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Received 30 April 2008, in final form 16 June 2008 Published 15 July 2008 Online at stacks.iop.org/Nano/19/345501 Abstract A method using gold nanoparticles (GNPs) to enhance fiber optic interferometry (GNPFOI) for immune-sensing is reported in this paper. It is suggested that an enlarged index mismatch and an elongated optical path by GNPs conjugated on recognition proteins will contribute most to signal enhancement in the interference fringe shift. Theoretical and experimental results show that the interference fringe shift is linearly related to both the amount and size of the GNPs binding on the sensor surface. The detected signal for 30 nm GNPs can reach a lowest detection limit of 18 pM (1010 particles ml−1 ). Immune-sensing for rabbit IgG as the antigen to anti-rabbit IgG has been demonstrated and a detection cycle has been completed by elution buffer for surface regeneration. The repeatability of the immune-sensing on one GNPFOI sensor has also been verified by three identical cycles, and the detection limit for 13 nm GNPs conjugated anti-rabbit IgG reaches 0.17 nM (∼25.5 ng ml−1 ). The sensory mechanism has the potential to be engineered on the tip of a needle-type micro-device, which would allow it to monitor immune recognition signals in the future. (Some figures in this article are in colour only in the electronic version)



film thickness/index variation, is a sensing method with considerable robustness and sensitivity. It has been extensively employed to monitor environmental parameters such as organic vapors [1], temperature [2], pressure [3, 4] and biomolecules [5–13] in different configurations. In biosensing, traditional chip-based optical interferometry has demonstrated real-time detection of the variation in either the refractive index [5–8] or the length of the resonant cavity of the affiliated biomolecules [9, 10]. Pacholski et al measured the shift in the interference fringe induced by the variation in the index caused by molecule adsorption and desorption in a porous silicon substrate. A detection limit of about 1 mg ml−1 was reported for bovine serum albumin [5].



1. Introduction Immunological recognition between antigens and antibodies plays an important role in biomedical analysis, such as IgG, IgM, IgA etc. In order to acquire in situ and temporal information about biomolecular interactions, the development of immune-sensing tools which combine high sensitivity, reasonable frequency response, small configuration and real-time monitoring for bio-analysis is highly desirable. Optical interferometry, stemming from the measurement of 6 Address for correspondence: Department of Engineering and System Science, National Tsing Hua University, No. 101 Section 2, Kuang-fu Road, Hsinchu, Taiwan 30013, Republic of China.
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two reflective layers of thin gold film (see figure 1(b)). The preparation of the probe started with cleaning a cleaved fiber by 95% alcohol in an ultrasound bath. The fiber was then dried out in a nitrogen chamber. A 3 nm gold film was deposited on the tip surface by e-beam evaporation. The interfering resonant cavity was then formed by dip-coating the probe with polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning Corp., USA) and curing it at 90 ◦ C for 10 min [20] with a thickness of 30 μm. Finally, the second gold film of 3 nm was deposited on the PDMS surface, not only as the second reflection surface, but also as the interface for biomolecule immobilization. Annealing at 200 ◦ C for 2 h was used to enhance the adhesion between the thin gold film and PDMS. This thin film actually consisted of gold islands (20– 30 nm wide and 4–5 nm high) on the surface (see figure 1(c)) imaged by atomic force microscopy (AFM). These spreading islands resulted in a material that was partially transparent to electromagnetic waves. The PDMS dipping and thermal-curing process not only provided a simpler fabrication process than either consecutive adsorption of anionic and cationic molecule-based polyelectrolytes [11] or splicing two fibers in a silica tube [13], but also provided a smooth surface on the fiber tip due to the surface tension effect. The appearance of the resonant cavity is shown by the SEM image in figure 1(d), where the sensing area can be considered to be a flat plane owing to a very small incident spot of 17 μm in diameter on the outermost surface compared to the fiber diameter of 125 μm. This incident area is estimated from the fiber’s properties (numerical aperture of 0.16, incident wavelength of 1550 nm and cavity length of 30 μm).



Nikitin et al also demonstrated a sensing possibility for biomolecules by detecting the length variation of the optical cavity for human IgG. Detection capabilities of 1 μg ml−1 [10] or 0.1 μg ml−1 , when compared with a correlated signal [9], were demonstrated. Although chip-based interference immune biosensors have many advantages, they are not easily applied to in vivo environments due to packaging and biocompatibility issues [14]. Thus, many optical fiber sensors are still used for biomedical applications because of their advantages of small size, rapid response, immunity from electrical or electromagnetic interference, and resistance to corrosive environments [15]. For example, Villar et al and Arregui et al have neatly stacked ionic self-assembly monolayers on a fiber tip as a nanocavity for interferometry sensing [11, 12]. A similar sensor was applied to detect the immunological activities of immunoglobulin G [13], giving a sensitivity of 25 μg ml−1 . However, the result was less sensitive than that of the chip-based counterparts, and the detected signals were static rather than kinetic due to the measurement of fringe shift in the atmosphere instead of the aqueous environment and a lack of surface regeneration for continuous detection. Therefore, this paper proposes a simple method to enhance the detection limit for fiber-optic-based immune sensors by incorporating gold nanoparticles (GNPs) into the interferometry sensing mechanism. GNPs have recently attracted much interest in optical signal enhancement for biomolecule detection, such as the Fabry–Perot interference biosensor [16], aggregation-based immunoassay [17], colorimetric scatter of GNP probes for DNA sequencing [18] and real-time precancer images [19]. In this research, we exploit the advantages of GNPs: high refractive index, uniform size, elongation of interference cavity length and the ability of surface regeneration to enhance the interference fringe shift as well as real-time kinetic measurements of immune reactions.



2.2. Sensing theory The design concept of the interfering fiber optic probe is shown in figure 1(b). There are two partially transparent gold films m 1 and m 2 with reflections R1 and R2 , respectively, on each interface. Both films are separated by a cavity with a length L 0 and refractive index n 0 . As the light (I0 ) passes through the m 1 film, partial light is reflected as R1 and the transmitted light T1 going through the resonant cavity is partially reflected back as R2 by the m 2 film. The phase difference (ϕ ) between the two reflections R1 and R2 yields the interference. The interference spectrum is shown in figure 1(e). It can be estimated from the reflection coefficients r1 and r2 as shown in equation (1) [21]:



2. Materials and methods 2.1. Experimental set-up and fabrication process of GNPFOI The design and set-up of the GNPFOI is shown in figure 1(a). The light source was generated by a broadband edge-emitting light-emitting diode (ELED, PD-LD Inc., USA) driven by a current controller (LDC210, Profile Optische System, Germany) with a peak wavelength of 1550 nm, spectrum halfwidth of 70 nm and emission power of 15 μW. The waveband that is employed can avoid interference from visible light and has a low loss for a long transmission distance. The light emitted from the ELED was transmitted by a single-mode optical fiber (FS-SC-7324, 3MTM, USA) with a 125 μm fiber and 8 μm core diameter, respectively, and directed into the immune-sensing probe to carry the interferometry signal through the coupling of the splice. A three-port optical circulator (FOCI, Taiwan) was utilized to guide the interfered light to an optical spectrum analyzer (MS9710C, Anritsu, Japan) to record and analyze the interference spectrum. The interference immune-sensing probe was mainly composed of a resonant cavity of transparent polymer and



R=



(r12 + 2r1r2 cos ϕ + r22 ) (1 + 2r1r2 cos ϕ + r12r22 )



(1)



n 1 −n 2 2 2 1 2 where R1 = r12 = ( nn 00 −n +n 1 ) ; R2 = r2 = ( n 1 +n 2 ) , and the magnitude of R represents the interfering reflectance from the wave coupling of R1 and R2 . The phase difference ϕ can be expressed as 4πn 0 L 0 ϕ= (2) λ where λ is the wavelength of the incident light. According to equations (1) and (2), the reflectance is shown as a trigonometric function represented in the spectrum as an interference fringe, and the position of the constructive/destructive
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Figure 1. (a) Schematic diagram of the GNPFOI sensor; (b) operating principle of the interference sensor on a fiber tip; (c) surface morphology of 3 nm gold film revealed by AFM scanning; (d) SEM side view of this sensor with 125 μm outer diameter and 8 m core; (e) interference spectrum of the fiber sensor.



peak/valley on the wavelength is dominated by the phase difference, which is affected by the variation in the refractive index n 0 and the length of the resonant cavity L 0 . Therefore, when a bio-film and GNPs are added to the sensor surface, this interference fringe would have a shift in wavelength (λ) due to the change in effective length L and refractive index n , and equation (2) yields the following equation:



ϕ=



4π(n 0 + n)(L 0 + L) . λ + λ



Based on equations (2) and (3), since the same phase represented by a constructive/destructive peak/valley of the wavelength in the spectrum was traced, the interference fringe shift λ can be expressed as follows:



λ =



λ(n 0 L + n L 0 ) n0 L 0



(4)



where the term n × L is too small and so can be neglected in the equation. Furthermore, the factors affecting the effective increment of the resonant length (L ) are referred to the length of



(3) 3
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the combined biomolecule (L bio ) and effective GNP thickness (L GNPs ), and n is the combined index variation of the layers through which light penetrates. Therefore, L and n can be written as L = L bio + L GNPs (5)



n =



(n bio − n 0 )L bio + (n GNPs − n 0 )L GNPs . L 0 + L bio + L GNPs



(6)



The increment of effective GNP thickness (L GNPs ) is related to the diameter of the GNP (DGNP ) and the amount of GNPs binding on the sensor surface ( N ). However, the layer of GNPs could not form a complete film and parts of the sensing area remain empty. Therefore, a factor k representing the effective length of the optical path for GNPs has to be taken into consideration and the effective GNP thickness can be expressed as L GNPs = k DGNP N. (7) Finally, equation (4) can be rearranged into the following equation by equations (5)–(7):



λ =



λ [n bio L bio + n GNPs k DGNP N ] . n0 L 0



Figure 2. (a) Schematic diagram of GNP binding on fiber surface by SAMs/cysteine molecules as linkers; (b) immune detection on fiber sensor, in which anti-rabbit IgG molecules are conjugated with GNPs for signal enhancement.



(8)



After inserting the parameters employed in this research such as λ = 1550 nm, L 0 = 30 μm, n 0 = 1.45, n bio = 1.44, n GNPs = 2.56 and L bio = 1 nm for thiol self-assembly monolayers (SAMs) and cysteine molecule layers, equation (8) can be rewritten as follows:



λ = 0.0513 + 0.0912k DGNP N.



signal, suggesting that a maximum binding efficiency had been obtained. Hence, a SAM mixture consisting of 16-mercaptohexadecanoic (HS(CH2 )15 COOH, 90%, 1 mM, Aldrich) acid and 11mercapto-1-undecanol (HS(CH2 )11 OH, 97%, 1 mM, Aldrich) was diluted in 99.5% absolute ethanol for 24 h fiber incubation. The carboxyl groups on the fiber tip were then activated by 20 mM EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, 98%, Lancaster) and 5 mM sulfoNHS ( N -hydroxysulfosuccinimide sodium salt, Fluka) for 2 h for the covalent binding of cysteine (L-cysteine, 99%, Fluka) or rabbit IgG (IgG from rabbit serum, 95%, Sigma). These biomolecules were dissolved in phosphate-buffered saline (PBS, pH 7.2) buffer solution. In the first stage, the cysteine molecule acts as a bridge to connect SAMs and GNPs by −NH3 + and –SH group [25], respectively, on the sensor tip (see figure 2(a)). GNPs with diameters of 10, 20, 40, 60 and 80 nm (purchased from BBinternational, UK) and 30 nm (purchased from Taiwan Advance Nanotech Inc., Taiwan) were employed to demonstrate the enhancement of the signal. Before testing, the cleaved surface of the fiber was prepared by a stack of 3 nm gold film/30 μm-PDMS/3 nm gold film coating and the second gold film was modified with mixed SAMs, as mentioned previously. The measurement then started by immersing the fiber sensor in PBS solution to obtain a baseline; meanwhile, the signal was recorded continuously by tracing the wavelength among one of the constructive peaks. Next, 1 mg ml−1 cysteine molecules diluted in PBS buffer were brought onto the fiber to prepare the surface for GNP binding. After cysteine layer modification, the GNP solution was introduced and the signal was detected by measuring the magnitude of the interference fringe shift.



(9)



The factor k can be determined experimentally to form an empirical equation. It shows that the interference fringe shift will have a linear relationship with the diameters of GNPs (DGNP ) and the binding number of GNPs ( N ). These linear relationships will be further verified by experimental results. 2.3. Surface modification of fiber optic sensor In this paper, the sensing experiments were conducted in two stages. The first stage investigated the enhancement of the interference fringe shift by GNPs and the second demonstrated the application of this sensor to immune recognition. The surface of the fiber sensor has to be chemically modified for biomolecule immobilization. In order to achieve a higher binding efficiency for immune recognition, thioltype mixed SAMs (16-mercaptohexadecanoic acid and 11mercapto-1-undecanol) were employed instead of single SAMs for protein immobilization [22]. The incorporation of dualthiol SAMs promotes the recognition efficiency of the target molecules to the immobilized proteins because of the reduction in steric hindrance and non-specific binding for immune recognition [23, 24]. Mixed SAMs with different mixing ratios were therefore prepared in 99.5% absolute ethanol for the test. From the fluorescent intensity of the anti-rabbit IgGCy3 (anti-rabbit IgG in whole molecule, F(ab  )2 fragment– Cy3 antibody produced in sheep, Sigma) conjugates covalently bonded on the mixed thiols, the mixed SAMs with a volume ratio of 1/4 (COOH/OH) gave the maximum fluorescent 4
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repel GNP deposition. A very small fringe shift (less than 0.1 nm) was also observed after the immersion of the probe into 1 mg ml−1 cysteine solution for 12 min. However, the interference fringe shift of 1.2 nm was detected when the same probe was immersed into the solution with 30 nm GNPs, as shown in figure 3(a). The result reveals that the binding signal of the cysteine molecules can be brought back only due to the appearance of GNP conjugation, not cysteine molecules themselves. In addition, this signal underwent a negligible fluctuation and remained very stable even after the probe was rinsed in 0.05% (w/v) Tween20-PBS solution for more than 10 min, indicating that the sensor would not be interfered with much by the agents with different refractive indices such as PBS buffer and GNP solution. The larger fringe shift from GNP binding is attributed to the larger mismatch in refractive index between the GNPs and buffer solutions, resulting in the elongation of the interference cavity. When the GNPs are bound on the surface, the reflection from the interface will be a mixture of two signals reflected from the second gold film and the GNPs, respectively, instead of one. Since the detection of the interference fringe shift is based on the phase difference between the first and the second reflection, as GNPs were deposited on the second gold film, the phase difference will be increased due to the combination of the reflection signals from both the GNPs and the second gold film. In addition, the effective thickness of the GNP layer (of the order of tens of nanometers) is much larger than that of the second gold thin film (about 3 nm). Thus the reflection signal from the GNPs will dominate the fringe shift which also brings back the valuable information on the biomolecule binding. Hence, the particle density and size of the GNPs may play important roles in the signal enhancement. This will be discussed in detail in section 3.2.



In the second stage, the immunological detection was conducted as shown in figure 2(b) by the immobilization of rabbit IgG on the SAM surface as the antigen, to conjugate with anti-rabbit IgG-Cy3 modified with 13 nm GNPs (Taiwan Advance Nanotech Inc., Taiwan). The anti-rabbit IgG-coated GNPs were utilized to demonstrate the effects of signal enhancement on the immune-sensing. In the experiment, the stable interference signal in PBS solution was also first recorded as a reference for the binding signal. After obtaining the baseline in PBS buffer, 17 nM anti-rabbit IgG-coated GNP solution was introduced and an interference fringe shift was observed. A 0.1 M sodium citrate solution, adjusted to pH 2.0 by HCl solution, was then employed to elute the conjugation of rabbit IgG and anti-rabbit IgG, and finally immersed in a 0.05% (w/v) Tween20-PBS solution to remove unbound antirabbit IgG–GNPs. Throughout the measurement, the volume of each individual reagent was 100 μl and the environmental temperature was controlled at 22 ◦ C.



3. Results and discussion 3.1. Signal enhancement by GNPs Before the detection of GNPs, the clarity or visibility of the interference fringe by the two reflective layers of thin gold films was verified, as shown in figure 1(e). In order to increase visibility, traditional Fabry–Perot interferometry required both the first and the second mirrors with a perfect surface and reflectivities larger than 50%. However, if this case applied to our system, the signals reflected from the GNPs (the layer outside the second mirror, with a reflectivity of 1.3% by direct measurement) will not be brought back due to the high reflectivity of the two mirrors. As a result, this system on purpose reduced the reflectivity of the two mirrors to 15.4% (directly measured by fiber incident and reflective light) by the deposition of a very thin gold film with many nano-islands, which can allow enough reflection light from the GNPs to bring back the valuable information concerning light path increment from the protein binding event. Therefore, although the visibility of the interference signal is reduced or sacrificed, the sensitivity of fringe shift is still significantly improved. The effect of GNP employment for spectrum shift enhancement was first studied by simply conjugating GNPs onto cysteine molecules bound on an optical fiber surface. Figure 2(a) shows a schematic diagram of biomolecules bound on the fiber tip. The interference fringe shift was monitored by recording the constructive peak at 1549.8 nm (see figure 3(a)). In the beginning, the probe was immersed in PBS buffer until a stable signal was obtained. To ensure there is no non-specific binding occurring between the COOH-terminated sensor surface and negatively charged GNPs (surrounded with citrated molecules) before the real application, 30 nm GNPs with a concentration of 2 × 1011 particles ml−1 were introduced for 8 min. A very small baseline change (less than 0.1 nm) on the spectrometer was detected which suggested that the non-specific binding event was not significant due to the intrinsic nature of the negatively charged surface to



3.2. The effects of binding number and size of GNPs In order to verify the prediction of equation (9), different concentrations and diameters of GNPs in solutions were utilized. At first, the relationship between the binding number of GNPs on unit surface area ( N ) and the interference fringe shift were characterized by 30 nm GNP solutions with concentrations of 2 × 1011 , 1 × 1011 , 2 × 1010 , and 1 × 1010 particles ml−1 , respectively. Each GNP solution was brought into contact with the sensor surface for 10 min, and interference fringe shifts of 1.55 nm, 1.18 nm, 0.48 nm and 0.23 nm, respectively, were obtained. The number of GNPs binding on the unit surface area was measured by AFM as 221, 149, 44 and 20 particles μm−2 , respectively, on the controlled glass surfaces. Each concentration was treated with the same binding process as was used on the fiber surface. The result is shown in figure 3(b). A linear relationship between the interference fringe shift and the particle binding density of the GNPs is clearly obtained. Comparing the experimental result with the theoretical prediction from equation (8), the flattening factor k was calculated to be 0.003. A minimum detectable concentration of 18 pM (∼1 × 1010 particles ml−1 ) GNPs was achieved in the experiment, and the sensor dynamic range was characterized to be 1010 –1012 particles ml−1 . 5
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Figure 3. (a) Time sequence of interference fringe shift of GNP binding process; (b) interference fringe shift due to different binding density of 30 nm GNPs; (c) interference fringe shift due to different sizes, 10, 20, 40, 60 and 80 nm, of GNPs.



interference fringe shift. Meanwhile, the same condition was also demonstrated on flat slides. The number density of GNPs binding on the modified surface was measured by AFM to be 360, 270, 64, 36 and 23 particles μm−2 , respectively. The interference fringe shift affected by the diameter of a single GNP can be estimated from dividing the shift magnitude by the binding number of GNPs per unit area. Figure 3(c) shows the interference fringe shift which is linearly proportional to the diameter of GNPs, following the theoretical prediction by equation (9) as k = 0.003, which is consistent with the prediction from testing the number of bound GNPs. Therefore, the experimental results verified the theoretical prediction in equation (9) and revealed the linear dependence of the size and number of GNPs on the sensor signal of the interference fringe shift.



The volume of GNP solution employed in the experiments was kept at 100 μl, which is much larger than the working volume of 1.5 μl used for sensing. This working volume needed to be 100 times (according to the dynamic range of the sensor) larger than the minimum volume in order to provide enough sensing particles, and the minimum volume of 15 pl can be roughly estimated by dividing the maximum bondable GNPs of 3 × 106 particles on the sensor total surface by the maximum detectable concentration of 2 × 1011 particles ml−1 . On the other hand, in order to understand the size effect of GNPs on the fringe shift, five different diameters of GNPs (10 nm, 20 nm, 40 nm, 60 nm and 80 nm) with concentrations of 5.7 × 1012 , 7.0 × 1011 , 9.0 × 1010 , 2.6 × 1010 and 1.1 × 1010 particles ml−1 , respectively, were tested by the aforementioned process for the measurement of the 6
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Figure 4. (a) Time sequence of the interference fringe shift in the immune-sensing process; shift of interference fringe before and after immunological binding for the concentrations of (b) 17 nM GNP-conjugated anti-rabbit IgG solution, λ = 0.75 nm; (c) 0.17 nM GNP-conjugated anti-rabbit IgG solution, λ = 0.19 nm.



3.3. Immune recognition



fluorescent intensity to the amount of antibody. The signal sequence of the real-time immunological reaction is depicted in figure 4(a), starting from the probe rinsed in PBS buffer for 2 min, in contact with 2 μg ml−1 anti-rabbit IgG for 5 min, eluted in citrate pH 2.0 solution for 3 min, rinsed in PBS buffer again for 2 min, in contact with 17 nM anti-rabbit IgG-coated GNPs solution for 8 min, rinsed in PBS buffer for 2 min, and eluted in citrate pH 2.0 solution for 4 min. An interference fringe shift of 0.75 nm was observed, as shown in figure 4(a)



Having verified the enhancement by GNPs on interferometry, this sensing system was employed to detect the immune reaction between rabbit IgG and anti-rabbit IgG. The schematic diagram of the immunoassay is shown in figure 2(b), depicting that rabbit IgG is immobilized on the cleaved fiber surface to recognize anti-rabbit IgG electrostatically conjugated with GNPs. The binding ratio of 13 nm GNPs to anti-rabbit IgG is roughly estimated to be one to one, according to the Cy3 7
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Figure 5. Repetition of real-time immune-sensing by interference fiber sensor.



section VI. However, in contrast, almost no fringe shift can be observed when 2 μg ml−1 anti-rabbit IgG were incubated on the same surface in section II for the same period of time, demonstrating the importance of GNPs for bringing back the binding signal. The detailed interference spectra before the immune recognition (in figure 4(a) section I) and after the GNP-conjugated-protein binding (in figure 4(a) section VI) are compared in figure 4(b). Additionally, the minimum detectable concentration for 13 nm GNP-coated anti-rabbit IgG has reached 0.17 nM (anti-rabbit IgG ∼25.5 ng ml−1 ), carrying out an interference fringe shift of 0.19 nm (twice the noise floor of the current sensing system), as shown in figure 4(c). The spectrum shift in either figures 4(b) or (c) illustrates that the sensitivity of the fringe shift is significantly improved, although the visibility of the interference signal is not as high as the traditional Fabry–Perot signals. The spectrum has only 1% increment in light intensity, but the fringe shift enhancement is much more compared to those without GNPs (in which the fringe shifts are smaller than 0.1 nm even in high concentration anti-rabbit IgG at 2 μg ml−1 ). In the above immune experiment, the result after surface elution does not clearly reveal the origin of the break point of the conjugation, which may either come from the binding between rabbit IgG and anti-rabbit IgG or anti-rabbit IgG and GNPs. Hence, we repeated the process of surface regeneration and re-introduced anti-rabbit IgG for three cycles under the same conditions. The result is shown in figure 5. The shift in the interference fringe for each cycle is very similar, except that the baseline slightly increases because of the imperfect elution in each cycle. The repeatability and signal consistency of the experiments confirmed that, during the elution process, the bonds between the rabbit IgG and the anti-rabbit IgG break, otherwise the signal would only go up and down once and would not repeat. Using the average time constant of the experiment, the immunological conjugation and regeneration time was estimated to be 3 min and 1 min, respectively. As a result, one detection cycle can be completed within 4 min in a real-time application. Regarding the effect of non-specific binding of other proteins to the fiber sensor during real applications, the sensor was tested by first immersing in horse serum and then GNP– anti-IgG solutions for signal comparison. The signal was



detected at a spectrum shift less than 0.1 nm during the horse serum immersion, which is below the background noise level and not very significant in the detection. On the other hand, the consideration of thermal effect of this sensor is also desired and the temperature coefficient was measured to be 0.478 nm ◦ C−1 from 19 to 41 ◦ C, which is attributed most to the thermal expansion of PDMS with a coefficient of 3.1 × 10−4 m m−1 ◦ C−1 . Therefore, during the sensing process in this paper, the environmental temperature was carefully controlled to avoid the thermal effect. However, to reduce this issue in real applications, different materials with smaller thermal expansion coefficients, such as SU8 photoresist (TEC: 5.2 × 10−5 m m−1 ◦ C−1 ), will be considered. In addition, adding a feedback control circuit to compensate for the thermal effect can also be an alternative solution [26]. It is hoped that this sensor will be employed within a micro-dialysis system in a needle package for in vivo immune detection in the future. In this case, only selected protein molecules will be dialyzed into the needle package and react with the sensor, while the GNP-labeled antibodies only flow inside the dialysis channel without flowing out due to their large physical size. The current sensitivity of the sensor is close to the level needed for the detection of target proteins if helped by GNPs. However, to obtain a renewable sensing surface for continuous in situ detection, we still need to improve the method of sensor surface regeneration.



4. Conclusion In this research, a novel method of enhancing a fiber-based interference signal by employing GNPs has been demonstrated and applied to immune-sensing. Experimental results showed that the interference fringe shift is linearly proportional to the number and size of GNPs on the surface. The detection limit for 30 nm GNPs approached 18 pM (107 particles μl−1 ), which is consistent with the theoretical prediction. This fiber optic sensor has been applied to immunoassay for real-time detection of antibody molecules, and a detection limit of 0.17 nM antirabbit IgG (∼25.5 ng ml−1 ) has been demonstrated by 13 nm GNP-coated anti-rabbit IgG. Furthermore, the repeatability and the capability for continuous detection by this sensor to 8
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antibody-coated GNPs have also been characterized. This sensor has the potential to be applied on a tip of a needle-type micro-device to monitor immune recognition signals.
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