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We characterized the response of the olfactory receptor (OR) OR51E2 to the target
molecule sodium acetate using silicon Mach—Zehnder interferometer (MZI) sensors.
Successful immobilization of the ORs on the Si surface was confirmed. The sensor exhibited
reversible responses, with a sensitivity enhancement of 3.1-fold compared to a reference
MZI sensor without ORs at a concentration of 1x107 mol/L. A substantial local refractive
index change, estimated to be as high as 3.1x1073 RIU, was derived from the experimental
signals, demonstrating the potential of olfactory sensing based on silicon photonic

technologies.
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Olfactory sensors capable of quantifying various smells are needed in a wide range of
fields including health care, security, food inspection, cosmetics, and environmental
monitoring [1-7]. Olfactory receptors (ORs) in animals serve as molecular recognition
elements and offer high sensitivity and selectivity for detecting odorant molecules [8, 9].
Cadaverine detection has been demonstrated using a nanodisc-based bioelectronic nose with
carbon nanotube transistors and TAAR13c-enbedded nanodiscs [10]. Octenol detection
has been achieved using insect ORs (OR-Orco) forming a ligand-gated ion channel
reconstructed into a lipid bilayer. [11]. Specific detection of nonanoic acid was reported
with graphene-based field-effect transistors (FETs) decorated with cOR52 [12]. However,
no studies have reported photonic sensors using ORs, that can detect the refractive index
(RI) change by molecular recognition of ORs through evanescent wave near
dielectric/semiconductor waveguides. Evanescent wave-based detection enables weak and
reversible interactions with odorant molecules, compared with the sensors based on FET.
Approximately 400 and 800 functional ORs have been identified in the genome DNA
sequence of humans and dogs, respectively. Si photonic olfactory sensors offer large scale
integration with diverse ORs from variant organisms, enabling the development of electronic
nose. In this study, we report on a Si Mach Zehnder interferometer (MZI) sensors
functionalized with OR51E2, which responds to acetic acid [9], and 3.1-fold improvement
in sodium acetate (SA) sensitivity under wet conditions.

Ring resonators and MZIs have been used as RI sensors based on Si photonics.  Since
RI changes caused by odorant low molecular compounds are smaller than those from
macromolecules like antigens in biosensor [13-16], higher sensitivity is needed. MZI
sensitivity depends on the length of the sensing region interacting with molecules, and can
be enhanced by extending the sensing region. Therefore, we chose MZI sensors for their
expected higher sensitivity [17-21]. Figure 1 shows the schematic image of the MZI
sensors decorated with ORs.  The output light intensity /ou: depends on the phase difference
A¢ between the two waveguide arms of the MZI sensors, and is given by Eqgs. (1), and (2).
Ioue % 3 [1+ Veos(A)] (1)

Ap = {mly = (uly +n5L)} ()

,where Vis the visibility of the interferometer determined by the propagation loss difference
between the arms, #ns and n1 are the effective refractive index of the sensing and reference
waveguide respectively, L, L1 and L> denote the length of the sensing waveguide, reference
waveguide, the lower waveguide with the protective layer (excluding L), and A is the
wavelength. A 2x3 multimode interference (MMI) waveguide was used for interference of
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the propagating light from the two arms to detect the phase shift caused by adsorption and
desorption of odorant molecules [17]. The output light intensities for three output

waveguides and recovered phase shifts Ag are expressed as Eq. (3), and (4).

Tout & 2 [1 + Veos {ag +2n( - 1)}], (i=123) ()
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out,2—3lout,1~3lout,3

V3

5 Iout,s—loum)

Ap = arctan{l 1 (4)

The cross-sections of the Si waveguides for the reference and sensing regions are shown
in Fig. 2. Transverse magnetic (TM) mode light of a wavelength of 1300 nm was used as
input. TM mode provides stronger evanescent field distribution at the sensing region than
transverse electric (TE) mode. The waveguide width w and height /# were fixed at 600 and
250 nm, respectively. A SiO» protective layer was deposited over the reference and
input/output waveguides, including the MMI splitter and combiner, to suppress the
interference from odorant molecules in saline.  Since ORs operate in aqueous environments,
such as lipid membranes covered by mucus in olfactory epithelium, saline was assumed to
cover all waveguides. The sensing region length L was set to 1.4 mm. Si MZI
waveguides were fabricated on a silicon-on-insulator substrate using electron-beam
lithography and reactive ion etching. A 300 nm-thick SiO; layer was deposited over the
substrate excluding the sensing region by RF magnetron sputtering and lift-off. Fig. 2
shows an optical microscope image of the fabricated devices.

Synthesis and immobilization of ORs were performed as follows. To facilitate
immobilization onto a Si substrate, a single cysteine residue was artificially added to the C-
terminus of each OR. Plasmid DNA constructs were generated by individually inserting
Olfr1377-Cys(OR1377), Olfr1484-Cys(OR1484) [22], OR51E2-Cys, and the nanodisc
scaffold protein His-spMSP1DI1 into pEU vectors. The OR1377 and OR1484 respond to
the aromatic compound acetophenone (CcH4COCH3), whereas OR51E2 responds to the
linear fatty acids acetic acid (CH3COOH) and propionic acid (CH3CH>,COOH). Each OR
was also fused at its N-terminus with a streptavidin-binding peptide (SBP-tag) and an HA-
tag to facilitate purification and confirm immobilization following cell-free protein synthesis.
Based on these plasmids, nanodisc-embedded ORs (ND-ORs), whose diameter is about 10
nm, were synthesized using the NanoDisc BD Kit (Cell Free Science), according to the
manufacturer’s protocol [23]. During the protein translation reaction, nRNAs encoding each

OR and the scaffold protein were co-translated in a wheat germ cell-free expression system,



allowing for the simultaneous synthesis of ORs and their incorporation into nanodiscs.
Following synthesis, the reaction mixture was applied to a Streptavidin Sepharose column
(Cytiva), which binds the SBP-tag on the ORs. ND-ORs were subsequently purified via
affinity chromatography using d-desthiobiotin as a competitive elution agent. ND-ORs
was immobilized on the Si MZI sensor using the following procedure. Cleaved dies (7 mm
x 10 mm) were heated at 250 °C for 5 min. under ozone atmosphere. Silanization with
amino bases was then performed in ethanol containing 2 vol.% of 3-
Aminopropyltriethoxysilane (APTES, TOKYO CHEMICAL INDUSTRY, A0439)
under nitrogen atmosphere. After 1 hour of incubation, the dies were rinsed three times
with ethanol and deionized water and then dried under dry air, followed by annealing at 150
°C for 30 min. Maleimide bases were introduced to bind specifically with the cysteine
residue of ND-ORs on the silanized surface by incubating the dies in 1.2x10 mol/L solution
of N-(6-Maleimidocaproyloxy) sulfosuccinimide sodium salt (sulfo-EMCS, Dojindo
Molecular Technologies, S024) in deionized water solution. After 1 hour of incubation at
room temperature, the dies were rinsed with deionized water and dried. @~ PDMS
(polydimethylpolysiloxane) p-fluidic with input/output ports and an inner space of 3 mm x
1 mm x 5 mm was placed on the dies and tubes with (0.75 mm diamter) were connected. A
20 uL solution of the ND-ORs (0.03 mg/mL) was introduced by a syringe. The tubes were
sealed with two parafilm sheets to prevent the ND-ORs from drying, and stored at 5°C
overnight for immobilization and incubation. Then 100 uL of HEPES (4-(2-Hydroxyethyl)
piperazine-1-ethanesulfonic acid)) buffer (0.05 mol/L) was injected into the PDMS p-fluidic
for rinsing. To confirm the immobilization of ND-ORs on the Si surface, we evaluated
their surface density using an ELISA (enzyme-linked immunosorbent assay) approach. The
Si substrate was functionalized with maleimide groups with the same protocol. In this ELISA
assay, enzyme-labeled ND-ORs were detected using an anti-HA antibody conjugated to
horseradish peroxidase (HRP). Upon reaction with the substrate EZELISA TMB (ATTO)
[24], changes in optical absorbance at the 450 nm wavelength light were measured to
quantify ND-ORs binding. Figure 3 shows the absorbance at concentrations of 0.03, 0.1,
and 0.3 mg/mL for OR1377 and OR1484. Absorbance without ND-ORs was measured as
a reference. Immobilization characteristics of OR1377/1484 were essentially the same as
those of OR51E2 used later for SA response measurements, despite the difference in OR
type. Increased absorbance upon adding OR1377/1484 indicates successful
immobilization on the Si surface. The absorbances for all the concentrations were almost

the same, indicating that 0.03 mg/mL is sufficient for immobilization, therefore this
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concentration was used for OR51E2 throughout the study.
The die with the PDMS p-fluidic was mounted on the optical stage. TM mode light with
a wavelength of 1300 nm and an intensity of 4 mW was input by a lensed optical fiber from
a wavelength tunable laser and a polarization controller. Output from 3 output waveguides
was detected with an infrared camera (Micron viewer 7290A, Spectra-physics) with a x20
objective lens, and their luminance was recorded as the output light intensities. First, we
measured the fiber-coupled light intensity of the die without OR51E2 decoration in air, by
changing the wavelength from 1298 to 1302 nm. The output phases differed by 2n/3 and
4n/3, as shown in Fig. 4(a)showing that MZI with three output waveguides operated properly.
The time transition of the responses by injecting the odorant molecules at the fixed
wavelength of 1300 nm was obtained by the recovered phase shifts A¢ based on
Eq.(4)Sodium acetate (CH;COONa) solutions (0.1, 0.5, 1, and 5x10~* mol/L) diluted with
0.05 mol/L HEPES were used as the odorant molecules in this study, in terms of neutral pH
avoiding the influences by hydrogen ions in acetic acid (CH;COOH). The flow rates from
a syringe pump were kept constant at 0.1 mL/min. The solutions of each concentration
were supplied for 150 sec. followed by 0.05 mol/L HEPES buffer for refreshing the surface.
Figures 4(b) and (c) show the recovered phase shift at 0.25-second intervals upon SA
injections with and without OR5S1E2. The phase shifts increased after the SA injection and
returned upon switching to HEPES, indicating reversible adsorption and desorption
processes in both cases. At lower concentrations (0.5, and 1x10~ mol/L), the phase shifts
were larger with OR51E2, reaching 3.1 fold higher at 1x10 mol/L. On the other hand, at
the highest concentration (5x10~ mol/L), the phase shift with OR51E2 was slightly smaller
than that without ORS1E2. The detection limits were 5x10* mol/L with OR51E2, and
1x107 mol/L without ORS1E2. The Poynting vector for TM mode light in the Si
waveguide is present in both sensing region with OR51E2 as well as sensing region without
ORS1E2, as illustrated in Fig. 5. Since each ND-OR binds a single molecule and the
surface density of OR51E2 on the Si surface is much lower than that of SA molecules, the
RI change due to molecular recognition by OR51E2 is finite. In contrast, the RI change
caused by SA molecules present in the sensing region without OR51E2 is proportional to the
SA concentration. We have calculated the local and bulk sensitivity, which are the phase
shift divided by the local RI change averaged in the 10 nm-high region on the Si surface
considering diameter of ND-ORs of about 10 nm, and bulk RI change in sensing region
without OR51E2, by calculating the TM mode effective refractive index change using the
refractive indices of 3.44 for Si, 1.44 for SiO; [25], 1.349 for HEPES buffer [26] at the
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wavelength of 1300 nm, as schematically shown in Fig. 5. The calculated local and bulk
sensitivities were 196 and 833 rad/RIU, respectively. For a phase shift of 0.082n rad at
1x1072 mol/L SA without OR51E2, the bulk RI change is estimated as 0.082x / (196 + 833)
=2.5x10* RIU. It was reported that RI of water was 1.3324 for the 589 nm wavelength
light, and 1.3225 for the 1300 nm light, showing the difference of 1x107 between them.
Assuming the same wavelength deviation, the RI of 0.05 mol/L HEPES (1.339 at 589 nm)
is~1.349 at 1300 nm. The RI increment by 1x107* mol/L SA is reported as 8x10™* RIU [27],
which is the same order as the estimated bulk RI change of 2.5x10% RIU. The
corresponding phase shift from bulk RI change in the OR-decorated Si waveguide is 2.5x10
4 RIU x 833 rad./RIU = 0.067n rad. Given the total phase shift of 0.267 rad. at 1x1073
mol/L SA with OR51E2, the local RI change averaged over the 10 nm surface region is
(0.26m - 0.067m) rad. / 196 rad./RIU = 3.1x10 RIU.  Since the substrate surface is not fully
covered with ND-ORs, the local RI change is likely to exceed the estimated value of 3.1x10"
3 RIU. Since the RI difference between 4.2 mol/L SA [27] and 0.05 mol/L HEPES is
3.6x1072, and the tested concentration here is 1x10~ mol/L, the estimated local RI change of
3.1x107 is unlikely due to the concentrated SA molecules. Instead, it is likely reflects
structural changes in the OR protein [9] upon the recognition of SA molecules. Figure 5
shows the schematic image of the distribution of SA molecules near the Si waveguides with
and without ORs.

In conclusion, we investigated the responses of OR51E2 to SA injection on a Si MZI
sensor. ND-OR immobilization was confirmed by ELIZA method. Sensitivity with
ORS51E2 was 3.1 times higher at 1x10~ mol/L compared to without OR51E2. A local RI
change of 3.1x10 RIU due to molecular recognition by OR51E2 was theoretically estimated,
along with schematic molecular behavior. Integrating various ORs [8, 22] on Si MZI
sensors, alongside reference MZI sensor without ORs enables selective detection of diverse
odorant molecules. Sensitivity and detection limit can be further improved by extending
the waveguide length and using Si rib waveguides with lower propagation loss [28-30].
Employing Si3N4 core layers with visible light will enhance the phase shifts from RI changes
[5], reduces water-induced loss, and suppresses non-specific signals. Signal acquisition
through the responses of ORs to odorant molecules in the gas phase [31, 32]—as
demonstrated in the detection of biogenic volatile organic compounds [33] and acetic acid
[34] for agricultural and food inspection applications—represents a key challenge in

mimicking animal-like detection of diverse odorant molecules.
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Fig. 1. Schematic illustration of Si waveguide Mach-Zehnder interferometer sensors
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Fig. 2. Optical microscope images of Si waveguide Mach-Zehnder interferometer sensors.

An inset show a die integrated with a PDMS p-fluidic device.
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Fig. 3. Absorbance measured by ELISA method at concentrations of 0.03, 0.1, and 0.3
mg/mL for OR1377 and OR1484.

12



Template for APEX (May 2024)

(a)
-30
£
o
S,
> 40
‘@
c
s
c
— -50
<
D
3
= -60
£
7]
c
o
= -70
1296 1298 1300 1302 1304
Wavelength [nm]
= lout,1 Iout,2 — ',out,S
(b) (c)
1.2m ; 3 1.2 :
HEPES| Sodium acetate ! HEPES ! Sodium acetate
g 1.0m i i % 1.0m i
& 081 ' } & 08m i
= ! 1 = |
g 0.61 i ! z 0.6m :
g e i g e
g 0.4t i i %‘ 0.4m i
[} 1 o 1
& o ; | & o
0.2 : : -0.2m .

50 100 150 200 250 0 50 100 150 200 250

° Time [sec.] Time [sec.]
5x103 mol/L 1x103 mol/L
5x10* mol/L 1x10* mol/L

Fig. 4. (a) Wavelength dependence of transmitted light intensity of the MZI in air. Time
evolution of recovered phase shift in Si-MZI sensors (b) with and (c) without ORS1E2.
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Fig. 5. Schematic illustrations of Si-MZI sensors with and without OR51E2: (a) without
odorant molecules, and with odorant molecules at (b) low, (¢) medium, and (d) high

concentrations.
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