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Abstract In order to minimize the damage from viral epidemics, early detection of the
causative agent of a viral epidemic and prevention of its immediate spread are urgent social
demands. Therefore, in this study, we evaluated the utility of a Mach—Zehnder-type optical
waveguide as a sensing device for influenza virus detection. However, it is impossible to detect
a 100-nm-size virus using a sol-gel optical biosensor because sol-gel glass has a pore size of
only a few nanometers, which makes it impossible for the virus to diffuse into the silica thin
film. In order to construct the influenza-specific Mach—Zehnder optical biosensor for influenza
detection, a stable antibody immobilization method with resulting high density on the sol-gel
surface is strongly required. In this study, the sol-gel glass surface was modified with amino
and carboxyl groups, and an anti-HIN1/HA1 antibody was covalently immobilized using a
cross-linking agent. We successfully prepared a carboxyl-modified sol-gel surface, using NHS/
EDC as the cross-linker, for antibody immobilization, and confirmed the detection of influenza
virus using the antibody-immobilized sol-gel glass. After treatment with a 100 ug/mL
influenza virus solution for 15 min, a peak wavelength shift (~24 nm) was observed in the
output light spectrum.
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Introduction

Influenza is a serious respiratory disease caused by the influenza virus. Every year, 20 % of
children and 5 % of adults contract the flu worldwide [1], and an influenza epidemic can lead
to both social and economic losses. Therefore, in order to minimize the damage from viral
epidemics, early detection of the causative pathogen of a viral epidemic and prevention of its
immediate spread is important. In general, diagnostic kits for the detection of the influenza
virus antigens are widely available for use in clinical diagnosis [2—4]. However, the influenza
virus always diffuses into the atmosphere and infects humans, who then act as an intermediary.
Therefore, instead of measuring signal “points” using conventionally extracted samples, three-
dimensional “multipoint” measurement is considered an essential solution for monitoring and
controlling the spread of the virus. In other words, by deploying the sensor system throughout
public spaces such as airports, hospitals, and schools, we can monitor the distribution and rate
of spread of the virus. In this study, we evaluated the utility of a Mach—Zehnder (MZ)-type
optical waveguide for the detection of the influenza virus. Sol-gel processed materials have
glass-like characteristics such as transparency, homogeneity, and low optical loss; moreover,
their refractive index can be easily controlled, which allows the transmission of optical signals
based on the same principle as optical fibers. Sol-gel silica thin film, which has a porous
structure, is capable of reacting with molecular recognition elements within the glass, and
high-sensitivity sol-gel optical biosensors have been reported [5—7]. However, it is impossible
to detect a 100-nm virus using a sol-gel optical biosensor because sol-gel glass has a pore size
of only a few nanometers, which makes it impossible for the virus to diffuse into the silica thin
film. In order to extend optical biosensing technology, antibodies need to be immobilized on
the sol-gel surface, and it is necessary to detect the changes in light intensity that occur when
the refractive index changes in response to the molecular density change caused by antigen
capture. Therefore, a stable antibody immobilization method with resulting high density on the
sol-gel surface is strongly required. The MZ sol-gel silica waveguide was fabricated using a
previously demonstrated process for biophotonic sensors and hybrid electro-optic polymer/sol-
gel silica waveguide modulators [8]. The MZ interferometer waveguides have been employed
for biosensors and index sensors [9—11]. Even though Si and polymer materials were used to
fabricate the sensors based on an interferometric MZ waveguide, the sol-gel silica waveguide
and other glass waveguides have advantages because of their lower coupling loss
(e.g., <0.1 dB) between a standard optical fiber and the waveguide, which is impor-
tant for multiple and in-line connection of the biosensor waveguides. When the
biosensor waveguides were connected using standard optical fibers, the sensing range
was dramatically extended. Moreover, living materials for the biosensor can be doped
directly into the sol-gel waveguide core, and the sensing materials can be accessed by
the living materials through the mesoporous structure of the sol-gel core. The sol-gel
silica waveguide improved sensitivity of the sensors because the optical intensity
inside the core is higher than that in the waveguide cladding by two to three orders
of magnitude. Here, we show real-time biophotonic sensing detection for the virus
(HIN1/HAT) based on the MZ sol-gel silica waveguide sensors. The reaction between
antigen-antibody was confirmed form the sol-gel silica surface itself and sifts of an
optical output spectrum from the MZ waveguide sensor.
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Materials and Methods
Materials

3-Aminopropyl triethoxy silane (APTES), disodium hydrogen phosphate, ethanol, 1-
hydroxycyclohexyl phenyl ketone (Irgacure 184), polyoxyethylene (20) sorbitan monolaurate
(Tween 20), sodium chloride, sulfuric acid, and toluene were obtained from Wako Pure
Chemical (Osaka, Japan). Blocking One, enzyme-linked immunosorbent assay (ELISA)
POD substrate 3,3",5,5'-tetramethylbenzidine (TMB) kit, glutaraldehyde (GA; 25 % in water),
hydrochloric acid, isopropyl alcohol, potassium chloride, and potassium dihydrogenphosphate
were obtained from Nacalai Tesque (Kyoto, Japan). Methacrylic acid, N-hydroxy succinimide
(NHS), sodium hydroxide, 3-(trimethoxysilyl) propyl methacrylate (98 %), and zirconium (IV)
propoxide (ZrPO; 70 wt% solution in 1-propanol) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Horseradish peroxidase (HRP)-conjugated anti-influenza A was obtained
from Virostat (Portland, ME, USA). 2-Carbomethoxy ethyl trichlorosilane (CMETS) was
obtained from Gelest (Morrisville, PA, USA). 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) was obtained from Dojindo (Kumamoto, Japan). The
capture antibody, monoclonal anti-human HIN1/HA1 antibody (clone AT1G7), was obtained
from ATGen (Seongnam, Gyeonggi-do, South Korea). Native influenza A HIN1 antigen was
obtained from AbD Serotec (Kidlington, UK). Anhydrous sodium dihydrogen phosphate was
obtained from Kishida Chemical (Osaka, Japan).

Antigen-Antibody Reaction on Sol-Gel Silica Surface

Sol-gel solutions of 3-methacryloyloxy propyltrimethoxylane (MAPTMS)/ZrPO at molar
ratios of 85:15 and 88:12 were prepared for the sol-gel core and cladding, respectively.
Subsequently, the mixture was stirred for 80 min and stored at 4 °C for 1 day. A 25x25-
mm glass slide (Matsunami, Osaka, Japan) was cut using a glass cutter (Konyo, Niigata,
Japan). The cut slide glass was washed in ethanol with sonication for 10 min. Of the sol-gel
solution, 1 mL was filtered using a Millex®-LG 0.2-pum filter unit (EMD Millipore, Billerica,
MA, USA), dropped on the cut glass slide, and spin coated at 4500 rpm for 45 s using an
Opticoat Spin Coater (Mikasa, Tokyo, Japan). The sol-gel-coated glass was stiffened by
irradiation with UV light (365 nm, 350 puW/em?) for 20 min.

Hydroxyl group-modified sol-gel-coated glass was prepared by O, plasma treatment
(100 W, 1 min, 30 Pa) using a FEMTO-Q (Diener Electronic, Ebhausen, Germany). To modify
with amino groups, the hydroxyl-modified sol-gel glass was stirred for 2 h at room temperature
in 1 % APTES solution, washed with toluene, and dried with N,. The glass was dried for 2 h at
110 °C, washed with ethanol and ultrapure water, and dried with N,. To modify with carbonyl
groups, aminosilane-modified sol-gel-coated glass was soaked in a 2 mL of a 10 % GA
solution in a Corning suspension culture dish (CORNING®, Corning, NY, USA), stirred for
30 min at room temperature, and washed with 0.1 M phosphate buffer (pH 7.0). To immobilize
the capture antibody, 5 pL of 10 pg/mL influenza A (HIN1) HA antibody solution was spread
over the glass surface, incubated for 1 day at 4 °C, and washed with 10 mM phosphate buffer
(pH 8.6). To block nonspecific adsorption, the capture antibody-immobilized sol-gel-coated
glass was soaked in 5% Blocking One solution for 1 h and subsequently washed with
phosphate-buffered saline with Tween 20 (PBS-T). Inactivated influenza A (HIN1) virus
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(5 uL of 10 pg/mL) was added onto the sol-gel-coated glass and incubated for 1.5 h at room
temperature. HRP-conjugated influenza A (HIN1) antibody (5 pL of 1 pg/mL) was added
onto the antigen- and antibody-immobilized sol-gel-coated glass and incubated for 20 min at
room temperature, and the HRP marker detective antibody was then immobilized. Finally, the
glass was washed with PBS-T and then incubated with the TMB substrate according to the
manufacturer’s instructions.

Hydroxyl group-modified sol-gel-coated glass was prepared by the procedures mentioned
above. Subsequently, the glass was washed with ethanol and ultrapure water and dried with
N,. For ester group modification, the glass was soaked in 0.5 mM CMETS at 4 °C for 1 h,
washed with toluene, and dried with N,. Subsequently, the glass was washed with ethanol and
ultrapure water and dried with N,. The ester group-modified sol-gel glass was soaked in 1 M
HCI for 2 h at 70 °C to immobilize the carboxyl group onto the glass; subsequently, the glass
was washed with ultrapure water and dried with N,. In order to activate the carboxyl groups,
the carboxyl group-modified sol-gel-coated glass was soaked in a 2 mL of 0.1 M EDC/0.05 M
NHS in a petri dish and stirred at room temperature for 30 min. Subsequently, the glass was
washed with 10 mM PBS (pH 7.4) and dried with N,. Then, a 5 uL of 10 ug/mL influenza A
(HIN1) HA antibody solution was spread onto the glass surface and incubated at 4 °C for
1 day. The capture antibody was immobilized onto the glass through amide bond formation
between the activated carboxyl group on the glass and branched-chain amino groups in the
antibody. Finally, the glass was washed with 10 mM phosphate buffer (pH 6.6) and incubated
with the TMB. When HRP reacts with H,O,, TMB is oxidized to form a blue-colored
compound. Then, oxidation is terminated by addition of an acid or other appropriate termina-
tor; upon termination, the TMB color changes to yellow and absorbance can be detected at
450 nm. HRP-conjugated secondary antibody-immobilized sol-gel-coated glass was incubated
in 300 uL of the TMB reaction mixture for 20 min at room temperature. The reaction was
terminated by adding 150 puL of 1 M H,SO,4 mixture. Immediately afterward, absorbance at
450 nm was measured.

Biophotonic Sensor to Detect HIN1/HA1 Virus Based on the Mach-Zehnder
Sol-Gel Silica Waveguide

A sol-gel solution was prepared for the waveguide core, overcladding, side cladding, and
undercladding layers and consisted of MAPTMS and an index modifier (zirconium(IV)-n-
propoxide). The sol-gel silica solutions for the core and the claddings were doped with the index
modifier with a molar ratio of 8S(MAPTMS)/15, and 95(MAPTMS)/5 mol%, respectively. A
0.1 N HCI solution was used as a catalyst, and Irgacure 184 (Ciba Specialty Chemicals, Basel,
Switzerland) was used as a photoinitiator for the core and the side cladding solutions to accelerate
hydrolysis of the silica for subsequent wet etching in isopropanol. A 4-pum-thick undercladding
was coated on silica (6-pum)-on-silicon substrate and baked at 150 °C for 1 h. A 4-um-thick sol-
gel silica core layer was spin coated on the undercladding. Mercury i-line (365-nm) radiation was
delivered from a mask aligner to the sol-gel layer through a photomask to etch a 4-um-wide core
region. The regions exposed to radiation were cross-linked to form a silica network. The
ultraviolet-irradiated areas became insoluble in isopropanol, which was used as a wet etchant.
After wet etching the core, side cladding was spin coated and baked at 150 °C for 1 h. The
solution of the overcladding was spin coated and wet etched only for one arm of the MZ
waveguide core surface (Fig. 1) to expose to the virus using the same method as that for the
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core, which worked as a biosensing window. The overcladding had a vertical taper structure
(taper angle<4°) in the window to reduce an optical loss when the virus buffer solution was
dropped on the MZ window. Finally, the waveguide was hard baked at 150 °C for 1 h. After the
waveguide fabrication, a white light source at the wavelengths from 1520 to 1620 nm (ASE-
FL7002, FiberLabs Inc., Fujimino, Saitama, Japan) was coupled to the MZ waveguide through a
standard optical fiber (SMF-28, Corning Inc., NY, USA) as shown in Fig. 2. Output power from
the MZ waveguide was coupled with another single-mode fiber and monitored with an AQ6319
optical spectrum analyzer (OSA; Yokogawa Electric Corp., Tokyo, Japan). After the virus
solution (10 pL of 100 pg/mL (number of virus particle 1.0x10'%)) was dropped on the
waveguide surface, the output spectrum was continuously monitored on the OSA. We used

Fig. 2 Experimental setup to Single Mode Fiber Single Mode Fiber

detect virus based on the sol-gel

silica Mach—Zehnder waveguide YYY ED
ASE Light : Optical Spectrum
at A = 1540-1620 nm Analyzer
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standard single-mode fiber with a coupling loss of <1 dB, which can be applied for distributed
fiber sensor network when the fiber was expended for the length of >50 km. The propagation loss
of the waveguide was 2 dB/cm at the wavelength of 1550 nm.

Results and Discussion

In order to construct the MZ optical biosensor for the detection of the influenza virus, an
HIN1/HAL1 antibody needs to be immobilized onto the sol-gel glass surface, necessitating the
introduction of a functional group onto the surface. In this paper, the sol-gel glass surface was
modified with amino and carboxyl groups, and the antibody was covalently immobilized using
a cross-linking agent (Fig. 3). Figure 4a shows the results of the antibody-antigen reaction
caused by amino group modification using GA as the cross-linking agent; no specific response
due to the presence or absence of the antigen was observed. This result is because the
aminosilane layer, which was introduced onto the sol-gel surface by APTES, formed a
multilayer structure [12] and the GA binding site was oriented in different directions
(Fig. 3a); consequently, the supplementary antibody was sterically hindered and was not
immobilized. Figure 4b shows the results of the antibody-antigen reaction prepared by
carboxyl group modification using NHS/EDC as the cross-linking agent; in this case, the
antigen-antibody reaction was confirmed. This is because the carboxyl groups, which were
introduced onto the surface by hydrolysis with HCI, formed a monomolecular layer [13]. As a
result, compared with the amino group-modified sol-gel glass, the antigen recognition site of
the supplementary antibody was maintained (Fig. 3b) and the accessibility of antigen-antibody
reaction increased. Hence, it is concluded that the carboxyl-modified sol-gel glass is suitable
for the antigen-antibody reaction. Then, we evaluated the sensor response associated with
influenza binding using an MZ-type sol-gel optical waveguide.

Fig. 3 Schematic illustration of [ sol-gel glass
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In this study, we did not dope the antibody inside the sol-gel silica core. Instead,
we put the antibody on the surface on one arm of the MZ waveguide branch and
other arm was covered by the sol-gel silica cladding as shown in Fig. 1. Therefore,
we could detect the change in the refractive index of one MZ arm due to the reaction
between the antibody and the virus from the change of output power. The optical
spectrum of the output power from the MZ waveguide is shifted due to the change in
the refractive index of the MZ arm. The antibody was attached to the MZ waveguide
after the waveguide was treated and cleaned using oxygen plasma process. The output
spectrum was shifted by 24 nm due to the reaction between the antibody and the
virus within 15 min. We show one of the results for the detection for the virus as
shown in Fig. 5. When we used the buffer solution without virus on the waveguide,
there was no significant change for the output spectrum, which means that there was
no phase change of the light in the waveguide. In every experiment, 15-20 min after
the applying the aqueous virus solution, the water began to evaporate, thus resulting
in no spectral shift finally. Although ELISA is the most common method for detecting
the influenza virus, ELISA is time consuming and usually takes prolonged times
(~12 h) to obtain the results. On the other hand, our novel optical biosensing system
could obtain the result within 15 min.

We are currently attempting to address this issue by fabricating a microflow channel on the
MZ waveguide for the virus solution using polydimethylsiloxane (PDMS) to achieve greater
reproducibility and prevent evaporation of the virus solution.
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Conclusions

In this study, we developed an optical biosensing system for influenza virus detection. We
prepared a carboxyl-modified sol-gel surface, using NHS/EDC as the cross-linker, for antibody
immobilization. The results show a significant difference in specific response due to the
presence or absence of antigen. The antibody-immobilized sol-gel optical waveguide was
used to detect influenza virus binding via spectral shifts. As a result, after treatment with a
100 pg/mL influenza virus solution for 14 min, a peak wavelength shift (~20 nm) was
observed in the output light spectrum. To our knowledge, this is the first demonstration of
antigen-antibody label-free detection on the sol-gel surface.

In the future, optimization for high sensitivity and reproducibility for the real-time detection
are needed, and we planned construction of biosensing system with simplicity and high
sensitivity.
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