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High-performance biosensor using a sandwich assay via 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A sandwich-type localized surface plas
mon resonance based on the optical 
fiber was developed. 

• Sandwich structure by gold nano
particles amplified outputs in 
biosensing. 

• High sensitivity was achieved with the 
limit of detection of 6.6 fg/mL. 

• Selectivity with other antigens was 
confirmed with fair interference. 

• Antigen levels measured by commercial 
kit and our method were compared.  
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A B S T R A C T   

For real-time and high-sensitivity analysis of low-concentration targets, a sandwich immunoassay using second 
antibody-second gold nanoparticle (2nd Ab-2nd AuNP) conjugates was combined with fiber-optic localized 
surface plasmon resonance (FO LSPR). An FO LSPR format was constructed by immobilizing AuNPs on a fiber- 
optic cross-section for compactness, portability, and ease of handling. In addition, it was combined with a 
microfluidic system to ensure reproducibility and reliability of measurements. A detection limit of 97.6 fg/mL 
(148 aM) was obtained for thyroglobulin (Tg) without a sandwich assay. The detection limit was enhanced by 
approximately 15 times (6.6 fg/mL, 10 aM) when a sandwich strategy was performed with a 2nd Ab-2nd AuNP 
signal amplifier to further improve the responsivity. Additionally, the good selectivity of the proposed method 
was confirmed against the unpaired antigen. To evaluate its practical applicability in the field, an FO LSPR 
biosensor boosted with a sandwich assay using antibody-functionalized AuNPs was applied to detect Tg con
tained in patient serum, and the results were compared and verified with those of a commercial radioimmu
noassay kit. Based on the above results, the signal-enhancing immunoassay with FO LSPR will contribute to the 
development of optical biosensors for early diagnosis and preventive applications.   
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1. Introduction 

For successful treatment of, and full recovery from, diseases via early 
detection, technology that can rapidly identify small quantities of tar
gets is required [1,2]. With the convergence of technologies across 
multiple fields, traditional test methods that require several stages and 
skilled practitioners have gradually progressed with the aid of varied 
and simplified equipment, and high-sensitivity techniques with excel
lent performance have emerged [3–5]. However, highly sensitive 
detection using simple approaches remains actively sought after [6–8]. 
Therefore, we intend to improve responsiveness by introducing a simple 
sensing platform. The principle used in protein detection is known as 
localized surface plasmon resonance (LSPR), which is a representative 
method for label-free detection in the optical field [9–11]. LSPR quan
tifies proteins through refractive index changes and is considered a 
promising biosensor with the advantage of real-time measurement of the 
binding of biomolecules to nanostructures [12–14]. LSPR sensors are 
also easy to fabricate because they can be configured with only metal 
nanoparticles and are highly sensitive to changes in the refractive index 
of the surrounding environment owing to the high surface-to-volume 
ratio of the nanoparticles [15–17]. Among the LSPR configurations, 
fiber-optic LSPR (FO LSPR) provides improved sensing capability for 
various applications with advantages such as small size, low cost, simple 
fabrication, and ease of handling [18–20]. The FO LSPR biosensor is 
fabricated by forming metal nanoparticles on the core of an optical fiber 
and fixing a receptor thereon. The sensing mechanism is based on phase 
matching between the waveguide mode of the optical fiber and the 

localized surface plasmon mode. It can identify changes in the resonance 
peak and intensity generated by the refractive index variation of the 
sensing region with antigen binding [21,22]. 

Biosensor analysis methods are broadly classified into three cate
gories: direct assays, sandwich assays, and competitive assays [23]. 
Among these, the sandwich assay can achieve relatively high suscepti
bility, accuracy, and specificity [24]. The sandwich method is a model in 
which the antigen is located between the capture and detection anti
bodies. In other words, capture antibodies are first adsorbed onto the 
transducer surface, then antigen binding is induced, and finally, the 
detection antibodies are tied to the antigen. Various markers such as 
enzymes, fluorescent dyes, and redox molecules are labeled on the 
detection antibodies for signal recognition and amplification [25–28]. 
However, they have limitations in terms of sensitivity and specificity in 
sample analyses owing to the influence of temperature, pH, and sub
strate [29,30]. LSPR is a label-free method that can detect antigen 
binding using only capture antibodies (first-adsorbed antibodies) 
through refractive index changes (Scheme 1A). In addition, distinct 
markers are not required, even when the detection antibodies (sec
ond-adsorbed antibodies) are sandwiched (Scheme 1B). However, to 
enhance the LSPR output by target immobilization, research using 
complexes that combine secondary metal nanoparticles with detection 
antibodies has been reported [31,32]. Nanoparticles are non-toxic 
markers and have the potential for surface modification, stability, and 
acceleration of LSPR susceptibility [33–36]. In particular, gold nano
particle (AuNP) was adopted with biocompatibility, ease synthesis, high 
conductivity, steadiness in oxidizing environments [37–39]. Therefore, 

Scheme 1. Various analysis methods for immunoassays. (A) Direct assay, (B) sandwich assay with 2nd antibody (sandwich assay-1), and (C) sandwich assay using 
2nd Ab-2nd AuNP conjugates (sandwich assay-2). 
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we propose a sandwich immunoassay that uses second antibody-second 
AuNP (2nd Ab-2nd AuNP) conjugates (detection 
antibody-functionalized AuNPs) to improve the detection limit of FO 
LSPR (Scheme 1C). 2nd Ab-2nd AuNP compounds, which are sequen
tially introduced on the antigens, generate an extra LSPR signal on the 
fiber-optic surface and can also induce coupling with previously fixed 
nanoparticles. These scenarios support the magnification of the output 
by antigen sensing [40]. To the best of our knowledge, FO LSPR bio
sensors using antibody-conjugated AuNPs have not been previously 
developed. 

In this study, a sandwich-type LSPR sensor based on an optical fiber 
for signal amplification was developed as a highly sensitive and simple 
biosensor. Amplification efficiency was enhanced by marking the AuNPs 
with detection antibodies. An FO LSPR biosensor was easily fabricated 
by attaching spherical AuNPs onto an optical fiber and adsorbing anti
bodies to the Au surface. For reproducibility and reliability of the 
measurement results, a microfluidic chip was applied to the FO LSPR 
biosensor, which is beneficial for reactivity with the target, sample 
consumption, and convenient measurement [41]. The biosensor chip 
determines different concentrations of antigen with the direct assay, a 
sandwich assay using only a 2nd antibody (sandwich assay-1), and a 
sandwich assay using 2nd Ab-2nd AuNP conjugates (sandwich assay-2) 
(Scheme 1). To validate the selectivity of our method, non-specific 
binding was checked using an unmatched antigen. Finally, its value as 
a practical tool for disease diagnosis was proved using a serum sample. 
This approach can contribute to early detection by identifying small 
quantities of analytes. 

2. Material and methods 

2.1. Chemicals and reagents 

Sulfuric acid (H2SO4, 95%) and hydrogen peroxide (H2O2, 34.5%), 
which are used to clean the optical fiber and introduce a self-assembled 
monolayer (SAM) on the surface, isopropanol (C3H8O, 99.9%) for 
dilution of 3-aminopropyldimethylethoxysilane (APMES, C7H19NOSi, 
97%), sodium citrate dihydrate (C6H5Na3O7⋅2H2O, 99%), which is 
added as a reducing agent in the synthesis of AuNPs, glycerol (C3H8O3, 
99%) for refractive index solutions, and buffer solution pH 5, 6, 7 at 
25 ◦C were purchased from Daejung Chemicals and Metals, Republic of 
Korea. To form an SAM containing amine groups on the fiber-optic end- 
face, APMES was supplied by Gelest, USA. Gold (III) chloride trihydrate 
(HAuCl4⋅3H2O, 99%), used in the preparation of Au colloid, bovine 
serum albumin (BSA, ≥98%), which is applied to a blocking agent to 
prevent non-specific binding, phosphate buffered silane (PBS, 0.01 M 
phosphate buffer, 0.0027 M potassium chloride, 0.137 M sodium chlo
ride, pH 7.4), which is used as a buffer for immunoassays, and potassium 
carbonate (CK2O3, ≥98%) for pH adjustment of the Au colloidal solution 
were obtained from Sigma Aldrich, USA. Thyroglobulin (Tg), capture 
and detection anti-Tg antibodies were provided by Shin Jin Medics, 
Republic of Korea. Ferritin (human spleen, P1450), used to check the 
selectivity of the Tg biosensor, was obtained from Biovision, USA. Pol
ydimethylsiloxane (PDMS) was purchased from Sewang High Tech, 
Republic of Korea for the fabrication of the microfluidic channel. 

2.2. FO LSPR sensor fabrication 

Fig. 1 illustrates the manufacturing process of the FO LSPR sensor. In 
the preparation stage, a multimode optical fiber (FG105LCA, Thorlabs, 
USA) with core and cladding diameters of 105 μm and 125 μm was cut to 
15 cm. To prevent damage to the jacket during the chemical dipping 
processes, 3 cm of the jacket was removed from one end with a stripper 
(HT-S144H, KFT, Taiwan). Sequentially, it was vertically cleaved (S326, 
OFS Fitel, USA) to obtain a precise end-face. After the fiber-optic trim, 
they were first treated with piranha solution (4:1 vol ratio of sulfuric 
acid to hydrogen peroxide) for 20 min to form hydroxyl groups (Fig. 1A). 
Second, 5% APMES diluted in isopropanol was used to generate an SAM 
on the hydrophilic surface (Fig. 1B). The reaction time was set at 90 min. 
The SAM using APMES consisted of head groups with Si and functional 
groups with amine creates silanol bonds with hydroxyl groups on the 
fiber-optic surface. That is, the substrate was positively charged by 
amine functionalization, which was applied to immobilize negatively 
charged AuNPs [42]. Finally, the optical fiber was dipped in the Au 
colloidal solution, which was arranged with the citrate reduction 
method by mixing 0.1% gold (III) chloride trihydrate and 1% sodium 
citrate dihydrate in a ratio of 100:1 (Fig. 1C). AuNP concentration was 
3.1 × 1010 particles/mL. The consumed time was 60 min, and the 
chemicals were dissolved in distilled (DI) water. The Au surface was 
negatively charged by citrate and electrostatically bound to the amine 
groups. Nanoparticles of approximately 55 nm were produced by the 
above AuNP synthesis conditions, which was selected as the optimal size 
to ensure the reproducibility and reliability of measurements in our 
optical system (including the optical fiber, light source, and spectrom
eter) based on a previous study [43], though AuNPs with a smaller 
diameter can exhibit greater sensitivity [44]. The FO LSPR sensors were 
integrated with microfluidic chips. The manufacturing process of the 
PDMS channel and the combination procedures with FO LSPR are 
described in Fig. S1. The microfluidic chip was joined to avoid 
contamination from the external environment and evaporation of sam
ples at the sensor surface [45]. Fig. 1D shows a field emission scanning 
electron microscope (FE-SEM, S-5200, Hitachi, Japan) image of the 
fiber-optic end surface after fixing the AuNPs. The average size of the 
particles was 53.6 ± 2.1 nm with an even distribution. In Fig. S2, energy 
dispersive X-ray analysis of spherical AuNPs onto an optical fiber was 
performed to verify the composition of the particles. 

2.3. Optical measurement setup 

The measurement environment is shown in Fig. 2A, which consists of 
a white light source (HL-2000-LL, Ocean Optics, USA), a spectrometer 
(SM245, Korea Spectral Products, USA), and a 2 × 1 coupler (coupling 
ratio of 50:50, Thorlabs). The two ports of the 2 × 1 coupler were linked 
to a spectrometer via a subminiature version A connector and a light 
source with a fiber channel and physical contact cable, respectively. One 
port without a connector was spliced (A-80S, Walfront, China) using the 
FO LSPR sensor. Light from the source reached the sensor surface by 
total internal reflection in the optical fiber and excited the AuNPs. The 
scattering signal generated in the AuNPs was again collected in the 
optical fiber and recorded using the spectrometer, and the samples were 

Fig. 1. Fabrication steps for the FO LSPR sensor: (A) hydroxyl group functionalization with piranha solution, (B) SAM formation with amine groups, (C) electrostatic 
attachment of AuNPs, and (D) FE-SEM photograph of the tip-end of the FO LSPR sensor. 
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delivered to the microfluidic chip at a constant flow rate using a syringe 
pump (NE-300; New Era Pump System, USA). The optical properties of 
the proposed FO LSPR sensor combined with the microfluidic system, 
such as spectral shape, output intensity, and linearity of response, were 
confirmed. The spectra were sequentially monitored with an increase in 
the refractive index from 1.33 to 1.38 by steps of 0.01 (Fig. 2B). 
Refractive indices were adjusted through variable concentrations of 
glycerol in deionized (DI) water [46]. The resonance peak was observed 
at a typical position by the Au nanosphere, and the magnitude of the 
signal was sufficient for measurements compared to the noise of the 
detector [47]. As the refractive index increased, the sensor output also 
increased (based on the resonance peak), and the coefficient of deter
mination (R2) was 0.99, indicating a high correlation between the 
refractive index and the response of the FO LSPR sensor. Also, stability 
and reproducibility in different pHs were tested through repetitive 
measurements (Fig. S3). 

2.4. Preparation of sandwich assay 

Scheme 2 is a schematic sensorgram that demonstrates the expected 
changes in LSPR intensity during the preparation of the sandwich 
immunoassay and the antibody-antigen interactions based on the 
sandwich type. If the number of biomolecules adsorbed on Au is large, 
the refractive index increases, and the LSPR scale is proportional to this. 
The entire protocol for Tg detection was performed by injecting the 
samples into the microfluidic channel at a flow rate of 10 μL/min, which 
was adequate to induce the bioreactions with sufficient reactivity for 

short reaction times and to ensure the stability of the particles on a fiber- 
optic surface [48]. The sandwich-like immunoassay was prepared in five 
steps. First, to stabilize the signal, the baseline (I0) was recorded for at 
least 5 min in a DI water atmosphere (stage 1 in Scheme 2). Second, 20 
μg/mL of capture antibody in the PBS buffer was applied for 15 min for 
immobilization on the AuNP surface (stage 2 in Scheme 2). Anti-Tg 
antibodies are electrostatically adsorbed onto Au [49,50]. Third, all 
antibodies, except the bound antibodies, were adequately washed with 
DI water (stage 3 in Scheme 2). Fourth, to prevent the non-specific 
binding of antigens on the sensor surface, 1% BSA in the PBS buffer 
was reacted for 15 min (stage 4 in Scheme 2). In the final step, excess 
BSAs were removed in DI water to complete the preparation of the 
sandwich assay (stage 5 in Scheme 2). 

The procedure for obtaining 2nd Ab-2nd AuNP conjugates for the 
magnification of LSPR responsivity by antibody-antigen reactions is as 
follows (the related pictures are displayed in Figs. S2A–C): first, the pH 
of the colloid of secondary AuNPs was modified to 9 by adding a 0.25 M 
potassium carbonate aqueous solution. Au colloid was characterized 
with transmission electron microscopy (Fig. S4D). The secondary AuNPs 
were prepared under the same conditions as those used for the fabri
cation of the FO LSPR sensor. Second, the colloid was blended (Ther
momixer C, Eppendorf, Germany) with the detection antibodies for 30 
min at 1400 rpm so that the final antibody concentration in the mixture 
was 1 μg/mL. Heavy aggregation occurred when the concentration of 
the anti-Tg antibody was higher than this value. Detection antibody- 
conjugated AuNPs were congregated (mySPIN12, Thermo Fisher Sci
entific, USA) at 10,000 rpm for 5 min and redispersed in the PBS buffer 

Fig. 2. Measurement configuration and sensor characteristics: (A) optical setup with fluid supply system, (B) spectrum variation according to refractive index in the 
FO LSPR sensor. 

Scheme 2. Three protocols for the determination of the sensor output from the antibody-antigen reaction. Steps 1–5 are preparation processes for the immunoassay. 
Steps 6–7 are related to the direct assay. Steps 8-1–9-1 are for sandwich assay-1 using a 2nd antibody without the contribution of AuNP marker, and steps 8-2–9-2 are 
for sandwich assay-2 using 2nd Ab-2nd AuNP conjugates as a signal amplifier. 
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using bath sonication (Powersonic 440, Hwashin Technology, Republic 
of Korea). Finally, BSA was dissolved at a 1% level to block non-specific 
binding on the Au surface and shaken for 30 min. The resulting 2nd Ab- 
2nd AuNP conjugates were washed with PBS via centrifugation. Ultra
violet–visible spectra (UV1800, Shimadzu, Japan) measured in the 
wavelength range from 500 to 700 nm were compared in both conju
gated and unconjugated Au colloids (Fig. S4). 

2.5. Detection protocols of anti-Tg antibody-antigen interactions 

To estimate the performance of the proposed FO LSPR biosensing 
system, Tg, a biomarker of differentiated thyroid cancer, was analyzed. 
Detection with the direct assay using capture anti-Tg antibodies, sand
wich assay using only 2nd antibodies (sandwich assay-1), and sandwich 
assay using 2nd Ab-2nd AuNP conjugates (sandwich assay-2) was car
ried out. In the direct assay, the LSPR change due to the specific binding 
of Tg was defined as ΔI1 in Scheme 2. After BSA treatment and rinsing of 
the sensor tip end, an antibody-antigen interaction was induced for 5 
min (stage 6 in Scheme 2). Direct assay measurement was terminated by 
injecting DI water for cleaning (stage 7 in Scheme 2). In other words, the 
intensity difference between steps 7 and 5 (ΔI1) was the output of the FO 
LSPR biosensor with a direct assay. The reason why the signal difference 
between washing processes was recorded with DI water is to gather the 
net change without the intervention of interfering species. In sandwich 
assay-1 using only 2nd antibodies without the incorporation of AuNPs, 
antigens were sandwiched by a 1 μg/mL detection antibody for 60 min 
(stage 8–1 in Scheme 2), and unbound antibodies were thoroughly 
flushed (stage 9–1 in Scheme 2). The response due to target recognition 
was determined as ΔI2. The procedure for sandwich assay-2 assisted by 
antibody-functionalized AuNPs is as follows: after the completion of the 
direct assay (stage 7 in Scheme 2), 2nd Ab-2nd AuNP complexes were 
injected for 60 min to boost the output by the immunoassay (stage 8–2 in 
Scheme 2), and the unbound complexes were then removed (stage 9–2 
in Scheme 2). The amplified LSPR change from the 2nd Ab-2nd AuNP 
compounds was expressed as ΔI3. Figs. S2D and E are FE-SEM images of 
the fiber-optic cross-sections before and after sandwich assay-2, 
respectively. In fact, the number of nanoparticles increased with sand
wich assay-2, and several coupled AuNPs were observed. The variations 
in the LSPR spectrum at 10 fg/mL Tg are shown in Fig. S3. The reaction 
time with the 2nd Ab-2nd AuNP conjugates was determined based on 
the saturation of the LSPR change with time (Fig. S4). 

3. Result and discussion 

3.1. Detection results of antibody-antigen interactions 

Although the solution-process-based FO LSPR sensors are fabricated 
in the same batch, they have slightly different performances owing to 
differences in the size, density, and location of the nanoparticles fixed on 
the surface of each optical fiber. This can be explained by the variation 
in the output when sensors manufactured in one batch repeatedly 
measure the same concentration, which can reduce the uniformity and 
reliability of immunoassays. Previously, reproducibility was partially 
compensated by optimizing the size of the AuNPs. However, for further 
improvement, the deviation of the sensor outputs was moderated using a 
calibration method [51]. Calibration was applied by dividing ΔI1, 2, 3 by 
I0 (Scheme 2). This technique enhances the reliability of the diagnosis 
results by using the relatively simple method of signal processing 
without the need for additional equipment. Fig. 3 shows the outputs of 
the FO LSPR sensor at various Tg concentrations using the three analysis 
methods. Identification was performed three times for each antigen 
level, and the molar concentrations were recorded together. The coef
ficient of variation (CV) was used to evaluate the distributions of the 
measured values. In our study, the measurable range of the proposed 
sensor was deemed above the concentration at which the mean of the 
measured values was greater than three times the standard deviation 

(3SD) [52]. Therefore, levels with averages of less than 3SD were no 
longer measured. In the direct assay, a good reproducibility of 13.3% 
was observed on average, except for a CV of 39.2% at 100 ag/mL, where 
3SD was above the mean of the measured values. Concentrations higher 
than 10 pg/mL were not determined because we aimed to compare the 
limit of detections (LODs) in the three immunoassay protocols. In 
sandwich assay-1, the measurable range was 1 fg/mL or greater, and a 
4.64% CV was obtained, which is an improvement on the direct assay. 
This is assumed to be because the influence of signal amplification due to 
2nd antibody binding is more dominant than the increase in the devi
ation of the measured values. In general, the CV can be lowered through 
surface texturing or tuning of the optical system; however, decline in the 
sandwich assay is due to the amelioration of the measuring protocol. In 
sandwich assay-2, excellent reproducibility was achieved, with an 
average CV of 6.27% at all concentrations. In addition, the proposed 
method allowed the detection of up to 10 ag/mL, which is one order of 
magnitude lower than that of the previous two methods. Measurable 
LSPR changes were monitored at 10 ag/mL; however, the diagnosis of 
lower concentrations was not attempted because the average of the re
sponses was close to the noise of the optical system. LODs for the three 
strategies were acquired based on linear regression equations and 3SDs 
in the measurable ranges [53]. The FO LSPR sensor combined with the 
microfluidic chip had an LOD of 97.6 fg/mL (148 aM) with only a direct 
assay and without the support of the sandwich method, which was an 
improvement on previous research related to Tg detection [54,55]. The 
LOD of sandwich assay-1 was improved by approximately three times 
(32 fg/mL, 48 aM), which was attributed to the large shift in refractive 
index around the AuNPs due to the binding of the 2nd antibodies. 
Sandwich assay-2 using 2nd Ab-2nd AuNP conjugates achieved an LOD 
of 6.6 fg/mL (10 aM), which was fifteen times better than that of the 
direct assay. This is because of the high refractive index of the com
pounds, an increase in the number of AuNPs on the fiber-optic surface, 
and plasmonic coupling in the sandwiched structures [56]. At a con
centration of 10 pg/mL, there was neither saturation of the calibrated 
intensity nor a sudden deterioration in CV; therefore, the dynamic range 
of the proposed method was expected to be larger than that measured in 
our study. As a result, we guaranteed an enhanced LOD by approxi
mately several orders of magnitude compared to other high-sensitivity 
sensors (Table 1). These results prove that a signal amplification strat
egy aided by antibody-conjugated AuNPs is superior for improving 
biosensing performance. The developed technique can be advanced to a 
preventive tool to trace the recurrence of thyroid carcinoma through 

Fig. 3. Immunoassay results at various Tg levels from the direct assay (trian
gle), sandwich assay-1 using only detection antibodies (circle), and sandwich 
assay-2 with antibody-functionalized AuNPs (square). 
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early monitoring of changes in low Tg levels. 

3.2. Non-specific binding test 

To confirm the tolerance of the non-specific binding of FO LSPR and 
the sandwich-type immunoassay, ferritin was mismatched to the anti-Tg 
capture antibody, and anti-Tg detection antibody-tagged AuNPs were 
sandwiched. We verified whether the proposed method yielded signifi
cant LSPR changes according to the concentration of ferritin from 1 fg/ 
mL to 10 pg/mL. Fig. 4A shows the outputs of the Tg biosensor from 
immune reactions at various ferritin levels. Each point was identified in 
triplicate using an individual FO LSPR sensor. Because FO LSPR with 
anti-Tg antibodies and the blocking agent coating assures low non- 
specific binding to other biomarkers, no meaningful shifts in the LSPR 
intensity owing to ferritin binding were observed. This result indicates 
the reliability and specificity of the sandwich immunoassay using FO 
LSPR and 2nd Ab-2nd AuNP conjugates. 

3.3. Patient’s serum analyses 

The serum is a complex biological medium that contains various 
molecules and proteins and has a normal pH of 7.4 for adult humans. 
Real samples with a complex matrix were surveyed to demonstrate the 
selectivity of the target biomarker and suitability of the proposed 
technique in a clinic. The performance was investigated by comparing 
Tg levels measured using radioimmunoassay (RIA, RIAKEY Thyroglob
ulin IRMA Tube, Shin Jin Medics, Republic of Korea) commercial kits 
and FO LSPR improved by antibody-functionalized AuNPs. The institu
tional review board of the National University Bundang Hospital 
approved this study and waived the need for individual informed con
sent (IRB no. B-1711/432–302). The patient’s serum with 9.97 ng/mL of 
Tg was serially diluted to samples ranging from 0.997 fg/mL to 9.97 pg/ 
mL (dilution from 1000-fold to 10 million times). The Tg concentrations 
in the proposed method were deduced by linearly fitting the standard 

curve of Fig. 3 and substituting the LSPR differences obtained in the real 
samples. In Fig. 4B, the x-axis represents the Tg levels measured using 
the RIA kit and the y-axis shows those from the developed sensor. The 
correlation between the two variables was validated with linear function 
fitting, and a similar performance was observed with the R2 of 0.99 and 
slope of 1.09 between the two devices. Large CV at the lowest level 
(below the LOD of the proposed sensor) was affected by an increase in 
the dilution factor, and the average CV excluding it was reasonable at 
13.9% [61,62]. The slight increase in CV was due to various interfering 
species in the serum. CVs were acquired through three repetitions at 
each concentration. Degradations also accumulated during the process 
of converting the measured values into concentrations. The 
sandwich-type FO LSPR immunosensor suggested the potential for 
clinical application. 

4. Conclusion 

The paradigm of medical services is changing from a treatment- 
centered approach to a prevention-centered approach. Therefore, the 
need for a highly sensitive biosensor to secure public safety through 
disease prevention by early detection has become more important. In 
this study, we aimed to achieve high-sensitivity measurements using an 
LSPR sensor, a representative real-time biosensing technology with a 
relatively well-established principle. An FO LSPR sensor with ease of 
handling, portability, low cost, and long-range controllability was 
fabricated by immobilizing AuNPs in a fiber-optic cross-section. A 
sandwich scenario based on 2nd Ab-2nd AuNP conjugates was applied, 
which amplified the response in biomarker recognition through the 
increased density of AuNPs and the coupling between them. In partic
ular, in the proposed approach with a signal amplifier, the LOD was 
improved by approximately fifteen times (6.6 fg/mL, 10 aM) compared 
with the case without the sandwich structure. This was the result of a 
large LSPR change from the increase in density and plasmonic coupling 
by nanoparticle adsorption. Selectivity was explored using the control 
antigen, which had no affinity for the applied capture and detection 
antibodies. The Tg in the serum matrix was analyzed and compared 
using our sandwich-type FO LSPR immunosensor and the clinically used 
RIA kit, and the two devices showed a strong correspondence. The re
sults revealed that the proposed sensor is as specific and sensitive as a 
commercial kit in a partially rapid manner. The developed method is 
expected to be expanded as a tool to enable the early treatment of 
various diseases by detecting biomarkers that are present in small 
quantities in the body. The adoption of high-functionality nanoparticles 
engineered in shape and material will guide further improvements of 
biosensors aiming for ultrasensitivity. 

Table 1 
Comparison of detection limit of proposed method with developed Tg sensors.  

Mechanism Structure LOD References 

Interferometry Long period grating coated with 
tactic polystyrene 

0.9 
ng/mL 

[57] 

Colorimetry Molecular imprinting polymer and 
graphene nanosheet composite 

0.1 
ng/mL 

[58] 

Electrochemistry Polyvinylidene fluoride particle 
coated with streptavidins and AuNPs 

15 pg/ 
mL 

[59] 

Fluorometry Tannylated ferritin nanocage 4.3 
pg/mL 

[60] 

LSPR Sandwich structure by 1st and 2nd 
AuNPs 

6.6 fg/ 
mL 

This work  

Fig. 4. Specificity of the proposed method, and performance comparison with the commercial kit. (A) Selectivity certification of the FO LSPR biosensor, (B) cor
relation between the RIA tool used in the field and the proposed sensor based on real sample analyses. 
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