykol
in real samples.

4. Conclusions

In the present study, the BmOR1 was used as the test element, and
Chit with good biocompatibility was used to absorb/immobilize
AuNPs. Nanogold with the excessive specific surface area and good elec-
trical conductivity self-assembled with BmOR1, which subsequently
immobilized electron mediators with good performance (thiol groups
and HRP) of the nanogold signal amplification system. Thus, a bilayer
nanogold-modulated electrochemical sensor was prepared. Next, the
amperometric I-T curve was adopted to measure the response current
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Table 2
Results of the recovery test of bombykol in rat serum samples (n = 5).
Sample Concentration of Added Found Recovery
bombykol (fmol/L) (fmol/L) (%)
(fmol/L)
1 3.36 20 244 104.5
2 1.87 20 22.7 103.8
3 6.79 20 259 96.7

on its interaction with bombykol, and the BmOR1-bombykol interac-
tion pattern was uncovered by analyzing the current change rate, with
detection sensitivity reaching 10~'° mol/L. Furthermore, BmOR1 signal
amplification constant Ka (8.57 x 1072° mol/L) was calculated by sim-
ulating the enzyme kinetic equation, with a signal magnification of
about 10,000-fold. This method was independent of the tissue or cell
system and enabled the simulation of intracellular signal transduction
with a novel signal transduction system, showing good performances.
After stable preservation for 20 days, the biosensor still maintained
82.3% of the initial current, thereby overcoming the problem of a typical
short lifespan associated with cell-based biosensors, such as odorant
sensors using Xenopus oocytes [30]. After immobilizing the BmOR1 to
the biosensor, the subsequent simulation of intracellular receptor signal
cascade by the electrochemical signal amplification system helped in di-
rectly measuring the BmOR1-bombykol ligand interaction and explor-
ing the kinetics. This biosensor provided a novel platform for studying
receptor-ligand interactions.
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Fig. 6. Response currents Z11-16:Ald (A); Z11-16:0H (B); 16:0H (C); Z9-16:Ald (D); concentration range of 10~ '%-10~'° mol/L in bombykol electrochemical olfactory receptor

biosensor.
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