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1. Introduction 

Refractive index (RI) is defined as the ratio of the speed of light in a vacuum to the speed 

of light propagating through a substance. Light propagating through a substance interacts with the 

atoms in the substance, and by precisely measuring the RI, the properties of the substance can be 

deciphered. In practice, RI measurements are applied in various fields such as quality control in 

food, pharmaceuticals, and chemical industrial products, characterization of optical components, 

and virus antigen testing. 

Several methods have been proposed for RI measurements. For instance, the minimum 

deviation method [1] involves directing light onto a sample processed into a prism shape and 

measuring the angle of deviation of the transmitted light. The RI resolution is approximately 

~1×10-5. The critical angle method [1] measures the angle (critical angle) at which total reflection 

light occurs at the boundary surface between a prism and a sample. The RI resolution is 

approximately ~1×10-4. The V-block method [1] involves placing a sample on a V-block prism, 

directing light onto the prism's wall surface normal, and measuring the angle of light refracted by 

the prism and sample from the prism's wall surface. The RI resolution is approximately ~2×10-5. 

The surface plasmon resonance (SPR) method [2] measures the spectrum or angle shift of the 

SPR dip on a gold thin film deposited on a prism. The RI resolution is approximately ~1×10-5. 

These conventional methods measure changes in intensity at specific wavelengths or shifts in 

peak wavelength, but all are limited to RI resolutions of approximately 10-4 to 10-5 due to the 

performance of the measuring equipment. In the industrial sector, further high-precision and high-

resolution RI measurements are required to conduct higher-quality inspections. Versatility and 

practicality are also considered significantly important. 

RI sensors based on optical fibers are considered powerful tools that meet the requirements 

for RI measurements mentioned above. Optical fiber RI sensors offer compactness, flexibility, 

immunity to electrical noise, and explosion-proof characteristics, enabling their use in various 

environments. Indeed, examples of their applications include concentration measurements of 

sucrose [3], gas pressure measurements [4], and biomolecule measurements [5]. Conventional 

optical fiber RI sensors include optical fiber SPR sensors [6], fiber Bragg grating [7], and multi-

mode interference (MMI) sensors [8], all of which detect RI changes by converting them into 

shifts in optical wavelength. However, these conventional optical fiber RI sensors were limited in 

RI measurement resolution by the constraints of the width of the optical spectrum or the resolution 

of the optical spectrum analyzer. If RI changes could be converted into photonic RF signals (a 

few MHz ~ several tens MHz), RI sensors signal could be electrically detected, enabling 

measurement with inexpensive and simplified configurations. Moreover, higher measurement 

accuracy is guaranteed by comparison with electric frequency standards. RF-readout fiber sensors 
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have been used in strain sensors [9] and ultrasonic sensors [10,11] by measuring laser multi-

longitudinal modes or multi-polarization modes in CW laser, but the inherent frequency 

fluctuations between modes limited the accuracy of RI measurements. 

Recently, optical frequency combs (OFC) [12-14] have been proposed as mechanisms for 

converting from optical frequency signal to photonic RF signal. When OFC are observed in the 

optical frequency domain, they exhibit a discrete spectrum of longitudinal mode columns 

arranged at equal intervals like the teeth of a comb. Since all longitudinal modes are traceable to 

frequency standards via laser control, OFC can be used as a precise ruler for optical frequencies. 

Based on the concept of optical frequency rulers, OFC have been used in frequency and distance 

measurements. For example, they have been applied in atomic spectroscopic [13], gas 

spectroscopy [15], spectroscopic ellipsometry [16], strain sensors [17], and distance 

measurements [18]. 

When OFC are observed in the time domain, they exhibit a series of ultra-short pulses. Each 

longitudinal mode on the optical frequency axis has coherence, and interference occurs between 

modes by synchronizing phases (mode-locking), forming periodic reinforcing interference in the 

time domain to generate a series of ultra-short pulses. The repetition frequency of the series of 

ultra-short pulses in the time domain is equal to the interval between each longitudinal mode in 

the optical frequency domain, and is always constant for all longitudinal modes. This repetition 

frequency frep is given by 

���� =  
�

�	

1� 

where c is the speed of light in a vacuum, n is the refractive index of the resonator, and L is the 

resonator length. Thus, the frep can be set to any value by adjusting the refractive index and 

geometrical length in the cavity. Additionally, to determine the absolute frequency in the optical 

frequency domain, it is necessary to define an offset component fceo that occurs when extending 

the longitudinal modes to the origin of the optical frequency axis at frep intervals. The absolute 

frequency fm of the m-th longitudinal mode is obtained by 

�
 =  ����� + ���� 
2� 

The above equations show the close relationship between the optical frequency fm of the OFC and 

the RF frequency frep, indicating the basis for the conversion of optical-to-RF frequencies by OFC. 

As mentioned earlier, measurements in the RF domain offer advantages of high precision, high 

functionality, high convenience, and low cost, and RF signals and their harmonics have been 

applied to highly accurate long-distance measurements [19-21]. 

Recently, fiber OFC, composed of optical fibers, have been applied to various applications 

such as strain sensing [22], acoustic sensing [23], and ultrasonic sensing [24]. This is enabled by 
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the function of converting disturbances acting on the cavity into RF frequencies. When 

disturbances such as vibrations act on the cavity of the fiber OFC, the optical path length nL in 

Eq. (1) changes, resulting in a change in frep. In other words, the fiber OFC can convert 

disturbances acting on the optical fibers of the cavity into changes in RF frequency. RF frequency 

measurement allows for a wide dynamic range and high-precision measurement using electric 

frequency standards. By combining fiber OFCs with sensors that convert disturbances into RF 

frequencies, it is possible to realize photonic RF sensors that significantly improve accuracy and 

dynamic range compared to conventional electrical or optical measurement methods. However, 

when using a single-mode fiber within the cavity as a sensor, there is a challenge that measurement 

is limited to physical quantities directly affecting the resonator, such as strain [22], sound [23], or 

ultrasound [24]. 

By inserting a fiber sensor sensitive to specific physical quantities into the cavity, it is 

possible to create an photonic RF sensor capable of sensing those physical quantities. One 

interesting application of photonic RF sensors is RI measurements, where transitioning from 

conventional optical spectrum measurement methods to RF frequency measurement methods 

significantly improves sensing accuracy. One technique for performing RI measurements using 

photonic RF sensors involves combining fiber OFC with MMI fiber sensors [25-27]. An MMI 

fiber sensor consists of a clad-less multi-mode fiber (MMF) with a pair of single-mode fibers 

(SMFs) at both ends, and it can be seamlessly connected to fiber OFC via fusion splicing. When 

an MMI fiber sensor is immersed in a sample solution, a Goos-Hänchen shift dependent on the 

RI of the solution sample occurs at the interface of the clad-less MMF, causing a wavelength λMMI  

propagating inside the resonator to shift. This shift in λMMI induces a change in n in Eq. (1) due to 

the cavity's wavelength dispersion, ultimately converting the refractive index change into a shift 

in RF frequency. RI measurements of ethanol-water solutions using this method have achieved a 

refractive index resolution of 4.88×10-6, demonstrating higher accuracy than conventional RI 

measurement methods [28]. However, this method faces challenges due to temperature drift 

affecting RF frequency fluctuations within the cavity [29], particularly in measuring RI changes 

for samples with small refractive index variations, such as biosamples. 

Therefore, we investigated a new temperature compensation method for RI-sensing OFC 

and developed dual-comb RI-sensing incorporating temperature compensation based on the 

active-dummy method. To evaluate the temperature compensation performance of dual-comb RI-

sensing, we investigated the influence of temperature drift on the difference in cavity lengths 

between the active-sensing OFC and the dummy-sensing OFC. Additionally, considering the fiber 

processing accuracy of the fiber cavity, we also examined how much error in cavity length 

difference can be tolerated. We also discussed other elements besides the cavity length difference 
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that contribute to reducing temperature drift. Furthermore, we expanded dual-comb RI-sensing to 

biosensing based on antigen-antibody reactions, which were difficult to measure due to 

temperature drift effects in conventional RI-sensing OFC, and conducted its characterization 

evaluation. 

This doctoral dissertation is structured around two main themes: 

(1) Reduction of temperature drift in refractive-index-sensing optical frequency comb 

by active-dummy compensation of dual-comb configuration [78] 

(2) Rapid, high-sensitivity detection of biomolecules using dual-comb biosensing [79] 

In the first theme, we investigated a new temperature compensation method for RI-sensing 

optical combs. We focused on the active-dummy compensation method used in strain sensors. 

This method involves obtaining the differential signal between an active gauge measuring both 

temperature and strain and a dummy gauge measuring only temperature, thereby compensating 

for environmental temperature disturbances and extracting strain measurements. We extended this 

principle to RI-sensing OFC, enabling temperature-compensated RI-sensing OFCs (dual-comb 

RI-sensing). To evaluate the temperature compensation performance of dual-comb RI-sensing, 

we investigated the impact of temperature drift on the difference in cavity lengths between the 

active-sensing and dummy-sensing OFCs. While ideally the cavity lengths of the active-sensing 

and dummy-sensing OFCs should be exactly the same, considering the fiber processing precision 

of the resonators, we also discussed the acceptable level of error. We also explored other factors 

besides resonator length difference that could contribute to reducing temperature drift. 

In the second theme, we applied dual-comb RI-sensing to biosensing. By modifying 

SARS-CoV-2 N protein antibodies on an MMI fiber sensor surface, we measured the 

concentration changes of antigens as changes in RF frequency. We conducted a quantitative 

analysis of the sensing performance and compared it with other methods of SARS-CoV-2 testing 

to confirm the advantages and challenges of this approach. 
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2. Reduction of temperature drift in refractive-index-sensing optical frequency comb by 

active-dummy compensation of dual-comb configuration 

2.1 Introduction 

Optical fiber sensor [67,68]has been often used for refractive-index (RI) sensing and RI-

sensing-based applications[69-73]. RI fiber sensor benefits from inherent advantages of fiber 

sensor such as lightweight, small size, flexibility, cost effectiveness, immunity to electromagnetic 

interference, and environmental ruggedness. Various types of RI fiber sensors have been 

developed: tapered fiber [74], core-offset fiber [75], fiber Bragg grating (FBG) [76], surface 

plasmon resonance (SPR) [77], and multimode interference (MMI) [8]. Most of RI fiber sensors 

measures RI-dependent shift of optical spectrum peak or dip. However, the small shift to the 

relatively broad bandwidth in a spectral peak or dip as well as a limited spectrometer resolution 

often spoils the precision of those RI fiber sensors. 

One potential approach to avoid the drawback of optical spectrum measurement in RI 

sensing is conversion of optical spectral sensor signal to photonic radio-frequency (RF) spectral 

sensor signal such as optical beat signal; namely, photonic RF conversion. The photonic RF 

conversion enables us to measure a sample RI as RF frequency signal, benefiting from high 

precision, wide dynamic range, convenience, and low cost in well‐established electrical frequency 

measurements. One promising approach for photonic RF conversion is use of optical frequency 

comb (OFC) [12,14] because OFC has a coherent link between optical frequency of OFC line (nm; 

typically, 194 THz in fiber OFC) and radio frequency of OFC line spacing (frep; typically, 100 

MHz in fiber OFC) given by 

�
 = ���� + �����     (1) 

where fceo is a carrier-envelope-offset frequency and m is a line number. Equation (1) indicates 

that an optical frequency signal of THz order can be uniquely converted to an electrical frequency 

signal of MHz order. Recently, fiber-OFC-based photonic RF conversion was adopted for fiber 

sensing of sample RI [28-30]. A fiber OFC including an intracavity MMI fiber sensor has been 

used for a photonic RF conversion of a sample RI into frep via a combination of RI-dependent 

tunable bandpass filtering by the intracavity MMI fiber sensor and the wavelength dispersion by 

the OFC cavity fiber. Such RI-sensing OFC enables frep-reading RI sensing; due to the ultranarrow 

linewidth in the mode-locking oscillation, the frep signal with the spectral linewidth below 1 Hz 

was precisely measured by a RF frequency counter synchronized with a rubidium frequency 

standard. Furthermore, the intracavity fiber sensor enables multiple interactions between the 

sample and the light, enhancing the sensitivity. However, the temperature drift of frep caused by 

the temperature fluctuation of an optical cavity length (nL) spoils the reproducibility of frep-

reading RI sensing because frep in the RI-sensing OFC is free-running operation in contrast to 



9 

 

actively stabilized operation of usual OFCs. Because of lack of one-to-one correspondence 

between frep and sample RI, frep change (∆frep) measurement was performed to obtain RI change. 

However, such relative measurement of frep is not realistic in practical applications of RI sensing. 

If cavity-temperature-dependent slow drift of frep is suppressed, the absolute measurement of the 

sample RI will be achieved based on the one-to-one correspondence between frep and sample RI. 

Recently, the active‐dummy temperature‐drift compensation with a dual‐comb 

configuration was adopted for RI-sensing OFC and its application for biosensing [79]. A pair of 

RI-sensing OFCs was used for an active-sensing OFC and a dummy-sensing OFC. Since the 

active-sensing OFC provides the sensor signal (frep1) reflecting both the sample RI and the cavity 

temperature whereas the dummy-sensing OFC gives the sensor signal (frep2) reflecting only the 

cavity temperature, difference of sensor signals between them (∆frep) cancels the influence of 

temperature. In other words, it gives the temperature-independent sensor signal of sample RI. 

This dual-comb RI sensing enables the small change in the sensor signal caused by sample RI to 

be extracted from the large, variable background signal caused by temperature disturbance. 

Furthermore, it was effectively applied for rapid biosensing of severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) by help of antigen–antibody interactions. However, an investigation 

regarding the optimal ∆frep in the context of the active-dummy temperature compensation and the 

one-to-one correspondence between sensor signal of ∆frep and sample RI has not yet been 

conducted. 

In this chapter, we investigate the ∆frep dependence of the active-dummy temperature 

compensation, and then the ∆frep dependence of the one-to-one correspondence between sensor 

signals and sample RI by using as an ethanol water solution with different RIs as a sample. 

 

2.2 Principle of operation 

Figure 2.1 shows the principle of operation for RI-sensing OFC. Since its detailed 

principle is given elsewhere [28-30], we briefly described it. The first key element is an intracavity 

MMI fiber sensor, functioning as an RI-dependent tunable optical bandpass filter inside the cavity. 

This leads to RI-dependent optical spectrum shift of RI-sensing OFC (center wavelength = λMMI). 

The second key element is wavelength dispersion of refractive index in the OFC cavity fiber, 

converting RI-dependent λMMI shift into RI-dependent shift of the optical cavity length nL. A 

relation between nL and frep is given by 

���� =
�

��
     (2) 

where c is a velocity of light in vacuum, n and L are respectively a group refractive index and a 

geometrical length of fiber OFC cavity. Since frep is a function of nL, RI-dependent nL shift is 

equivalent to RI-dependent frep shift. Finally, one can read a sample RI as RI-dependent frep. 
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Fig. 2.1. Principle of operation for RI sensing OFC. 

 

We next describe how to compensate the cavity-temperature-dependent drift of frep in RI-

sensing OFC. We here set a pair of RI-sensing OFCs with a sample and a reference material under 

equivalent environmental temperature disturbance as shown in Fig. 2.2(a). When the sample RI 

increases stepwise while the cavity temperature changes monotonously, the sensor signal frep1 of 

the active-sensing OFC changes depending on both sample RI and cavity temperature [blue plot 

in Fig. 2.2(b)]. On the other hand, when the cavity temperature change monotonously without the 

change of reference material RI in the dummy-sensing OFC, the sensor signal frep2 of the dummy-

sensing OFC reflects only the cavity temperature. Therefore, a difference between frep1 and frep2 

(= ∆frep = frep1 - frep2) reflects the sample RI signal without the influence of cavity temperature 

change [Fig. 2.2(c)]. 
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Fig. 2.2. Principle of operation for active-dummy temperature-drift compensation with dual-comb 

configuration in PR-sensing OFC. (a) Schematic drawing of dual-comb RI sensing setup. (b) 

Behavior of frep1 in active-sensing OFC and frep2 in dummy-sensing OFC. (c) Behavior of ∆frep1 in 

dual-comb RI sensing. 

 

2.3 Experimental setup 

Figure 2.3 shows the schematic drawing of the dual-comb RI sensing. They are based on 

a linear fiber cavity mode-locked by saturable absorption. Each linear cavity includes a 

polarization-maintaining single-mode fiber (PMF, Corning Panda PM1550, Corning, dispersion 

at 1550 nm = 17 ps•km-1•nm-1), an erbium-doped polarization-maintaining single-mode fiber 

(EDF, PM-ESF-7/125, Coherent, dispersion at 1550 nm = 16 ps•km-1•nm-1), a fiber-coupled 

saturable absorbed mirror (SAM-1550-55-2ps-1.3b-0, BATOP, high reflection band = 1480-1640 

nm, absorbance = 55 %, modulation depth = 34 %, relaxation time constant ~ 2 ps, size = 1.3-mm 

width, 1.3-mm height, 0.4-mm thickness), a wavelength-division-multiplexing coupler (WDM, 

PMWDM-1-9801550-2-B-Q-6, AFR), a pumping laser diode (LD, BL976-PAG700, Thorlabs, 

wavelength = 976 nm, power = 700 mW), a 90:10 fiber-partial reflector (FPR, PMOFM-55-2-B-

Q-F-90),and an intracavity MMI fiber sensor (MMI). The intracavity MMI fiber sensor was 

composed of a clad-less MMF (FG125LA, Thorlabs, core diameter= 125 μm, fiber length = 58. 

94mm) with a pair of PMFs at both ends (core diameter=8.5μm, clad diameter=125μm, fiber 

length = 200 mm). Here, we set λMMI to 1556.6 nm. The fiber cavity was enclosed in a plastic box, 

and its temperature was controlled to 21.5 °C by a combination of a Peltier heater (TEC1-12708, 
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Kaito Denshi, power = 76 W), a thermistor (NXFT15WF104FA2B050, Murata), and a 

temperature controller (TED200, Thorlabs, PID control) (not shown in Fig. 2.3). We fixed frep2 of 

the dummy-sensing OFC to be 31,451,121 Hz. Then, we adjusted frep1 of the active-sensing OFC 

around 31 MHz to change ∆frep within a range of a few kHz to 1,000 kHz by adjusting its cavity 

fiber length of the active-sensing OFC. We adopted mechanically sharing of linear fiber cavities 

to implement equivalent environmental temperature disturbance to the active-sensing and the 

dummy-sensing OFCs [31,32]. The output light from them was detected by a pair of 

photodetectors (PD), and frep1 and frep2 were measured by an RF frequency counter (53220A, 

Keysight Technologies, frequency resolution = 12 digit•s-1) synchronized to a rubidium frequency 

standard (FS725, Stanford Research Systems, accuracy = 5 × 10-11 and instability = 2 × 10-11 at 

1s). Additionally, its optical spectrum was measured by an optical spectrum analyzer (AQ6315A, 

Yokogawa Electric Corp., wavelength accuracy = 0.02 nm, wavelength resolution = 0.02 nm). 

 
Fig. 2.3. Schematic drawing of experimental setup. LD, pumping laser diode; FC, 50:50 fiber 

coupler; PMF, polarization-maintaining single-mode fiber; EDF, erbium-doped polarization-

maintaining single-mode fiber; SAM, fiber-coupled saturable absorbed mirror; WDM, 

wavelength-division-multiplexing coupler; MMI, intracavity multimode-interference fiber 

sensor; FPR, 90:10 fiber-partial reflector. 

 

2.4 Results 

2.4.1 Basic performance 

We first evaluated basic performance of active-sensing OFC and dummy-sensing OFC 

when a pure water was used as a sample for them. We prepared active-sensing OFCs with different 

∆frep values (= 3 kHz, 46 kHz, 111 kHz, and 1,000 kHz). Figure 2.4(a) compares optical spectra 

of active-sensing OFC among different ∆frep values (resolution bandwidth = 0.1 nm). Each 
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individual optical spectrum closely matches around the wavelength of 1559nm. For comparison, 

the optical spectrum of the dummy-sensing OFC was also measured as indicated by a black plot 

in Fig. 2.4(a). The overlap of optical spectra between the active-sensing OFC and the dummy-

sensing OFC was not significant. The difference in overlap between them is due to the uncertainty 

in the clad-less MMF length of the MMI fiber sensor and hence lMMI, which is caused by the fiber 

processing accuracy. Figures 2.4(b) and 2.4 (c) show RF spectra of active-sensing OFC with frep1 

and dummy-sensing OFC with frep2 when ∆frep was set to be 3 kHz (resolution bandwidth = 10 

Hz). Similar RF spectra were observed for the active-sensing OFC with different ∆frep values (not 

shown). The narrow linewidth characteristics enable high precision of RI sensing, but they also 

make the system more susceptible to environmental temperature drift effects. 

 
Fig. 2.4. Basic performance of active-sensing and dummy-sensing OFCs. (a) Comparison of 

optical spectrum between active-sensing OFC with different ∆frep values and dummy-sensing 

OFC (RBW = 0.1 nm). RF spectra of (b) frep1 and (c) frep2 when ∆frep = 3 kHz (RBW = 10Hz). 

 

We next evaluated the frequency instability of frep1 and frep2. Figure 2.5(a) shows a 

comparison of the frequency fluctuation between frep1 (red plots) and frep2 (black plots) with respect 

to gate time when ∆frep was set to be 3 kHz. Since both active-sensing OFC and dummy-sensing 

OFC have similar cavity configuration and environment, they show similar frequency instability 

of frep1 and frep2. A similar trend was observed for different ∆frep values (not shown), confirming 

that the frequency fluctuations of frep1 and frep2 are not dependent on ∆frep. We also investigated the 

long-term frequency variations of frep1 in the active-sensing OFC. Figure 2.5(b) shows the 
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temporal variations of frep1 within a range of 10 hours. We here defined the frequency deviation 

of frep1 from its initial value of measurement start as δfrep1. Due to changes in the optical cavity 

length caused by variations in ambient temperature, fluctuations of frep1 within the 100 Hz range 

can be observed. The unidirectional increase in frep1 reflects gradual changes in the cavity 

environment temperature, likely due to ambient temperature variations. In contrast, the periodic 

repetitive changes correspond to room temperature fluctuations caused by air conditioning. 

 
Fig. 2.5. Frequency characteristics of active-sensing and dummy-sensing OFCs. (a) Frequency 

fluctuation of frep1 and frep2 with respect to gate time. (b) Temporal variation of frep1 and frep2 in long 

term. 

 

2.4.2 Dependence of active-dummy temperature compensation on ∆frep 

As shown in Fig. 2.5, the active-sensing OFC and the dummy-sensing OFC exhibited 

similar behaviors in frequency characteristics, which enables compensation for the temperature 

drift effect by taking the difference between them. Of particular interest here is how this 

compensation effect depends on ∆frep and whether an optimal ∆frep exists. Therefore, an 

investigation was conducted regarding the dependence of active-dummy temperature 

compensation on ∆frep (= 3 kHz, 46 kHz, 111 kHz, and 1,000 kHz). Here, considering the results 

indicating changes of approximately 100Hz in frep1 due to room temperature variations as shown 

in Fig. 2.5(b), we measured ∆frep when frep1 was changed by approximately 100 Hz by rapid air 

conditioning. We used a pure water as a sample with a constant RI for them, again. We measured 

the temporal variations of frep1, frep2, and ∆frep when pure water was used as a sample for both OFCs. 

Figure 2.6 shows the temporal shifts in frep1, frep2, and ∆frep, namely, δfrep1, δfrep2, and δ∆frep, 

respectively, when ∆frep was set to be (a) 3 kHz, (b) 46 kHz, (c) 111 kHz, and (d) 1000 kHz. 

Comparing with δfrep1 and δfrep2, it is evident that the width of the frequency fluctuations in ∆frep 
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has been significantly reduced, indicating the effective operation of the active-dummy 

temperature compensation. Furthermore, the width of these fluctuations decreases as ∆frep is 

reduced to lower frequencies. A small ∆frep implies that the difference in optical cavity length 

between the active-sensing OFC and the dummy-sensing OFC is small, indicating that the thermal 

changes in optical cavity length have a similar impact on both. This is believed to be the origin of 

this ∆frep dependence. Therefore, a smaller ∆frep is preferred, but there is a limit imposed by the 

machining precision of the cavity fiber length. For example, the uncertainty of 1 mm in optical 

cavity length leads to that of 10 kHz in frep1. The actual machining precision of the fiber cutter is 

around 1 mm, making it difficult to adjust ∆frep below 1 kHz. 

We also investigated the dependence of its frequency instability on ∆frep. Figure 2.6(e) 

compares the frequency fluctuation among different ∆frep values with respect to gate time. In 

contrast to Figs. 2.6(a), 2.6(b), 2.6(c), and 2.6(d), no clear ∆frep dependence was observed. This 

frequency instability reflects short-term rather than long-term behavior, and it was found that ∆frep 

dependence does not appear on such short time scales. From the viewpoint of RI sensing, the 

frequency instability in long-term is important. 
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Fig. 2.6. Temporal shifts in frep1, frep2, and ∆frep (δfrep1, δfrep2, and δ∆frep) when ∆frep was set to be (a) 

3 kHz, (b) 46 kHz, (c) 111 kHz, and (d) 1000 kHz. (e) Comparison of frequency fluctuation among 

different ∆frep values with respect to gate time. 

 

2.4.3 Dependence of temperature-compensated RI sensing on ∆frep 

Finally, we investigated the dependence of active-dummy temperature-compensated RI 

sensing on ∆frep (= 3 kHz, 40 kHz, 150 kHz, and 1,000 kHz). We used ethanol solutions consisting 

of water (RI = 1.3180 refractive index unit or RIU at 1550 nm) and ethanol (RI = 1.347 RIU at 

1550 nm) at different ratios, corresponding to different RIs, as target samples in the active-sensing 

OFC. We prepared six samples with different RIs (= 0 EtOH%, 2.5 EtOH%, 5 EtOH%, 7.5 

EtOH%, 10 EtOH%, corresponding to 1.3180 RIU, 1.3188 RIU, 1.3196 RIU, 1.3205 RIU, and 

1.3213 RIU). Additionally, pure water (a 0 vol% ethanol solution, corresponding to 1.3180 RIU) 
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was used as a reference material with a constant RI in the dummy-sensing OFC. We repeated the 

RI sensing of ethanol solutions with different concentrations five times based on the measurement 

of frep1. Figure 2.7 shows the average and standard deviation of frep1 measured with different RI 

samples when ∆frep was set to be (a) 3 kHz, (b) 40 kHz, (c) 150 kHz, and (d) 1000 kHz. While a 

relatively large standard deviation is observed, the standard deviation varies significantly with 

∆frep. The reason for this behavior, which should ideally show similar fluctuations in frep1 

regardless of the value of ∆frep, is believed to be due to the behavior of temperature drift, as shown 

in Fig. 2.5(b). Depending on the timing of the measurement start, frep1 is influenced differently by 

temperature drift. This results in the difficulty to establish the one-to-one correspondence between 

frep1 and sample RI. 

 
Fig. 2.7. Average and standard deviation of frep1 measured with different RI samples: (a) ∆frep = 3 

kHz, (b) ∆frep = 40 kHz, (c) ∆frep = 150 kHz, and (d) ∆frep = 1000 kHz. 

 

We next repeated the RI sensing of ethanol solutions with different concentrations five 

times based on the measurement of ∆frep. Figure 2.8 shows the average and standard deviation of 

∆frep measured with different RI samples when ∆frep was set to be (a) 3 kHz, (b) 40 kHz, (c) 150 

kHz, and (d) 1000 kHz. For instance, when ∆frep is 3 kHz, 46 kHz, and 111 kHz, the standard 

deviation of ∆frep (typically, a few Hz) is significantly smaller than that of frep1 [typically, several 

tens Hz; see Figs. 2.7(a), 2.7(b), and 2.7(c)]. This indicates that the active-dummy temperature 

compensation is functioning, and a one-to-one correspondence between ∆frep and sample RI is 
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established independently of environmental temperature changes. This suggests the potential for 

RI sensing based on the absolute measurement of ∆frep. However, when ∆frep is 1,000 kHz, the 

standard deviation of frep1 is equivalent to that of ∆frep. In this case, active-dummy temperature 

compensation is not functioning. This aligns significantly with the results in Fig. 2.6(d). Thus, we 

confirmed the dependence of the active-dummy temperature-compensated RI sensing on ∆frep. 

Since the detailed setting of ∆frep is challenging to achieve below 10 kHz due to the precision of 

the cavity fiber length machining, it is preferable to choose an optimal value for ∆frep that is 110 

kHz or lower, providing some flexibility in the selection process. 

 
Fig. 2.8. Average and standard deviation of ∆frep measured with different RI samples: (a) ∆frep = 

3 kHz, (b) ∆frep = 40 kHz, (c) ∆frep = 150 kHz, and (d) ∆frep = 1000 kHz. 

 

2.5 Discussion 

In the active-dummy temperature-compensated RI sensing using a mechanically sharing 

dual-cavity dual-comb configuration, we have successfully suppressed temperature drift, 

allowing for absolute RI measurements based on the one-to-one correspondence between ∆frep 

and sample RI. However, there is still some residual fluctuation in ∆frep that could be further 

reduced, and here we discuss several challenges for achieving that. 

(a) Lower ∆frep values: As shown in Fig. 2.6, reducing ∆frep values improves temperature 

compensation. However, fine adjustments of ∆frep are limited to a few kHz due to the precision of 
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cavity fiber length machining. Achieving even lower ∆frep values may be challenging as long as 

two independent fiber cavities are used. Inserting an optical path length adjustment mechanism 

using free-space optics into the cavity enables further fine adjustments; however, it may 

compromise the active-dummy temperature compensation effect. 

(b) Spectral overlap of active-sensing and dummy-sensing OFCs: To ensure that the 

temperature drift of frep1 and frep2 due to thermal changes in the optical cavity length appears 

similarly in both OFCs, it is essential to have well-overlapped spectra. In the present setup, as 

shown in Fig. 2.4(a), the spectra of both OFCs did not match closely. This discrepancy could be 

attributed to slight differences in the characteristics, namely lMMI, of the intracavity MMI fiber 

sensors, likely due to variations in fiber length machining precision. Achieving further spectral 

overlap may also be challenging as long as two independent intracavity MMI fiber sensors are 

used. 

(c) Precise alignment of cavity fiber configuration: Another consideration is how accurately 

the cavity fiber and components can be placed to ensure that both OFCs experience equivalent 

temperature disturbances. However, there are limits to this alignment, as adjustments need to be 

made within the confined space of the resonator box. 

As such, these three challenges may be challenging with the current experimental setup 

configuration. To potentially overcome these challenges, one approach could be the use of a 

single-cavity dual-OFC configuration. Recently, single-cavity dual-comb fiber lasers have gained 

attention as light sources for dual-comb spectroscopy [33-35]. These fiber lasers achieve dual-

comb mode-locked oscillation in a single cavity, resulting in reduced ∆frep fluctuations to below 

0.1 Hz without the need for active laser control. This approach has a potential to overcome three 

challenges above (lower ∆frep values, spectral overlap of active-sensing and dummy-sensing OFCs, 

and precise alignment of fiber configuration). Although integrating an MMI fiber sensor into such 

lasers is technically demanding, this combination could significantly enhance the performance of 

dual-comb RI-sensing while simplifying the experimental setup. Please note that further 

exploration and experimentation may be required to determine the feasibility and effectiveness of 

these approaches. 
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3. Rapid, high-sensitivity detection of biomolecules using dual-comb biosensing 

3.1 Introduction 

Biosensors are biomolecular sensors that utilize or imitate the skillful molecular 

identification function of living organisms; they are applied to a wide range of fields such as 

medical care, food industry, and environmental monitoring. Yet, further enhancement of 

biosensing performance is still required in the field of infectious pathogens as well as biomarkers, 

pollutant, bacteria, and environmental hormones. For example, one timely and urgent application 

that benefits from improved performance is still testing of coronavirus disease 2019 (COVID-19) 

because COVID‐19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 

has rapidly spread and is still occurring all over the world. While reverse-transcription polymerase 

chain reaction (RT-PCR) [36-38] has been widely used as a current standard for COVID-19 

testing in clinical practice, research has also been conducted on biosensors of SARS-CoV-2, 

vigorously. The potential methods that may improve the biosensing performance is the use of 

optical biosensors [39,40] due to both rapidity and high sensitivity. For example, optical 

biosensors based on surface plasmon resonance (SPR) [41,42] have been widely used for 

analyzing biomolecules and viruses; in this technique, the spectral shift of the SPR trough in the 

wavelength or angular spectrum is measured because the spectral shift depends on a sample 

concentration due to a combined effect of SPR and molecular identification function on the sensor 

surface. SPR analysis enables the real-time, label-free analysis of intermolecular interaction or 

combination by measuring a sample-concentration-dependent optical spectral shift; thus, this 

technique has been widely applied for the detection of various infectious pathogens as well as 

various biomarkers [43-55]. The limit of detection (LOD) for SARS-CoV-2 nucleocapsid protein 

(N protein) antigen has reached 85 fM or 4 pg/ml [49]; however, in order to measure clinical 

samples (for example, human nasopharyngeal aspirates), further improvement in LOD (to the fM 

level or sub-fM level) is necessary. A reason for the limited sensitivity in SPR is an optical 

instrumentation resolution as well as a relatively broad spectrum of SPR trough compared to its 

slight spectrum shift. Optical biosensing techniques, such as fluorescence [56,57] and surface-

enhanced Raman scattering (SERS) [58,59], could be another potential candidate for the 

biosensing of SARS-CoV-2. For instance, a combination of SERS with antibody pair, SERS-

active hollow Au nanoparticles, and magnetic beads achieved LOD of 2.56 fg/mL for the SARS-

CoV-2 antigen, facilitating the identification of SARS-CoV-2 in human nasopharyngeal aspirates 

within 30 min. While the discrimination of infection has been achieved, the Raman signals of 

samples diagnosed as negative still show variations among samples, which may lead to potential 

misdiagnosis between false positive and true negative during the early stages of infection. 
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Regarding the limitation of optical instrumentation resolution in SPR, if this sample-

concentration-dependent optical spectral shift is transformed into a photonic radio-frequency (RF) 

signal, then such photonic RF biosensing would benefit from the high precision and real-time 

nature provided by well-established electric frequency measurements with RF frequency 

standards and measurement apparatuses. Recently, optical frequency combs (OFCs) [12-14,80] 

have attracted attention for use as photonic RF sensors based on a frequency conversion function 

between the optical and RF regions [22,23]. OFC is composed of a series of optical frequency 

modes (freq. = nm) with a constant mode spacing of frep in the RF band. A relation between nm and 

frep is given by 

ν
m

= f
ceo

+ mf
rep,

  (1) 

where fceo is a carrier-envelope-offset frequency and m is mode number. Since frep is a RF signal, 

OFC acts as an accurate frequency converter between optical and electrical regions. For example, 

a refractive-index-dependent (RI-dependent) optical spectrum shift was converted into a change 

in frep of around several tens of MHz by placing a multimode-interference (MMI) fiber sensor 

[27,81] inside a fiber OFC cavity. Then, the frep signal with the spectral linewidth below 1 Hz [28] 

was rapidly and precisely measured by a RF frequency counter. Furthermore, the intracavity fiber 

sensor enables multiple interactions between the sample and the light, enhancing the sensitivity. 

Due to the precise electric-measurement of the narrow-linewidth, sensitivity-enhanced frep signal, 

this RI-sensing OFC enables precise measurement of the sample RI with a resolution of 4.88×10-

6 refractive index units (RIU), which is two orders of magnitude better than that of the previous 

study of RI sensing with MMI fiber sensor [27]. Such high-sensitivity RI-sensing OFCs would 

have the potential to be further extended to optical biosensing, namely, to biosensing OFCs, 

through surface modification of the MMI fiber sensor with the molecular identification layer in 

terms of biomolecule interactions, similar to the surface modification employed in SPR. However, 

there are no attempts to apply this RI-sensing OFC for optical biosensing because the residual 

temperature drift of the frep signal (typically, a few hundreds Hz/hour) is still larger than the 

sample-concentration-dependent frep shift in biosensing (typically, a few to a few tens Hz), 

reducing the precision and hindering its extension to the biosensing OFC. It is essential to largely 

reduce the temperature drift of frep in order to open the door for the biosensing OFC. 

Thus, in this chapter, we first developed a dual-comb configuration with an active sensing 

OFC and a dummy sensing OFC to suppress the temperature drift of the frep signal, namely, dual-

comb biosensing; this function is similar to the active-dummy temperature compensation of strain 

sensors. Then, for preliminarily test of dual-comb biosensing, we applied the active-dummy dual 

sensing OFCs to RI sensing of a glycerol solution, which is a stable standard substance without 
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volatilization. Finally, for proof of concept using biomolecules, we demonstrate rapid detection 

of the SARS-CoV-2 N protein antigen by combining the active-dummy dual sensing OFCs and 

surface modification of a SARS-CoV-2 N protein antibody. Prior to using real samples of SARS-

CoV-2, to assess the net performance of dual-comb biosensing alone without the help of specific 

enhancing techniques regarding antigen-antibody interactions and/or surface modifications, 

commercially available, purified SARS-CoV-2 N protein antigen diluted in phosphate-buffered 

saline (PBS) was detected by a help of a commercially available SARS-CoV-2 N protein antibody. 

Since the dual-comb biosensing can be implemented with a wide variety of surface modifications 

for other viruses/pathogens and biological molecules, it greatly enhances the applicability of 

optical biosensors for virus, bacteria, protein, biomarker, environmental hormone, and so on. 

 

3.2 Results 

3.2.1 General principle of operation 

In this study, we sought to design a biosensor that combines photonic-to-RF conversion 

and antigen-antibody interaction in an OFC. The biosensing OFC operates through three steps: 

Step (1) antigen-antibody interactions on the antibody-modified sensor surface, Step (2) RI-

dependent optical spectrum shift of OFC provided by the intracavity MMI fiber sensor, and Step 

(3) photonic-to-RF conversion by the wavelength dispersion of the fiber cavity, as depicted in Fig. 

3.1(a). In Step (1), the selective combination of a target antigen with the corresponding antibody 

changes the effective RI near the sensor surface depending on the antigen concentration. In Step 

(2), since the intracavity MMI fiber sensor transmits only certain wavelength (λMMI) light based 

on its RI due to MMI and the Goos-Hänchen shift, the OFC shows an RI-dependent and hence an 

antigen-concentration-dependent shift in the optical spectrum. Simultaneously, the intracavity 

MMI fiber sensor enhances the sensing sensitivity by multiple interactions between light and 

sample inside the OFC cavity. The functions of Steps (1) and (2) are implemented by an 

intracavity MMI fiber sensor with antibody surface modification, as shown in Fig. 3.1(b). In Step 

(3), the antigen-concentration-dependent shift in the optical spectrum is converted to a shift in the 

optical cavity length nL, where n and L are the RI and the physical length of the OFC cavity fiber, 

via the wavelength dispersion of RI in the cavity fiber. Finally, the change in the antigen 

concentration can be read out as the frep shift via frep = c/nL, where c is the velocity of light in a 

vacuum. Importantly, the frep linewidth achieves down to below 1 Hz, which is smaller than frep 

shift expected due to the antigen concentration change. 
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Fig. 3.1. Principle of operation for the biosensing OFC. (a) Block diagram of the signal flow. The 

concentration of the target antigen is obtained according to the mode spacing frep of the OFC 

through three steps: Step (1) antigen-antibody interactions on the antibody-modified sensor 

surface, Step (2) RI-dependent optical spectrum shift of OFC provided by the intracavity MMI 

fiber sensor, and Step (3) photonic-to-RF conversion by the wavelength dispersion of the fiber 

cavity. (b) Schematic diagram of the intracavity MMI fiber sensor with antibody surface 

modification. The antigen-antibody interaction on the surface of the intracavity MMI fiber sensor 

is reflected by an effective RI change near the sensor surface, while the intracavity MMI fiber 

sensor functions as an RI-dependent variable-optical-bandpass filter via the MMI process. The 

combination of the antigen-antibody interaction with the MMI fiber sensor causes an antigen-

concentration-dependent optical spectrum shift of OFC. 

 

3.2.2 Temperature drift in the single-comb configuration 

We first evaluated the dependence of frep in a single sensing OFC on cavity temperature 

because the temperature disturbance to the fiber OFC cavity fluctuates frep via thermal expansion 
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or shrinkage of nL. To this end, we measured the temporal drift in the frep of the single-comb 

configuration of sensing OFC under an uncontrolled cavity temperature, as shown in Fig. 3.2(a), 

whose details are given in the Materials and Methods section. We set the center optical 

wavelength λMMI of 1556.6 nm and the frequency spacing frep of 31.7 MHz for stable mode-locked 

oscillation with the intracavity MMI fiber sensor. Pure water was used for a standard sample with 

a stable RI, and placed in a glass sample cell together with the MMI fiber sensor without the 

surface modification for RI sensing. The output light from the OFC was detected by a 

photodetector (PD), and frep was measured by an RF frequency counter synchronized to a 

rubidium frequency standard working in the RF band. Figure 3.2(b) shows the frep shift (δfrep, blue 

line) when the cavity temperature (orange line) changed over a range of 1 °C. δfrep represents the 

frequency deviation from the initial measurement value. The temporal behavior of δfrep in 

synchronization with the cavity temperature indicated a temperature sensitivity of approximately 

-400 Hz/°C. Thus, the cavity-temperature-dependent frep drift is considerably larger than the 

sample-concentration-dependent frep shift in biosensing (typically, a few to a few tens Hz). 

Although the cavity temperature could be actively controlled within a range of 0.1 °C, it is still 

insufficient to suppress the cavity-temperature-dependent frep drift (= 400 Hz/°C × 0.1 °C = 40 

Hz) below the sample-concentration-dependent frep shift. Thus, to further reduce the temperature 

drift, we applied a dual-comb configuration for active-dummy compensation of the temperature 

drift as described in the following subsection. 
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Fig. 3.2. Basic performance of single-comb RI sensing of pure water with temperature drift. (a) 

Schematic drawing of the experimental setup. LD, laser diode; SMF, single-mode fiber; WDM, 

wavelength-division-multiplexing coupler; EDF, erbium-doped fiber; MMI, multimode-

interference fiber sensor; OC, fiber output coupler; PD, photodiode. Details of the single sensing 

OFC are given in the Materials and Methods section. (b) Temporal drift of the cavity temperature 

(orange line) and the corresponding frep shift (δfrep, blue line). Pure water was used as the sample 

of RI sensing. δfrep was calculated as the frequency deviation from the initial value of frep. The 

stepped-down behavior of the cavity temperature is due to the temperature resolution of the 

thermistor (= 0.1 °C) used for monitoring the cavity temperature. The cavity temperature 

sensitivity of the single sensing OFC was approximately -400 Hz/°C. 

 

3.2.3 Active-dummy compensation of the temperature drift with the dual-comb configuration 

A dual-comb configuration with an active sensing OFC with a frequency spacing of frep1 

and a dummy sensing OFC with a frequency spacing of frep2 was adopted to compensate for the 

temperature drift. Figure 3.3(a) shows a schematic drawing of the dual-comb configuration, in 
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which a pair of fiber OFC cavities were arranged in an aluminum box covered by insulated 

materials so that they were affected by similar temperature drifts. In this configuration, although 

frep1 and frep2 fluctuate depending on the residual drift of cavity temperature via thermal expansion 

or shrinkage of nL, their drifts are similar because they experience the same thermal disturbances. 

Therefore, the frequency difference ∆frep between frep1 and frep2 remains constant regardless of the 

temperature drift of frep1 and frep2. Thus, when the active sensing OFC evaluates a sample solution 

in a certain temperature environment and the dummy sensing OFC evaluates a reference material 

in the same temperature environment, ∆frep reflects the sample concentration without influence 

from temperature drift. In other words, a one-to-one correspondence between ∆frep and the sample 

concentration is established independent of temperature drift. Figures 3.3(b), 3.3(c), and 3.3(d) 

show the MMI and sample cell for dual-comb RI sensing of pure water, dual-comb RI sensing of 

glycerol solution, and dual-comb biosensing of the SARS-CoV-2 N protein antigen, respectively. 

Table 3.1 summarizes λMMI, frep1, frep2, ∆frep, the MMI, and the sample cell used in the following 

three dual-comb sensing experiments; these values were selected for stable operation and better 

temperature compensation. A pair of output lights from the active and the dummy sensing OFCs 

is detected by a pair of photodetectors (PDs). Their frequency signals (= frep1 and frep2) and a 

frequency difference between them (= ∆frep = frep1 - frep2) are measured by the RF frequency counter. 

Details of the dual-comb biosensing technique are given in the Materials and Methods section, 

together with details on the experimental and analytical methodology employed for all 

measurements. 

 

Table 3.1. Experimental settings of dual-comb RI sensing and biosensing. 

Experiments λMMI 

(nm) 
frep1 

(MHz) 
frep2 

(MHz) 
∆frep 

(kHz) 
Active 
MMI 

Dummy 
MMI 

Sample 
cell 

Dual-comb RI sensing 
of pure water 

1556.6 31.7 32.5 -851.9 No surface modification 
Single 
[Fig. 

3.3(b)] 

Dual-comb RI sensing 
of glycerol solution 

1556.6 31.7 32.5 -851.9 No surface modification 
Dual 
[Fig. 

3.3(c)] 
Dual-comb biosensing 

of SARS-CoV-2 N 
protein antigen 

1556.6 29.6 29.7 -88.6 
Surface 

modification 
of antibody 

No surface 
modification 
of antibody 

Single 
[Fig. 

3.3(d)] 
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Fig. 3.3. Experimental setup of dual-comb RI sensing and biosensing. (a) Schematic drawing of 

the whole experimental setup. LD, laser diode; SMFs, single-mode fibers; OFCs, optical 

frequency combs; WDMs, wavelength-division-multiplexing couplers; EDF, erbium-doped fiber; 

active MMI, intracavity multimode-interference fiber sensor for a target sample; dummy MMI, 

intracavity multimode-interference fiber sensor for a reference sample; OCs, fiber output 

couplers; PDs, photodiodes. The active sensing OFC and dummy OFC operate at a center optical 

wavelength (λMMI) of 1556.6 nm. (b) Schematic drawing of the MMI sensor and sample cell for 

dual-comb RI sensing of pure water. (c) Schematic drawing of the MMI sensor and sample cell 

for dual-comb RI sensing of glycerol solution. (d) Schematic drawing of the MMI sensor and 

sample cell for dual-comb biosensing of the SARS-CoV-2 N protein antigen solution. Peristaltic 

pumps were used for sample exchange in the dual-comb RI sensing of glycerol solution and the 

dual-comb biosensing of the SARS-CoV-2 N protein antigen. 
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The blue and green lines in Fig. 3.4 show the temporal shifts in frep1 and frep2, namely, δfrep1 

and δfrep2, respectively, when pure water was used as a sample for both the active and dummy 

sensing OFCs without surface modification [see the second row in Table 3.1 and Fig. 3.3(b)]. 

δfrep1 and δfrep2 suffered from a frequency drift of over -38 Hz, implying a temperature drift of 

0.1 °C during the data acquisition from a temperature sensitivity of -400 Hz/°C in Fig. 3.2(b). 

However, importantly, δfrep1 and δfrep2 behaved almost the same in terms of drift. The resulting 

∆frep shift (δ∆frep) was stable as shown by the red line in Fig. 3.4, in which the standard deviation 

of δ∆frep was 0.066 Hz at 10 s, 0.209 Hz at 100 s, and 0.177 Hz at 1000 s, respectively. These 

variations are equivalent to a temperature stability of 1.64×10-4 °C at 10 s, 5.23×10-4 °C at 100 s, 

and 4.42×10-4 °C at 1000 s, much better than that by the temperature controller of fiber OFC 

cavity. 

 

Fig. 3.4. Basic performance of dual-comb RI sensing of pure water with temperature drift. 

Temporal drifts in δfrep1, δfrep2, and δ∆frep when pure water was used as a sample for the active and 

dummy RI-sensing OFCs [see Table 3.1 and Fig. 3(b)]. δfrep1, δfrep2, and δ∆frep were calculated as 

the frequency deviations from the initial values of frep1, frep2, and ∆frep, respectively. 

 

We next tested active-dummy temperature compensation for RI sensing of a liquid sample 

different from the reference sample. For RI sensing, the active and dummy sensing OFCs have 

no surface modification in MMI [see the third row in Table 3.1 and Fig. 3.3(c)]. We used glycerol 

solutions consisting of glycerin and pure water at different ratios, corresponding to different RIs, 

as target samples in the active sensing OFC. This sample is easy to prepare and stable as it does 

not volatilize. We prepared six samples with different RIs [= 0 vol%, 1 vol%, 2 vol%, 3 vol%, 4 

vol%, and 5 vol%, corresponding to 1.3165 RIU, 1.3179 RIU, 1.3193 RIU, 1.3207 RIU, 1.3222 
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RIU, and 1.3236 RIU; see color-highlighted zones in Figs. 3.5(a) and 3.5(b)] because their 

expected frep shift is comparable to the concentration-dependent frep shift caused by the SARS-

CoV-2 N protein antigen. The RI of the sample was calculated from the volume ratio of water (RI 

= 1.3165 RIU at 1550 nm) and glycerin (RI = 1.4571 RIU at 1550 nm). While our experiments 

were conducted in volume ratio (vol%) of glycerin-water solutions, the correlation in the literature 

were provided in terms of weight ratio (wt%). To address this discrepancy, we performed a 

conversion between vol% and wt% by using the volume and density (=1.26) of 100% glycerin to 

calculate the corresponding weight, and then dividing it by the weight of water. This process 

yielded the weight ratio. Subsequently, we employed this weight ratio to calculate the RI value of 

each sample based on the RI values from the literature. We exchanged the sample by using a 

peristaltic pump [see grey zones in Figs. 3.5(a) and 3.5(b)]. Additionally, pure water (a 0 vol% 

glycerol solution, corresponding to 1.3165 RIU) was used as a reference sample in the dummy 

sensing OFC. To prevent the temperature of the pure water in the dummy sample cell from 

increasing during repeated measurements, the pure water sample was exchanged with a new pure 

water sample with another peristaltic pump when the target sample was exchanged with a new RI 

glycerol sample. The blue and green lines in Fig. 3.5(a) represent δfrep1 and δfrep2 as the 

concentration of the glycerol solution increased from 0 vol% to 5 vol%. δfrep2, in the dummy 

sensing OFC, exhibited a slow drift with some rapid changes even though the RI of the pure water 

was constant. This slow drift is due to the temperature drift, too. Since rapid changes in δfrep2 were 

synchronized with the operation of the peristaltic pump, they are caused by disturbance from the 

water flow when the samples were exchanged. In contrast, δfrep1, in the active sensing OFC, 

exhibited a combination of a step-like change with the sample RI and the slow drift shown by 

δfrep2 together with rapid changes. This combination of behavior in δfrep1 is detrimental to the RI 

sensing performance in the single sensing OFC configuration. The behavior of rapid changes 

caused by the peristaltic pump is different between δfrep1 and δfrep2 because the shape of the two 

separate sample cells is not identical, and the position of the MMI fiber sensors in those cells is 

not completely the same. 

Figure 3.5 (b) shows a sensorgram of δ∆frep calculated by subtracting the green line (δfrep2) 

from the blue line (δfrep1) in Fig. 3.5 (a). The temperature drift almost disappeared, and only the 

step-like change with the sample RI was present in δ∆frep. The mean and the standard deviation 

of δ∆frep were 0.76±0.19 Hz at 0 vol% or 1.3165 RIU, -7.58±0.24 Hz at 1 vol% or 1.3179 RIU, -

16.48±0.52 Hz at 2 vol% or 1.3193 RIU, -25.64±0.53 Hz at 3 vol% or 1.3207 RIU, -34.59±0.31 

Hz at 4 vol% or 1.3222 RIU, and -43.12±0.34 Hz at 5 vol% or 1.3236 RIU, as shown by red plots 

in Fig. 3.5(c). From these values, we calculated a relation between the sample RI and δ∆frep. The 

linear relation between the sample RI and δ∆frep was obtained with a correlation coefficient (R) 
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of 0.9999. The good fitting result indicated that the dual-comb effect minimizes the effect of 

temperature drift. From the slope coefficient of the linear fitting (= -6216 Hz/RIU) and the 

stability of δ∆frep (= 0.198 Hz at 10 s, 0.627 Hz at 100 s, and 0.531 Hz at 1000 s based on three 

times the standard deviation), the RI resolution was determined to be 3.19×10-5 RIU at 10 s, 

1.01×10-4 RIU at 100 s, and 8.54×10-5 RIU at 1000 s. In RI sensing of a liquid sample (glycerol 

solutions) different from another liquid reference (pure water), difference of thermo-optic effect 

between them may influence the effective RI and the temperature sensitivity because they have 

inherent thermo-optic coefficients (typically, 10-4 RIU/°C at 1550 nm) [82,83]. When their 

temperature is stable within a range of 0.1 °C, the drift of RI in the sample and the reference is 

estimated to be the order of 10-5 RIU. However, the temporal drift of thermo-optic coefficients 

will be common to each other if similar water solutions refer to the solutions used in the following 

measurements, and the active-dummy temperature compensation can work well. Therefore, the 

effect of different thermo-optic effects is negligible. 

 

Fig. 3.5. Temperature-drift-free dual-comb RI sensing of glycerol solution. (a) Sensorgrams of 

δfrep1 in the active sensing OFC and δfrep2 in the dummy sensing OFC. Glycerol solutions 

consisting of glycerin and pure water at different ratios were used as the target samples in the 

active sensing OFC; pure water was used as the reference sample in the dummy sensing OFC [see 
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Table 3.1 and Fig. 3.3(c)]. Grey zones indicate the time period for sample exchange by peristaltic 

pumps. δfrep1 and δfrep2 were calculated as the frequency deviations from the initial values of frep1 

and frep2, respectively. (b) Sensorgram of δ∆frep with mixtures of glycerin and pure water at 

different ratios. δ∆frep was calculated as the frequency deviation from the initial value of ∆frep. (c) 

Relationship between the sample RI and δ∆frep. 

 

3.2.4 Rapid detection of SARS-CoV-2 N protein antigen 

Antibody modification of the intracavity MMI fiber sensor creates a photonic RF 

biosensor for the detection of target antigens through antibody-antigen reactions because the RI-

dependent frep shift is converted into an antigen-concentration-dependent frep shift [see Fig. 1(a)]. 

We confirmed the effectiveness of the active-dummy compensation with the dual-comb 

configuration in high-precision RI sensing demonstrated above. The resulting enhanced RI 

precision covers the effective RI change expected by the antigen-antibody interaction on the 

sensor surface, enabling us to apply these dual sensing OFCs for rapid, high-sensitive detection 

of viruses/pathogens and biological molecules. 

The concept of the antigen-antibody interaction (in this case, a viral protein) was applied 

for the detection of SARS-CoV-2 protein with dual-comb biosensing. Among several proteins in 

SARS-CoV-2, we selected the N protein instead of the well-known and peculiar spike protein for 

antigen-antibody interactions. This is because the N protein functions to package the viral RNA 

genome within the viral envelope into a ribonucleoprotein complex and has benefits such as 

abundance, low probability of mutation, and relatively low molecular weight. We used a pair of 

a commercialized N protein antibody (Fapon Biotech Inc., Dongguan, Guangdong, China, 

FPZ0553) and a commercialized recombinant N protein antigen (Fapon Biotech Inc., Dongguan, 

Guangdong, China, FPZ0513) for antigen-antibody interactions in the intracavity MMI biosensor 

[see Fig. 3.1(b)]. Before performing the dual-comb biosensing, we evaluate the affinity of this 

pair by enzyme-linked immunosorbent assay (ELISA). Figure 3.6 shows a relation between 

antigen concentration and optical density at 450 nm, indicating a sensitivity within a range of 10 

pM to 10 nM in ELISA. We made a surface modification of the MMI fiber sensor (material = 

SiO2) with amino-terminated groups through a silane coupling reaction for a self-assembled 

monolayer (SAM) after surface cleaning and modifying by UV ozone. Then, the N protein antigen 

was immobilized on the amino-group-coated MMF fiber sensor surface to realize an active 

sensing OFC. Additionally, the SAM without immobilized antibody was applied to the surface of 

the MMI fiber sensor for the dummy sensing OFC. The MMI fiber sensors with and without 

surface modification by the immobilized antibody were placed together in the same sample cell 

for the active and dummy sensing OFCs, respectively [see the last row in Table 3.1 and Fig. 
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3.3(d)]. Solution samples of the N protein antigen in phosphate-buffered saline (PBS) at different 

molar concentrations were consecutively introduced into the sample cell with a peristaltic pump. 

The N protein antigen-antibody interaction could only occur on the sensor surface of the active 

sensing OFC because that of the dummy sensing OFC did not include immobilized antibodies. 

Thus, the dummy sensing OFC was used for the compensation of temperature drift assuming that 

non-specific adsorption did not occur on the sensor surface of the dummy sensing OFC. 

 
Fig. 3.6. Affinity test between a commercialized antibody (FPZ0553, Fapon Biotech Inc.) and a 

commercialized antigen (FPZ0513, Fapon Biotech Inc.) for SARS-CoV-2 N protein by ELISA. 

 

Figure 3.7(a) shows the sensorgram of δfrep1 and δfrep2 as the molar concentration of the 

antigen/PBS solution increased from 1 aM (blue zone), 1 fM (green zone), 1 pM (yellow zone), 

and 1 nM (red zone) after starting with pure PBS (purple zone). We here selected the considerably 

wide range of molar concentrations for the initial evaluation of basic performance in dual-comb 

biosensing of SARS-CoV-2 N protein antigen. The precise evaluation focused within the 

clinically-relevant range of SARS-CoV-2 N protein antigen will be the future work. The time 

period for data acquisition [see color-highlighted zones in Fig. 3.7(a)] was set to 10 min. In the 

grey zones (time period = 8 min), we performed the following three steps: (1) we introduced the 

antigen/PBS solution into the sample cell with the peristaltic pump (1.5 min), (2) we waited for 

the antigen-antibody interaction to be completed (5 min), and (3) we rinsed the sensor surface 

with PBS to flush the accumulated N protein antigen that did not interact with the antibodies away 

(1.5 min). When the antigen was washed with the PBS buffer after being added and waited, the 

sensor signal reflects the amount of the antigen adsorbed on the sensor surface after desorption. 

However, the step-like change in δfrep1 with the antigen concentration was completely 
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overshadowed by the background temperature drift. So, we next calculated the frequency 

difference (δ∆frep) between δfrep1 and δfrep2 to eliminate the influence of temperature drift as 

described in the previous subsection. Figure 3.7(b) shows the sensorgram of δ∆frep. Focusing on 

the zones highlighted in colors other than grey, a slightly dull stepped change in δ∆frep dependent 

on the molar concentration was observed, although a small drift in δ∆frep within the range of a 

few Hz remained at each molar concentration. To evaluate the validity of this behavior in the 

sensorgram, we calculated the mean and the standard deviation of δ∆frep at each molar 

concentration (each color zone other than grey zones): -1.42±1.00 Hz at 1 aM, -8.82±0.57 Hz at 

1 fM, -24.29±0.36 Hz at 1 pM, and -27.52±1.08 Hz at 1 nM, respectively. They are indicated as 

red circles and corresponding error bars in Fig. 3.7(c). The negative slope was consistent with the 

RI dependence of δ∆frep [see the red line plotted in Fig. 3.5(c)] because the progression of the 

antigen-antibody reaction increases the effective RI near the MMI fiber sensor and hence 

decreases frep [66]. In this way, we demonstrated the potential for rapid detection of the SARS-

CoV-2 N protein antigen within this range of molar concentrations. 
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Fig. 3.7. Rapid, high-sensitivity, dual-comb biosensing of the SARS-CoV-2 N protein antigen. 

(a) Sensorgram of δfrep1 and δfrep2 with respect to different molar concentrations of the SARS-

CoV-2 N protein antigen. δfrep1 and δfrep2 were calculated as the frequency deviations from the 

initial values of frep1 and frep2, which were measured for the active biosensing OFC with 

immobilized antibody and the dummy OFC without immobilized antibody, respectively [see 

Table 3.1 and Fig. 3(d)]. Grey zones indicate the time period for sample exchange.  (b) 

Sensorgram of δ∆frep with respect to different molar concentrations of the SARS-CoV-2 N protein 

antigen. δ∆frep was calculated as the frequency deviation from the initial value of ∆frep. (c) 

Relationship between the antigen molar concentration and δ∆frep. Red circles show experimental 

data obtained from the sensorgram of δ∆frep. The purple line shows the fitting curve for the 

sigmoidal function of the Hill plot. 

 

3.3 Discussion 

To achieve the rapid, high-sensitivity detection of biomolecules, we developed dual-

comb biosensing. Benefiting from the photonic-to-RF conversion in OFC, the enhanced 

sensitivity by the intracavity biosensor, and the active-dummy dual-comb compensation of 

temperature drift, the detection of the SARS-CoV-2 N protein antigen with a molar concentration 

from1 aM to 1nM was demonstrated in the measurement time of 10 min. 

We first perform the quantitative analysis of the result shown in Fig. 3.7(c). The antigen-

antibody reaction is represented by a sigmoidal curve, often used when discussing the biosensor 

performance [62]; thus, the sigmoidal curve was applied to the experimental data to evaluate the 

ability of dual-comb biosensing to sense the SARS-CoV-2 N protein antigen. The sigmoidal 

function of Hill plot is given by 
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where δ∆frep_max and δ∆frep_min are the maximum and minimum of δ∆frep within a range of 1 aM to 

1 nM, n is the Hill coefficient, C is the concentration of the antigen, and CKa is the dissociation 

constant. The purple line in Fig. 3.7(c) represents the sigmoidal fit of the experimental data. 

Unfortunately, in this fitting analysis, as the number of unknown parameters of the sigmoidal 

curve (N = 4, δ∆frep_min, δ∆frep_max, CKa, and n) is equal to the number of input data (N = 4, 

concentrations of 1 aM, 1 fM, 1 pM, and 1 nM), the degrees of freedom for the fitting are zero. 

In other words, results of this fit may be unreliable. The primary focus here is to roughly calculate 

performance parameters for biosensing using experimental data within specific concentration 
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ranges. Based on the zero-degree-of-freedom fitting results, we will then proceed to engage in the 

following discussions. Addressing the issue of the zero-degree-of-freedom fitting results through 

detailed quantitative analysis will be part of our future work. From the curve fitting analysis of 

experimental plots with Eq. 2, we determined the following four parameters: δ∆frep_min = -27.8 Hz, 

δ∆frep_max = -0.7 Hz, CKa = 8.4 fM, and n = 0.40. CKa [see the pink solid line in Fig. 3.7(c)] is 

corresponding to the molar concentration at the middle [= -14.3 Hz, see pink the dashdotted line 

in Fig. 3.7(c)] between δ∆frep_max and δ∆frep_min [see pink dashed lines in Fig. 3.7(c)]. When the 

linear range (LR) was defined as the molar concentration at 10 ~ 90 % (= -3.4 ~ -25.1 Hz) of the 

dynamic signal range of δ∆frep_max to δ∆frep_min [see blue dashed lines in Fig. 3.7(c)] [43], it was 

determined to be 34 aM ~ 2.1 pM [see blue solid lines in Fig. 3.7(c)]. Since the mean δ∆frep value 

(= 0.93 Hz) minus three times its standard deviation (= 0.52 Hz) of the blank sample (PBS) was 

-0.63 [see the purple zone in Fig. 3.7(b)], the LOD was calculated to be 37 aM from the crossover 

point [see the green solid line in Fig. 3.7(c)] between it and the linear approximation given by the 

Hill coefficient n (= 0.40). 

We next compare the performance between the dual-comb biosensing and other 

biosensors when they are applied for biosensing of SARS-CoV-2 protein. While SPR benefits 

from the rapid analysis, its analytical sensitivity remains in LR of 2 ~ 1000 ng/mL with LOD of 

1.02 pM [63]. The plasmonic enhancement by large gold nanoparticle decreases the LOD of SPR 

down to 85 fM or 4 pg/ml [49]. Also, the dual-functional plasmonic biosensor combining the 

plasmonic photothermal effect and localized SPR indicates LOD of 0.22 pM and LR of 0.1 pM ~ 

1 μM [64]. In addition to these optical biosensors, colorimetric assay can be used for the detection 

of SARS-CoV-2 with a LOD of 0.18 ng/µL and a LR of 0.2 ~ 3 ng/µL within 10 min [65]. Dual-

comb biosensing of SARS-CoV-2 N protein antigen achieves a LOD of 37 aM and a LR of 34 

aM ~ 2.1 pM within 10 min in a simple matrix of PBS buffer that contains no interfering proteins, 

enzymes, and biomolecules. The above LOD and LR given in molar concentration correspond to 

concentrations of 1.7 fg/mL and 1.6 fg/mL ~ 99 pg/mL based on the molecular weight of the 

SARS-CoV-2 N protein antigen (= 47 kDa). When using complex matrices such as blood plasma 

or serum in place of PBS, testing time may increase depending on analyte diffusion and/or binding 

kinetics; still, it's within a range of 10 minute. Table 3.2 summarizes the comparison of those 

biosensors for SARS-CoV-2 protein. In this way, the dual-comb biosensing greatly outperforms 

other biosensors in terms of LOD and LR. 
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Table 3.2. Comparison of testing methods for SARS-CoV-2 

Method 
Limit of 

detection 
Linear range Time Matrix Target 

SPR 1.02 pM 2 ~ 1000 ng/mL - 

PBS 

containing 

0.1 % 

Tween 20 

N protein 

antigen 

Nanoplasmonic-

enhanced SPR 

85 fM 

(4 pg/ml) 
85 fM ~ 2 pM 5 min PBS 

N protein 

antigen 

Dual-functional 

plasmonic 

biosensor 

0.22 pM 0.1 pM ~ 1 μM - 
Nuclease-

free water 
Nucleic acid 

Colorimetric 

assay 
0.18 ng/µL 0.2 ~ 3 ng/µL 

10 

min 

RNase H 

reaction 

buffer 

N 

phosphoprotein 

gene 

Dual-comb 

biosensing 

37 aM 

(1.7 fg/ml) 

34 aM ~ 2.1 pM 

(1.6 fg/ml ~ 99 

pg/ml) 

10 

min 
PBS 

N protein 

antigen 

 

Since we demonstrated the dual-comb biosensing of SARS-CoV-2 N protein antigen 

using highly purified, synthetic laboratory samples, the demonstrated results could not guarantee 

about the real specificity in the detection, which is another important performance of biosensing. 

For a real assessment of the biosensing performance including the specificity, a sample of 

complex matrices such as blood plasma or serum should be evaluated. In this case, non-specific 

adsorption of other proteins on the sensor surface spoils the specificity of dual-comb biosensing. 

We have to make special surface modifications designed to avoid non-specific adsorption in the 

active and the dummy sensing OFCs together with a specific antibody of SARS-CoV-2 N protein 

enhancing the specificity. Use of nucleic acids (DNA probe), in place of antibody-antigen, as 

biomolecular interaction also enables us to enhance the specificity of dual-comb biosensing 

largely. Work is in progress to enhance the specificity of the dual-comb biosensing by these 

approaches. 

We finally discuss the potential for dual-comb biosensing to be used for the detection 

of other biomolecules of interest. The achieved CKa (= 8.4 fM) is considerably low, enabling its 

easy use for a wide variety of biosensing applications. For example, it has an option for early 

detection and quantification of cancer cells from a droplet of blood or other body fluids by 
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detecting a sugar chain specifically expressed on the surface of cancer cells. Such liquid biopsy 

will be a powerful tool for detection of important biomarkers, such as proteins or RNA, in addition 

to cancer cells. Furthermore, if the molecular identification in biosensing is implemented by DNA 

probes in place of antigen-antibody reactions, it enables biosensing of exosomes via miRNA. As 

exosomes play an important role for intercellular communication, the biosensing of them is 

expected to make a great contribution to the diagnosis (marker) and treatment (drug delivery) of 

diseases such as cancer and Alzheimer's disease. 

 

3.4 Materials and Methods 

3.4.1 General principle of operation 

Figure 3.1(b) shows a schematic diagram of the intracavity MMI fiber sensor with 

antibody surface modification. When the surface of the fiber sensor is not modified with an 

antibody, the MMI fiber sensor functions as an RI sensor. The MMI fiber sensor is composed of 

a clad-less multimode fiber (MMF; Thorlabs Inc., Newton, NJ, USA, FG125LA, core diameter= 

125 μm, fiber length = 58.94 mm) with a pair of single-mode fibers (SMFs) at both ends (Corning 

Inc., Corning, NY, USA, SMF28e+, core diameter = 8.2 μm, cladding diameter=125 μm, fiber 

length = 150 mm). Only the exposed core of the clad-less MMF functions as a sensing part. The 

OFC light passing through the input SMF is diffracted at the entrance face of the clad-less MMF 

and then undergoes repeated total internal reflection at the boundary between the clad-less MMF 

core surface and the sample solution. Only the OFC modes satisfying the MMI wavelength λMMI 

can exit through the clad-less MMF and then be transmitted through the output SMF. λMMI is given 

by 

 λ
MMI

=
n

MMF
m

MMI

L
MMF

D n
sam( )éë ùû

2
,          (3) 

where LMMF and nMMF are the geometrical length and RI of the clad-less MMF, mMMI is the order 

of the MMI, nsam is the RI near the clad-less MMF core surface (namely, sample RI), and D(nsam) 

is the effective core diameter of the clad-less MMF. Since D(nsam) is influenced by the Goos-

Hänchen shift on the core surface of the clad-less MMF, λMMI is a function of the sample RI near 

the sensor surface. The intracavity MMI fiber sensor in this study functions as an RI-dependent 

optical bandpass filter tunable around λMMI (= 1556.6 nm) with constructive interference at m = 

4. This λMMI was selected to match a spectral peak of the fiber OFC, suppressing the power loss. 

The RI-dependent λMMI shift of the OFC is converted into an RI-dependent frep shift via the 

wavelength dispersion of the cavity fiber [see Fig. 3.1(a)]. Furthermore, if the surface of the MMI 

fiber sensor is modified with a virus antibody, then the RI-dependent frep shift is converted into a 
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virus-antigen-concentration-dependent frep shift through antibody-antigen reactions. In other 

words, the intracavity MMI fiber sensor with antibody surface modification enables a photonic 

RF biosensor for viruses. 

3.4.2 Single-comb configuration of the sensing OFC 

We used a linear fiber cavity mode-locked by a saturable absorber mirror for easy, stable, 

mode-locked oscillation and compact size [see Fig. 3.2(a)]. The linear cavity includes a 2.6-m-

long SMF (SMF; Corning Inc., Corning, NY, USA, SMF28e+, dispersion at 1550 nm = 17 ps•km-

1•nm-1), a 0.6-m-long erbium-doped fiber (EDF; nLIGHT Inc., Camas, WA, USA, LIEKKI ER30-

4/125, dispersion at 1550 nm = -22.75 ps•km-1•nm-1), a saturable absorber mirror (BATOP GmbH, 

Jena, Germany, SAM-1550-55-2ps-1.3b-0, high reflection band = 1480-1640 nm, absorbance = 

55 %, modulation depth = 2.4 %, relaxation time constant = ~2 ps, size = 1.3 mm width, 1.3 mm 

height, 0.4 mm thickness), a wavelength-division-multiplexing coupler (WDM; AFR Ltd., Zhuhai, 

China, WDM-1-9855-N-B-1-F), a pumping laser diode (LD pump source; Thorlabs Inc., Newton, 

NJ, USA, BL976-PAG700, wavelength = 976 nm, power = 700 mW), a 90:10 fiber output coupler 

(OC; AFR Ltd., Zhuhai, China, PMOFM-55-2-B-Q-F-90), and an intracavity MMI fiber sensor 

(MMI). The total dispersion of the fiber cavity was set to -0.12 pm/s2 for stable operation. The 

fiber cavity was placed in an aluminum box, and its temperature was not actively controlled. The 

light output of the sensing OFC was detected by a photodetector (PD; Thorlabs Inc., Newton, NJ, 

USA, PDA05CF2, wavelength = 800~1700 nm, frequency bandwidth = 150 MHz), and the 

resulting frequency signal of frep was measured by an RF frequency counter (Keysight 

Technologies, Santa Rosa, CA, USA, 53230A, frequency resolution = 12 digit•s-1) synchronized 

to a rubidium frequency standard (Stanford Research Systems Inc., Sunnyvale, CA, USA, FS725, 

frequency = 10 MHz, accuracy = 5×10-1, and instability = 2×10-11 at 1 s). 

3.4.3 Dual-comb configuration of active and dummy sensing OFCs 

We used a pair of linear-cavity sensing OFCs (frequency spacing = frep1 and frep2, 

frequency difference between them = ∆frep = frep1 - frep2) for the active sensing OFC and the dummy 

sensing OFC in the dual-comb configuration [see Fig. 3.3(a)]. The configuration of each linear 

cavity was similar to that in Fig. 3.2(a). The output light of the LD pump source was split into 

two beams and used for these two OFCs, which eliminates the influence of power drifts in the LD 

pump source through common-mode behavior. These OFC fiber cavities were enclosed in an 

aluminum box. Specification of the active and dummy sensing OFCs are shown in Table 3.1. The 

light output of the dual OFCs was detected by a pair of PDs, and the resulting frequency signals 

of frep1, frep2 and ∆frep were measured through a combination of an RF frequency counter and a 

rubidium frequency standard. 

3.4.4 Recombinant SARS-CoV-2 nucleocapsid protein antigen 
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The recombinant SARS-CoV-2 nucleocapsid protein, expressed in Escherichia coli, was 

used as an antigen. The molecular weight of 47 kDa was calculated based on the amino acid 

sequence of 419 residues using the molecular weight calculation tool provided by Expasy. We 

further validated this by referring to literature that documented the utilization of a similar N capsid 

protein. The slight variation in molecular weight compared to previous literature is thought to be 

attributed to differences in the His-Tag sequence and/or uncertainties in band reading on SDS-

PAGE. 

3.4.5 Enzyme-linked immunosorbent assay (ELISA) 

Recombinant SARS-CoV-2 nucleocapsid protein antigen (FPZ0513, 2 μg/ml) in phosphate-

buffered saline (PBS) was added to 96-well EIA/RIA plates (Corning Inc., Corning, NY, U.S.) 

and incubated overnight at room temperature. Non-specific sites were blocked with Blocking One 

(Nacalai Tesque, Inc., Kyoto, Japan). The plates were washed and diluted anti-SARS-CoV-2 

nucleocapsid monoclonal antibody (FPZ0553) was added. After 1 hour incubation at room 

temperature and washing the plates, goat anti-mouse IgG, (H+L) horseradish peroxidase 

conjugated (Invitrogen) was used as the secondary antibody. After washing the plates two times, 

TMB substrate solution (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, U.S.) was 

added. The OD at 450 nm for each well was measured using a SpectraMax ABS microplate reader 

(Molecular Devices, San Jose, CA, U.S.). 

3.4.6 Antibody modification of the MMI fiber sensor 

A schematic diagram of the intracavity MMI fiber sensor with antibody surface 

modification is shown in Fig. 3.1(b). First, a UV ozone cleaner (Sun Energy Corp., Minoo, Osaka, 

Japan, SKB1101N-01) was applied to the MMI fiber sensor for 30 min to remove any organic 

compounds on the surface of the clad-less MMF and modify the resulting surface with hydroxy 

groups. Second, the surface of the clad-less MMF was modified with amino-terminated groups 

through a silane coupling reaction using 1 % (v/v) 3-aminopropyltriethoxysilane (APTES) in 

ethanol for 1 hour, followed by washing with ultrapure water and drying at 110 °C for 10 min. 

Third, for the antibody immobilization step by amide bonding, a dehydro-condensation reaction 

was used, which is a one-step reaction with higher reaction efficiency even in buffer solution, 

instead of the conventional method using carbodiimide activation [60]. The monoclonal antibody 

specific for the N protein antigen was immobilized on the amino-group-coated MMF core by a 

dehydration-condensation reaction using 10 mM 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium chloride (DMTMM) in PBS buffer (pH 7.4) [61]. 

3.4.7 Data analysis 

The frequency spacings of the OFCs (frep, frep1, and frep2) were continuously acquired by 

an RF frequency counter with a gate time of 100 ms and a sampling interval of 2.8 s. The 
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frequency difference ∆frep between frep1 and frep2 was calculated from acquired frep1 and frep2. Finally, 

δfrep, δfrep1, δfrep2, and δ∆frep  were calculated as the frequency deviations from the initial values of 

frep, frep1, frep2, and ∆frep, respectively. In the dual-comb biosensing of SARS-CoV-2 N protein 

antigen, we calculated the 99.9 % confidence interval for the first 100 data of the δ∆frep 

sensorgram measured in the PBS, and then used it as a criterion of rejection test to judge whether 

δ∆frep value acquired at each molar concentration is considered as a measurement error. 
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4. Conclusion 

This doctoral dissertation investigates two main themes to enhance the sensing 

performance to a level suitable for deployment in biosensing applications by addressing the 

temperature drift issue in RI-sensing using MMI fiber sensors and fiber OFC. 

(1) Reduction of temperature drift in refractive-index-sensing optical frequency comb 

by active-dummy compensation of dual-comb configuration [78] 

(2) Rapid, high-sensitivity detection of biomolecules using dual-comb biosensing [79] 

In the first theme, we developed a temperature-compensated RI-sensing OFC (dual-comb 

RI-sensing) by applying the active-dummy compensation method commonly used in strain 

measurements. This was achieved by using an active-sensing OFC sensitive to both temperature 

and refractive index, and a dummy-sensing OFC sensitive only to temperature, extracting the 

difference frequency signal of their repetition frequencies. To evaluate the temperature 

compensation performance of dual-comb RI-sensing, we investigated the effect of temperature 

drift on the difference in cavity lengths between the active-sensing and dummy-sensing OFCs. 

From the perspective of temperature compensation performance and RI measurement 

performance, we validated the appropriate difference in cavity lengths (Δfrep) between the active-

sensing and dummy-sensing OFCs. Concerning the temperature compensation performance for 

the difference in resonator lengths, the active-dummy temperature compensation did not function 

effectively when the difference in resonator lengths was about 100mm (equivalent to 1000 kHz 

in Δfrep), but a significant effect of temperature compensation performance was observed when 

the difference in cavity lengths was about 10mm (equivalent to 110 kHz in Δfrep) or less, with 

better temperature compensation performance observed for smaller differences in cavity lengths. 

Therefore, considering the precision of fiber OFC cavity fabrication, it is desirable to select a 

difference in cavity lengths of about 10mm or less (equivalent to 110 kHz or less in Δfrep). 

However, several factors remain to be considered for further improvement in temperature 

compensation performance. Firstly, achieving a resonator length difference (Δfrep) of zero due to 

the precision of resonator length fabrication is difficult, and Δfrep is limited to a few kHz. Although 

it is possible to fine-tune the resonator length difference by inserting delay lines using free-space 

optical systems, this may compromise mechanical stability, leading to a potential decrease in the 

effectiveness of active-dummy temperature compensation. Secondly, to achieve precise active-

dummy compensation, it is necessary to place the active and dummy combs in exactly the same 

location to ensure they experience exactly the same temperature effects. However, due to spatial 

constraints within the enclosure, there are limitations to this approach. Thirdly, for precise RI 

measurement, it is desirable for the optical spectra propagated by the active and dummy OFCs to 
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match completely. However, achieving perfect spectral alignment is challenging due to variations 

in the optical spectra within the cavity caused by the fabrication precision of MMI fiber sensors 

when using two independent MMI fiber sensors. To address these three factors, it is desirable to 

realize dual-comb within a single resonator and perform active-dummy compensation. Single-

resonator dual-comb fiber lasers have recently attracted attention. Currently, integrating MMI 

fiber sensors into this laser is challenging. However, this configuration can simplify the 

measurement system and significantly improve the performance of dual-comb RI-sensing. 

In the second theme, we extended dual-comb RI-sensing to biosensing by surface 

modification of SARS-CoV-2/NP antibody on the surface of MMI fiber sensor. By effectively 

reducing the temperature drift with an active-dummy temperature compensation method, the N 

protein antigen of SARS-CoV-2 was successfully sensed rapidly and accurately. Quantitative 

analysis of the sensing performance showed that the linear range (LR) was 34 aM ~2.1 pM and 

the limit of detection (LOD) was 38 aM. Comparison of performance with other SARS-CoV-2 

assays showed that dual optical comb biosensing can detect SARS-CoV-2/NP antigens with a 

much shorter detection time than RT-PCR and an LOD approaching that of RT-PCR. Further 

improvement of temperature compensation is required for future development. The remaining 

temperature drift (δΔfrep = several Hz) after temperature compensation limits the LOD to 38 aM 

for the detection of SARS-CoV-2 N protein antigen. Since the frequency counter synchronized to 

the frequency standard is within an error of the order of 10-3 Hz, further suppression of the residual 

drift may reduce the LOD. 

This PhD thesis highlighted the improvement of the performance of RI-sensing OFC and 

their application to biosensors. A temperature compensation method was developed to reduce the 

drift of the sensor signal due to temperature fluctuation, which is a problem of RI-sensing combs. 

The improved accuracy of the sensing by the temperature compensation method enables its 

deployment in biosensors, and the N-protein antigen of SARS-CoV-2 was detected rapidly and 

with high accuracy. This method is expected to detect not only new coronaviruses but also various 

infectious disease viruses. In the future, we expect that rapid and highly accurate detection of 

viruses in the event of a pandemic will contribute to the prevention of the spread of infection and 

early treatment. Furthermore, ensing OFC is expected to be applied to biomarkers. Recently, 

personalized medicine has been gaining popularity as a new form of healthcare. Personalized 
medicine is an approach that considers individual factors such as genetics, environment, and 

lifestyle to provide optimal medical strategies and treatments, allowing for more effective and 

safer treatments and preventive care. By utilizing biomarkers, it is possible not only to select 

the most suitable treatment for individuals but also to  identify the risk of disease onset early 

and take preventive measures. In the future, if sensing OFC can be applied to biomarkers, it is 
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expected to contribute to extending healthy life expectancy and reducing medical expenses 

through preventive healthcare, which involves high-precision early diagnosis of diseases and 

consideration of preventive measures. Modern society faces various challenges such as aging, 

increasing chronic diseases, extending healthy life expectancy, and preventing infections by new 

viruses. However, sensing OFC is considered to be an effective tool for addressing  these 

challenges. 
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