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Fiber optic localized surface plasmon resonance (FO LSPR) sensors capable of portable, real-time, and
remote sensing are emerging with the progress of lab-on-fiber technology. However, the small area of
the substrate by the optical fiber often restricts the sensitivity of the FO LSPR sensors. To improve the per-
formance of the FO LSPR sensors, it is necessary to enhance the interactions between incident light and
plasmonic nanostructures within a defined region. Dimer in which two nanoparticles are arranged with
nanometer spacing can effectively increase the light-nanostructure interactions. It is well known that the
nanogap made in the assembled nanoparticles significantly enhances the intensity of the electromagnetic
field in the confined area by the hot spot effect. We fabricate the dimers of gold nanoparticles on the opti-
cal fiber with benzenethiol using a method that reduces the repulsive force between the nanoparticles. In
the dimers, the strong plasmonic interaction between the two nanoparticles produces a longitudinal plas-
mon coupling band, which is compared to the transverse plasmon band by the monomer-based FO LSPR
sensor with a similar density of gold nanoparticles. In the proposed sensor, the longitudinal band displays
approximately 9.1 times improved sensitivity. When two types of sensors are applied to the biosensor
application, the dimer-based FO LSPR sensor also proves an improved limit of detection of about 2.6
times. This method is expected to become a milestone in the field of measurement for small molecules
and low concentration through the advancement of the yield and density of dimers.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

The fiber optic sensor, which observes the intensity [1,2], phase
[3], or frequency [4] of reflected or transmitted light has been
widely applied as a tool for bio-applications with properties such
as simplification of the optical system, small loss in signal, chemi-
cal resistance, and biocompatibility [5–7]. Recently, the fiber optic
localized surface plasmon resonance (FO LSPR) sensor is attracting
attention as a biosensor with several distinct advantages that
require non-labeling, enable real-time monitoring, and allow a
small volume for analysis [8–10]. LSPR is the collective resonance
of conduction electrons by excitation in noble metal nanoparticles
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having a size smaller than the wavelength of light [11]. The reso-
nance band in the scattering and absorption by the incident light
are shifted according to the quantity by immunoreaction with
the target molecules when the receptors are fixed to the noble
metal nanoparticles, which are coated on the optical fiber. There-
fore, the antigen concentrations can be determined by measuring
the band shifts [12,13]. The shift of the resonance band involves
variations in wavelength and intensity, and it has been reported
that the observation of the intensity difference is more advanta-
geous in detecting the small refractive index change due to bio-
marker adsorption [14].

Despite the various advantages of the FO LSPR sensor, the sen-
sitivity is often limited because of the narrow sensing area by the
small diameter of the optical fiber [15,16]. To improve the sensitiv-
ity of the FO LSPR sensor, methods that modify the shape of the
optical fiber are tried. The middle of the optical fiber is stretched,
the tip-end is transformed into a cone shape, or the polished area
of the cladding is expanded [17–19]. However, the methods by
structure modification break the precise matching for total reflec-
tion between the core and cladding, which can adversely affect the
transmission and stability of the optical signal. As another solution
for enhancing the sensitivity, plasmon coupling due to the interfer-
ences between metal nanoparticles has lately been illuminated,
which can generate a longitudinal LSPR peak in the relatively long
wavelength region [20–22]. Generally, the coupling between sur-
face plasmons occurs in the dimer with nanometer-scale distance,
which is the most representative structure for the induction of lon-
gitudinal band [23]. In the nanogap between the particles, a phe-
nomenon in which the electromagnetic field is amplified is also
observed, which is called the hot spot effect [24]. It is typically
known that the peak in the longitudinal mode caused by the plas-
mon coupling is highly sensitive to the change in the refractive
index around the nanoparticles [25–27].

In this paper, we fabricate the dimers on optical fiber with an
acceptable yield by using a simple method [28], that reduces the
repulsive force between the particles during the first immobiliza-
tion of gold nanoparticles (AuNPs) and the second fixation of
AuNPs. The condition is modified by analyzing the sensitivity of
the sensor according to the second coating time of AuNPs. After
determining the primary and secondary attachment times of the
nanoparticles, a monomer-based FO LSPR sensor having the same
total immobilization time of the AuNPs was additionally fabricated
without the reduction treatment of the repulsive force. The sensi-
tivities in the refractive index are measured and compared at the
dimer-based FO LSPR sensor and the monomer-based FO LSPR sen-
sor, respectively. Two types of sensors are also applied to survey
the antibody-antigen interactions, where the derived limit of
detections (LODs) are evaluated. By introducing the dimers of
AuNP on an optical fiber, the fabricated sensor is expected to be
spent to the lab-on-fiber based the biosensing field that requires
highly sensitive measurements.
2. Materials and methods

2.1. Materials

Sodium citrate dihydrate (>99.0%), ethyl alcohol anhydrous
(>99.5%), and glycerol (�99.0%) were purchased in Daejung Chem-
ical, South Korea. Gold (III) chloride trihydrate (�99.9%), poly(4-
vinyl pyridine) (P4VP, the average molecular weight
of � 160,000), benzenethiol (�98%), and bovine serum albumin
(BSA, �98%) were obtained from Sigma Aldrich, USA. Borate buffer
(pH 8.5, 50 Mm) was bought in Bioworld, USA. Antibody and Anti-
gen of thyroglobulin (Tg) were gained in commercial kit of Fujire-
bio, Japan. Antigen of alpha-fetoprotein (APF) was acquired in Shin
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Jin Medics, South Korea. Polydimethylsiloxane (PDMS) base (Syl-
gard 184A) and PDMS curing agent (Sylgard 184B) were supplied
in Dow Corning, USA. Slide glass (size: 26 mm � 76 mm, thickness:
1.0 ± 0.05 mm) was produced in Duran, Germany. The optical fiber
(FG105LCA, core diameter: 105 lm) was purchased in Thorlabs,
USA. Deionized (DI) water (resistivity: 18.2 MO�cm) was produced
by a water purification system (Aqua MAXTM-ultra, Youngin Chro-
mass, South Korea).

2.2. Fabrication of dimers of AuNP on optical fiber

The fabrication process of AuNP dimers on optical fiber consists
of three steps: the first immobilization of AuNP layer, benzenethiol
coating, and the second fixation of AuNPs. The schematic diagram
of the manufacturing technique is illustrated in Fig. S1.

First, the cross-section of the fiber from which the jacket of the
end has been removed reacted with piranha solution (1:3 volumet-
ric ratio of hydrogen peroxide and sulfuric acid) for 20 min. This
action is to eliminate contaminants on the end-face of the optical
fiber and functionalize the surface as hydrophilicity. Then, the opti-
cal fiber was immersed in a 0.3% P4VP alcoholic solution. At this
time, pyridine molecules are densely coated on the fiber end-
facet [29]. After 30 min, the surface was washed sequentially with
ethanol and DI water. Finally, the AuNPs were attached as the opti-
cal fiber was stored in a gold colloid for 60 min. The colloidal solu-
tion was synthesized by mixing a 0.01% chloroauric acid in an
aqueous medium heated to 100℃ and a 1% aqueous solution of
sodium citrate at a volume ratio of 100:1. The reaction was termi-
nated within 20 min with vigorous stirring and cooled to room
temperature. The solution color changes from yellow to wine red.
This condition guarantees a particle size around 55 nm. It has been
confirmed that this size ensures measurement reproducibility with
robustness for fabrication environment in a constructed set-up
based on the previous study [30]. The prepared gold colloid was
centrifuged at 5000 rpm for 15 min (mySPIN12, Thermo Fisher Sci-
entific, USA), which was redispersed in DI water. This process was
repeated twice and it was stored at 4℃ until use. When the buffer
solution is not replaced, other ions generated during the prepara-
tion of the colloidal solution can cause aggregation and migration
of AuNPs on the surface of the optical fiber [31], which especially
affects the second immobilization process of AuNPs. The lone pair
of nitrogen atoms in the pyridine ring ionically adsorbs the AuNPs
onto the fiber end-face [32]. The nanoparticles produced by the
citrate reduction method have negative surface charges.

When AuNPs are again coated on the surface having previously
fixed nanoparticles without any treatment, most of the AuNPs exist
as monomers due to the repulsive force between the particles,
since the nanoparticles are capped by negative charges. In order
to reduce the repulsive force between the AuNPs, a low concentra-
tion of benzenethiol was coated on the first attached particles.
Before the second fixation of the AuNPs, the optical fiber with a
once immobilized AuNP layer was kept in a 100 nM benzenethiol
alcoholic solution for 24 h. After that, the fiber optic end-facet
was flushed with ethanol and DI water, respectively.

To fabricate the dimer-based FO LSPR sensor, the optical fiber
was once again dipped in a gold colloid for 45 min, 60 min,
90 min, 120 min, and 150 min, respectively. Some of the secondly
absorbed nanoparticles formed dimers with initially attached
AuNPs because of the weakened repulsive force on the particle sur-
face by benzenethiol molecules.

2.3. Set-up for measurement

Fig. 1 demonstrates the set-up for optical measurement con-
taining the microfluidic system. White light (LS-1, Ocean Optics,
USA) was used to excite the AuNPs on the surface of the optical



Fig. 1. Optical measurement system. Light is transmitted to the sensor surface through a fiber optic coupler and the scattered light is collected in a spectrometer.
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fiber. To observe the spectra of the monomer and dimer of AuNP, a
spectrometer (SM200, Spectral Products, USA) was operated, and
the spectra were expressed through the SM32Pro software of a
computer. A 2 � 1 fiber optic coupler was used to connect the light
source, detector, and FO LSPR sensor. The 2 � 1 fiber optic coupler
was made to order in Thorlabs. One end in the two-port ends is FC/
PC connector, which is joined to the white light. FC and PC are acro-
nyms for fiber channel and physical contact, respectively. The
other side is equipped with a SubMiniature version A patch cable
and is linked to the spectrometer. To splice the fabricated FO LSPR
sensor, one-port end does not have a cable. The signal which is
absorbed in the fiber optic sensor surface is carried to the source
and detector in a 50:50 ratio. The optical fiber type used in fabrica-
tions of sensor and coupler is a standard glass-clad silica multi-
mode fiber and has a 0.22 numerical aperture. The spectrometer
involves a wavelength range from 300 nm to 900 nm. Its spectral
resolution is 1.5 at a wavelength of 546 nm and wavelength reso-
lution is 0.5 nm. Measurements were carried out in the PDMS
microfluidic channel to prevent degradations of measurement
reproducibility due to evaporation and contamination of the
reagents concerning exposure to the external environments of
the FO LSPR sensor [33]. The fluidic chip was fabricated by plasma
bonding (time: 40 s, pressure: 0.1 Torr, power: 60 W, CUTE, Femto
Science, South Korea) of the slide glass and PDMS channel, which is
widely known as a transparent and biocompatible material [34].
The height and width of the path inside the channel are 250 lm
equal to the fiber optic thickness including the jacket. The inlet
and outlet were opened by a biopsy punch (15110–15, Ted Pella,
USA) with an inner diameter of 1.5 mm.

2.4. Protocol for measuring the response by antibody-antigen
interaction

The protocol for quantitatively measuring the bound antigen to
the FO LSPR sensor is divided into 4 steps. First, the intensity in DI
water was at least recorded for 5 min as a baseline, which is later
utilized to calibrate the signal difference by antigen binding [35].
In this study, several sensors were fabricated in one batch using
the solution process, and an individual sensor is consumed for sep-
arate measurement [35]. Although the sensors are manufactured in
the same batch, the distribution of AuNPs on the optical fiber can-
not be identical, which appears as the difference in the baseline.
3

The magnitude of the signal measured in DI water can partially
reflect the distribution and density of nanoparticles on the fiber
optic surface because DI water does not contain any ions. If the
baseline intensity in a specific sensor is larger than that of other
samples, this indicates an increase in the number of AuNPs and
dimers on the end-face of the optical fiber, which means an
enhancement in sensing area and efficiency. Here, measurement
reproducibility can be reduced when the same concentration is
repeatedly detected by an individual sensor, because the amount
of signal difference by antigen binding is increased only in an arbi-
trary sensor by the improved sensing area and efficiency. We cali-
brate the influence of non-reproducibility, which occurs in the
fabrication process of the FO LSPR sensor by dividing the net
change of the intensity due to the antibody-antigen reaction using
the baseline. Then, 20 lg/ml antibody solution in borate buffer was
injected into the sensor surface for 15 min. The flow rate was 10 ll/
min. Antibodies were electrostatically adsorbed on the AuNP sur-
face because the Tg antibody contains positive charges with amine
groups in borate buffer [36]. Excess antibodies were washed with
DI water. Next, BSA that is an efficient blocking agent was fed for
15 min to suppress nonspecific binding between the sensor surface
and the antigen [37]. The concentration of BSA solution was 1% and
unbound BSAs were flushed by DI water. Finally, the antigen solu-
tion was only supplied for 5 min to induce a specific interaction of
the antibody-antigen. The short reaction time is an advantage due
to the narrow area of the optical fiber. Unconjugated antigens were
rinsed with DI water. The difference in the intensity measured in DI
water before and after the immune interaction is defined as the
output by the amount of antigen binding. The spectra and signal
trend recorded in real-time during a series of reactions for
immunoassay is attached to Fig. S2.

3. Results and discussion

3.1. Modification in the second fixation time of AuNPs

The fabrication condition of the dimer-based FO LSPR sensor
was modified by varying the second fixation time of AuNPs, after
the reduction treatment of the repulsion with benzenethiol was
performed on pre-fixed AuNPs in optical fiber. The first immobi-
lization time of AuNPs and the benzenethiol coating state were
maintained, and the condition related to the second fixation of
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nanoparticles was only changed. In Fig. 2, no meaningful signals
were observed in the 45 min and 60 min samples of the secondary
fixation time due to the insufficient density of dimers, where lon-
gitudinal bands were ambiguous to be recorded. In samples of
90 min, 120 min, and 150 min, peaks were distinguished not only
in the relatively short wavelength region by transverse mode but
also in the long wavelength area by the longitudinal mode of the
dimer. Sensitivities (slopes), which are defined as the rate of
change in the output intensity versus the variation in the refractive
index, were compared on the basis of the peaks in the longitudinal
band in three conditions of dimer-based FO LSPR sensors [38]. The
range of measured refractive indices was from 1.34 to 1.38 with an
interval of 0.01, where the refractive index solutions were pre-
pared by adding glycerol to DI water [39]. To compare the relative
change in refractive index responses under three conditions, the
intensities measured in each sensor were normalized due to the
recorded signal in the 1.34 refractive index [40]. As a result, the
dimerization condition with a secondary attachment time of
90 min displayed a higher sensitivity than other samples. The sec-
ond fixation time of AuNPs was set as 90 min though the fabrica-
tion yield of the dimer slightly increased with a longer fixation
time. The best performance in 90 min condition was due to the big-
ger influence of the background by the increase in the number of
monomers and multimers than the improvement in dimer yield
by prolonged fixation time. In the second fixation process of
AuNPs, dimers are formed with existing monomers, but newly
immobilized monomers are also generated. When the immobiliza-
tion time increases, correspondingly multimers except for the
dimer can be as well produced. The dense AuNPs by the lengthened
immobilization time in the two-dimensional plane of the same
region causes an increase in the magnitude of the LSPR intensity,
but this does not guarantee an improvement in sensitivity without
coupling or amplification of the electromagnetic field [41].

3.2. Fabrication result of AuNP dimers on optical fiber

The field-emission scanning electron microscope (FE-SEM, S-
5200, Hitachi, Japan) image after the first immobilization of the
AuNP layer is shown in Fig. 3(a). The average size of AuNPs on opti-
cal fiber was analyzed as 59.2 ± 9.9 nm by FE-SEM photograph. The
nanoparticles were evenly distributed on the fiber optic cross-
section without large clustering. When the AuNPs were re-
immobilized without the reduction of repulsive force by ben-
zenethiol, monomers will be mainly observed. This phenomenon
is confirmed in Fig. 3(b), where AuNPs were firstly fixed for
60 min on the fiber optic surface and secondly immobilized for
Fig. 2. Spectra and sensitivities when the secondary fixation time of AuNPs is different:
band of each sensor.
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90 min without benzenethiol treatment. This was later compared
to the dimer-based FO LSPR sensor as the monomer-based fiber
optic sensor having a similar density of AuNPs. Pictures of the
dimers obtained by the simple treatment for a repulsive force
reduction between the first and second immobilized nanoparticles
are indicated in Fig. 3(c) and (d). The ratio of dimer at the fiber
optic surface was approximately 46.3% based on the FE-SEM
images. A histogram of the distribution of the AuNP shape is illus-
trated in Fig. S3. A higher yield of dimers on optical fiber can be
achieved by modifying the concentration of the colloidal solution,
the reagent for decreasing the repulsive force, and the immobiliza-
tion time of the particles.

3.3. Refractive index measurement and comparison of the results by
monomer and dimer-based FO LSPR sensors

For characteristic analysis as a refractometer, various refractive
indices were measured using a monomer and dimer-based FO LSPR
sensor having the same immobilization time of AuNPs. In the
monomer-based FO LSPR sensor (Fig. 4(a)), the resonance peak
was observed at about 585 nm, which is within the commonly
known peak wavelength range due to LSPR in gold nanospheres
[42]. In the dimer-based FO LSPR sensor of Fig. 4(b), the longitudi-
nal band (726.5 nm) was found in the long wavelength region as
well as the transverse band (557.5 nm) in the short wavelength
area. The LSPR intensities linearly changed with the increase of
the refractive indices in both types of sensors. The sensitivities
were illustrated on the basis of the resonance peaks which are per-
ceived at the spectra by each sensor (Fig. 4(c)). To compare the rel-
ative change in the three resonance bands (transverse mode by
monomer-based structure, transverse mode by dimer-based struc-
ture, longitudinal mode by dimer-based structure), the measured
intensities were divided by the intensity of 1.34 refractive index
in each sensor. Based on the transverse mode, the dimer-based
structure had a 2.1 times higher sensitivity than the monomer-
based sensor. Sensitivity enhanced up to 9.1 times in the longitu-
dinal mode of the dimer-based FO LSPR sensor. This was also sup-
ported by a simulation grounded by electromagnetic wave,
frequency domain model (Fig. S4). With reference to these results,
the monomer and dimer-based FO LSPR sensors were applied to
the measurement of the antibody-antigen interaction, respectively.

3.4. Immunoassay by monomer and dimer of AuNP

Each FO LSPR sensor based on the monomer and dimer of
AuNPs was applied to detect Tg known as a thyroid cancer biomar-
(a) measured spectra and (b) refractive index sensitivities based on the longitudinal



Fig. 3. The FE-SEM images of the cross-section of the optical fiber: (a) after the first immobilization of AuNP layer, after the second fixation of AuNPs (b) without benzenethiol
treatment, and (c) with benzenethiol coating and (d) its enlarged picture.
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ker [43]. For comparison of the limit of detection, only the low
range of thyroglobulin levels was measured. The LODs were calcu-
lated by linearly fitting the graphs in Fig. 5(a) based on the slope
and three times the standard deviation [44]. In the monomer-
based FO LSPR sensor, the LOD of 0.13 pg/ml was obtained. By
detecting the change of intensity in the longitudinal mode of the
dimer structure as a function of the concentration of the protein,
we evaluated the LOD as 0.050 pg/ml. As a result, the 2.6-fold
improved LOD was acquired due to the strengthened electromag-
netic field in the dimer’s longitudinal plasmon coupling band.
The large slope in the dimer-based FO LSPR sensor of Fig. 5(b) cor-
roborates the enhanced LOD. The performance of the proposed
sensor has a chance to be further enhanced by increasing the fab-
rication yield of the dimer on fiber optic end-facet. It is expected
5

that the FO LSPR sensor based on the dimer structure of nanopar-
ticles with narrow spacing will be worthily expended for applica-
tions that require high sensitivity.

For evaluation of the analytical performance in the designed
method, non-specific binding was induced between the dimer-
based biosensor with Tg antibody and other antigen. After adsorb-
ing Tg antibodies onto the dimer surface, we detected AFP which is
a biomarker of liver cancer (Fig. 6). The experiments were pro-
ceeded in the same concentration range at which Tg was mea-
sured. It is known that the level of AFP in the body also changes
depending on the effects of thyroid disease [45]. Therefore, Tg sen-
sors need the selectivity for AFP. The developed sensor did not
exhibit a particular tendency according to the concentration of dif-
ferent antigens, which ensures the specificity of the dimer-based
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FO LSPR sensor and sensing protocol. Based on these results, the
proposed sensor can be a feasible attempt to analyze Tg in the
actual application.
3.5. Analysis of real samples

The proposed method was validated by measurement of the
real sample and comparison with a standard method. Serum sam-
ples of four patients with Tg concentrations from 8 ng/ml to 9 ng/
ml were diluted to four levels ranging from 0.001 pg/ml to 10 pg/
ml. Each point was detected three times. The FO LSPR sensor out-
put measured in the real samples was converted to concentration
using the graph of Fig. 5(a) and linear equation. In Fig. 7. the
obtained concentrations by dimer-based FO LSPR sensors were
compared with the those of commercially available immunoradio-
metric assay (IRMA) kit (RIAKEY Thyroglobulin IRMA Tube, Shin Jin
Medics, South Korea). A high correlation was found with a coeffi-
cient of determination (R2) of 0.97 between the concentrations
detected by the two methods. When the graph of Fig. 7 is fitted
with a linear equation, the slope was 0.69, which means that the
proposed sensor slightly underestimates the concentrations of
the sample. This is because of dilution in the serum samples and
can be improved by introduction of appropriate compensation fac-
tors [46]. The coefficient of variation (CV) was calculated to verify
6

reproducibility. The average of the CVs in the four points was
20.0%. This is a satisfactory reliability for analyzing real samples
in the field of biosensing research [47].
4. Conclusion

In this study, the dimer structure by AuNPs was fabricated on
the optical fiber to improve the sensitivity of the optical fiber based
LSPR sensor, because the sensitivity of the fiber optic sensor was
often limited by the small dimension. It is known that the longitu-
dinal band in the spectrum by the dimer structure, which is
observed at a relatively long wavelength, is highly sensitive to
the changes in the surrounding environment. After the first immo-
bilization of the AuNPs on the optical fiber, benzenethiol treatment
was performed to reduce the repulsive force with the nanoparticles
to be secondly fixed. Then, dimers were fabricated through the
combination with the pre-fixed nanoparticles when the second
attachment of AuNPs was performed. The proposed sensor demon-
strated enhanced sensitivity when compared to the monomer-
based FO LSPR sensor with the same immobilization time of
AuNPs. Accordingly, a lower LOD was acquired in the dimer-
based FO LSPR sensor when the immune interaction was detected
by both sensors, respectively. This study paves the way for the fab-
rication of dimers on the optical fiber for high sensitivity and
should lead to further studies to optimize fabrication and condition
for improved yield and density of the dimer.
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