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A gold nanohole/disk array-based plasmonic fiber end-facet sensing probe is proposed and demonstrated experimentally,
where the hybrid plasmon mode on the top surface used for sensing is excited by the cooperative effect of the near-field
coupling between the nanohole and the nanodisk, as well as the localized surface plasmon of the nanodisk. The high-quality
integration of the nanohole/disk array on the fiber end facet is achieved by combining nanoimprint lithography on a planar
substrate with fiber ultraviolet (UV)-curable adhesive transfer techniques. As a result, the fabricated fiber probe exper-
imentally exhibits a moderately high bulk refractive index sensitivity of ~196.91 nm/RIU and excellent surface sensitivity.
Furthermore, the specific identification and determination of protein molecules verify their sensitivity analysis capabilities
for future bioassays. This work provides a feasible plasmonic excitation strategy and enables batch-manufactured tech-
nology for nanostructure-based fiber probes to break through the current bottlenecks in biosensing applications.

biomolecular detection.
DOI: 10.3788/C0L202523.063601

1. Introduction

Plasmonic fiber-optic end-facet devices, integrating functional
nanostructures directly onto the small end facet of fiber, have
garnered significant attention in various fields, including bio-
chemical sensing ') light field manipulation'®”, high-resolution
imaging®'%, and the like. The most striking feature of these
nanostructure-based fiber end-facet devices is that they effectively
combine the near-field enhancement of plasmonic nanostruc-
tures with both flexible spatial light-guiding and micro-sized
end facets of the fiber. The miniature end-facet integration greatly
simplifies the traditional benchtop microscope measurement sys-
tem of micro-area nanostructures and makes the most of the
fiber’s remote small-area invasion capability. The fiber integration
provides a light-coupled microscopic platform for remote,
on-site, and point-of-care biochemical detection.

Benefiting from the success of plasmonic sensing technology
and the maturity of the precision micro/nano preparation,
numerous fiber end-facet devices with various nanostructure
geometries and dimensions have been proposed and realized
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experimentally through many specially developed nanofabrica-
tion techniques''''*). However, there are still two critical chal-
lenges for the practical application. First, the plasmon mode at
the perceptual surface of the nanostructure on the fiber end facet
is generally not easily excited in the reflection operation mode.
Even when excited on the fiber end facet, these plasmon modes
typically exhibit low peak contrast, wide linewidth, and weak
near-field enhancement. These issues restrict the practical appli-
cation of the fiber sensor. Second, it is difficult to directly fab-
ricate nanostructures upon the tiny fiber end facet using
common planar nanofabrication techniques, including focused
ion beam!'®, electro-beam lithographym], two-photon direct
laser writing!"®, interference lithography!**), femtosecond (FS)
laser writing[zo], and tridimensional (3D) microprinting[2 U due
to the incompatibility between the large-scale planar substrate
and the tiny fiber tip. These direct preparation methods are
high-cost, low-yield, and time-consuming.

To reduce the preparation cost and bypass the difficulty of
direct patterning, a variety of novel nanofabrication techniques
have been developed for optical fibers, including nanosphere
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templating[zz], template transfer(?>24, nanoskiving[zs], and self- (NA) of 0.37, was purchased from Changfei Optical Fiber &

assembly!*®!. Comparing these indirect methods in terms of ~ Cable Co. Ltd. with specifications of 400/430/730 um for core/
preparation cost and process complexity, template transfer  cladding/coating diameters.

has emerged as the most promising technique for preparing

nanostructures on fiber end-facets'”’ ", Currently, transfer 2.2. Simulation method

methods for patterning the optical fiber end facet are mainly di-
vided into three categories: (1) directly transferring suspended
plasmonic nanostructure membrane to the fiber end facet®');
(2) transferring plasmonic nanostructures on the planar sub-

strate to the fiber end facet using ultraviolet (UV)-curable

and heat-curable adhesives*”; (3) patterning the fiber end facet is chosen as the substrate of the structure. This is because the
through the transfer method of hot-pressing and UV nano- thickness of the UV-cured adhesive is much larger than that of
imprinting, followed by the deposition of the metallic layer®,  the nanostructure, At normal inc'idence, a plane wave of j(he
However, most transfer methods merely focus on the prepara-  Bloch/periodic type with an electrlc. field along the y direction
tion of a single fiber each time. This results in a low yield prepa-  Propagates from the fiber substrate side to the structural surface.
ration and a lack of consistency among fiber probes, limitingthe ~ Due to the inherent symmetry of the nanohole/disk array and
development of fiber end-facet sensing devices for bioassays. its relation with the electric field direction of the incident light,
Therefore, there is a need to design a sensing probe that can ~ Symmetric and anti-symmetric boundary conditions are applied

be realized at a low cost and with efficient preparation while hav- in both +x and +z directions to accelerate computation time and
ing good sensing performance. save computation memory. Meanwhile, perfectly matched layer

In this paper, we propose to utilize a hybrid nanohole/disk conditions are imposed in the +y directions. A ref.‘med.mesh of
array as a plasmonic sensing component and integrate it on 3 -46nm X 1nm X 2 Pm along t_he x, , and z directions is loaded
the end facet of a multimode optical fiber through a combination 1 the. g_OI.d (Au) region to obt'aln accurate resu'.lts. Moreover, the
of both template transfer and nanoimprint lithography. This ~ Permittivity 9f the Au material in the 1r.1ve?;tzgated wavelength
combined procedure enables high-quality batch fabrication of ~ range is obtained from Johnson and Christy ~*.

15 nanohole/disk array-based fiber probes at a time, with
the assistance of optical fiber clamps, ensuring good spectral
reproducibility among different fiber sensing probes. The fabri-
cated plasmonic fiber probe exhibits a reflective resonant dip,
primarily originating from the synergetic effect of the array-

The 3D numerical simulation of the proposed plasmonic fiber
optic probe is performed using the finite-difference time-domain
(FDTD) method. The role of the optical fiber itself is not consid-
ered in the simulations, but a UV-cured adhesive with an RI of 1.5

3. Results and Discussion

3.1. Geometric structure and the corresponding sensing

coupled surface plasmon polariton (SPP) and localized surface mechanisms

plasmon (LSP) of individual nanoholes at the top surface, per- ~ The geometric structure of the proposed nanohole/disk array-
turbed by the near-field coupling between the nanohole and the  integrated plasmonic fiber end-facet probe and its optical spec-
nanodisk. Sensing detection results demonstrate that the fabri-  tra are demonstrated in Fig. 1. A 3D structural schematic and a

cated plasmonic fiber probe demonstrates a moderate bulk  cross-section view are shown in Fig. 1(a). The plasmonic nano-
refractive index (RI) sensitivity of ~196.91 nm/RIU and supe-  hole/disk array consists of top Au nanohole and bottom Au
rior surface sensitivity due to its strong near-field localized  nanodisk arrays, arranged in a close-packed triangular lattice.

capability. We further demonstrate the fiber probe’s effective-  Specific structural parameters include an array periodicity (P)
ness as a biosensor for specifically detecting protein molecular ~ of 450 nm, diameters (D) of the nanodisk and nanohole of
Con A with a detection limit of 0.45 pg/mL. 220 nm, and an Au layer’s thickness (4;) of 50 nm. Moreover,
the height of the middle epoxy glue nanohole array (h,) is set
. . . at 60 nm.
2. Materials and Simulation Method The simulated reflection spectrum is shown as the orange-
. filled curve in Fig. 1(b). Notably, the fiber probe is immersed
2.1. Materials

in an aqueous solution with an RI of 1.3311. Obviously, there
UV epoxy glue from Loctite 3311, operating at a wavelength of  are two resonant dips observed at wavelengths of 627 and
395 nm, was purchased from Henkel Loctite New Materials ~ 719 nm, marked as D, and D,, respectively. Reflection dips
(China) Co., Ltd. Poly (allylamine hydrochloride) (PAH), poly = D; and D, have respective linewidths of 39.2 and 28.1 nm.
(sodium-p-styrenesulfonate) (PSS), and sodium chloride (NaCl) Based on their linewidths and wavelength positions, the Q-fac-
were obtained from Sigma-Aldrich Inc. 11-Mercaptoundecanoic  tors of these two dips are calculated as 15.9 and 25.6, respec-
acid (11-MUA),1-(3- Dimethylaminopropyl)-3-ethylcarbodii-  tively. As a direct comparison, the experimentally measured
mide (EDC, 155.241 Da), N-Hydroxy succinimide (NHS,  reflection spectrum is depicted as the blue-filled curve of
115.09Da), Concanavalin A (Con A), ribonuclease (Rnase B), Fig. 1(c). Similarly, two resonant dips are observed at 630 nm
bovine serum albumin (BSA), and phosphate-buffered saline  for dip D; and 708 nm for dip D,. The measured linewidth
(PBS) solution (pH 7.4) were purchased from Sangon Biotech =~ and Q-factor of the resonant dip at the dip D, (D,) are
Inc. The multimode optical fiber, with a numerical aperture  32.3 nm (32.4 nm) and 19.5 (21.9), respectively. In terms of
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Fig. 1. The nanchole/disk array-integrated plasmonic fiber sensing probe:
geometric structure and reflection spectra. (a) Schematic illustration of the
hybrid nanohole/disk array on the end facet of the multimode fiber and its
cross-sectional view with marked structural parameters. (b) Theoretically
simulated (orange-filled curve) and (c) experimentally measured (blue-filled
curve) reflection spectra of the nanohole/disk array-based fiber probe, where
two reflection dips are marked by 0; and D..

spectral shape and the number of resonant dips, the measured
spectrum exhibits good agreement with the counterpart in the
simulation. However, some unavoidable discrepancies exist
between them, such as the wavelength position and linewidth,
mainly attributed to the surface roughness and slight variations
in geometric and material parameters.

To elucidate the generation mechanism of dips D; and D,,
Figs. 2(a)-2(d) depict electric and magnetic field profiles in
the x—y plane (cross-section) at dips D; and D,, respectively.
For dip D), the electric field is mainly localized into three
regions: two edges of the top surface of the nanohole, the middle
nanogap between the nanohole and the nanodisk, as well as two
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Fig. 2. The generation mechanism of two resonant dips of the nanohole/disk-
integrated fiber end-facet probe. Normalized electric field distributions at
(a) dip 0, of 627 nm and (b) dip 0, of 719 nm. Corresponding magnetic field
distributions at (c) dip 0, of 627 nm and (d) dip D, of 719 nm. Surface charge
distributions of (€] dip 0; and (f) dip D, where the schematic of surface charge
distribution on the left side clearly shows calculated results on the right side.
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edges of the bottom surface of the nanodisk. Maximum electric
field intensities for these three regions are almost the same,
although the dip D, has a relatively high reflection intensity.
Specifically, the generation process of dip D, can be described
as follows: incident light first excites the LSP mode of individual
nanodisks at the bottom side with a negligible array-coupled
SPP at the Au film-UV adhesive glue interface. Then the plas-
mon mode at the top surface of the structure is generated by
strong near-field coupling between the top nanohole and the
bottom nanodisk because the incident light cannot directly irra-
diate the top surface due to the complete blocking of the struc-
ture. Therefore, dip D, mainly originates from the synergetic
effect of the array-coupled SPP and LSP of an individual nano-
hole at the top surface, perturbed by the near-field coupling
between the nanohole and the nanodisk, which is also the reason
why the wavelength of dip D, is longer than that of ideal array-
coupled SPP at the interface of the Au film and the measured
sample. The enhanced optical field localized on the top surface
makes dip D, sensitive to changes in ambient environments,
which can be used for sensing applications.

Moreover, the intensity of the plasmon mode at the top sur-
face of dip D is determined by the coupling efficiency of the LSP
at the bottom surface of the nanodisk. We notice that the electric
field is patterned periodically along the horizontal direction at
the incident region, which is attributed to low coupling effi-
ciency and spatial interference of directly reflected light from
the structure and dipolar radiation from the nanodisk. The mag-
netic field distribution in Fig. 2(c) is a more intuitive validation
of this interpretation.

Compared to dip Dy, the electric field profile at dip D, is
mainly localized at the bottom surface of the structure. This is
because the resonant dip D, mainly originates from the strong
coupling of both the array-coupled SPP and LSP of the individ-
ual nanodisk at the bottom surface. Although the electric field is
also rarely tunneled into both the nanogap and top surface, these
field profiles have a weak influence on dip D,. Additionally, its
field pattern inside the whole incident region disappears due to
almost zero reflection from the structure. Since its electromag-
netic field is mainly localized inside the substrate of UV glue and
not in contact with the external solution to be measured, reso-
nant dip D, is immune to the ambient environment, making it
useful as a self-reference channel for dip D;.

Figures 2(e) and 2(f) give surface charge distributions at dips
D, and D,, respectively, with the schematic on the left side
clearly indicating calculated results on the right side. Here, we
only focus on surface charge distribution along the horizontal
direction and around these edges because the dipolar radiation
cancels each other out from longitudinal charge for either a
nanohole or a nanodisk. Obviously, electric charges on the left
and right sides at the top and bottom surfaces of both nanoholes
and nanodisks are just the opposite, which can be simplified as
the interaction of electrical dipoles. Due to different generation
mechanisms, we mainly focus on charges at the top surface for
dip D, and the bottom surface for dip D,. Comparing Figs. 2(e)
and 2(f), a noticeable difference between the two dips is that the
surface charge at the bottom surface of the nanohole is just the
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opposite, which can lead to the following statement: in the case
of dip Dy, the top surface of the hybrid structure can be regarded
as an entire dipole. However, dip D, needs to be seen as the result
of the interaction of two reversed dipoles. This charge distribu-
tion further verifies our interpretation: the LSP of the nanohole
at the bottom surface is responsible for the generation of dip D;.
However, dip D, stems from the strong coupling of the array-
coupled SPP and LSP at the bottom surface, leading to a change
in charge distribution.

3.2. Batch fabrication and structure characterization

Figure 3(a) shows the detailed preparation flow chart of the pro-
posed plasmonic fiber probe, which mainly includes two main
processes: one is to fabricate the hybrid nanohole/disk array
on the planar polyethylene terephthalate (PET) substrate (top
panel); the other is to transfer the hybrid nanohole/disk array
from the PET substrate to the optical fiber end facet (bottom
panel). The specific preparation procedure is described as fol-
lows: first, the 7-mm-diameter circular template of the nanohole
array arranged on a 20.32 cm (8 in) silicon wafer in the squared
lattice is fabricated using the combination technology of the
248 nm deep-UV lithography and inductively coupled plasmon
etching. The interval between each circular pattern is 1 cm,
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Fig. 3. Preparation process of the Au nanohole/disk array on the fiber end
facet and the demonstration of fabrication results. (a) The whole fabrication
procedure diagram includes two main sections: the fabrication of the large-
scale Au nanohole/disk array on the flexible PET substrate and the transfer of
the nanohole/disk array from the flexible planar substrate to the fiber end
facet. (b) Photograph and (c) scanning electron microscope (SEM) image
of the fabricated centimeter-scale Au nanohole/disk array on the flexible
PET substrate. The scale bar is 10 mm in (b) and 1 pm in (c). (d) Side- and
top-view microscope photographs of the fiber end facet before and after
the transferring process. The scale bar is 400 pm. (e) A mobile phone photo-
graph and SEM image of the fabricated fiber probe mounted in a fiber-optic
connector. The scale bar is 1 um. (f) A photograph of the home-built exper-
imental setup for the transferring process. (g) Photographs showing the
batch-fabrication process of 15-nanohole/disk array-based fiber probes, each
time using a customized fiber bundle fixture. (h) Normalized reflection spectra
of 15 fiber end-facet probes in a single preparation.
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resulting in a total of 293 circular patterns on the 20.32 cm sil-
icon wafer. The nanohole array in the triangular array possesses
a periodicity/diameter/height of 450/220/60 nm, respectively.
The UV nanoimprinting technique is then used to transfer
the nanohole array on the silicon template into the UV-cured
adhesive on the PET substrate, forming the complementary
nanodisk array on the PET.

Afterward, an anti-adhesion layer is deposited on the surface
of the nanodisk array-patterned PET substrate to facilitate the
nanostructure transfer. Finally, a 50-nm-thick Au layer is depos-
ited on the surface of a small piece of the prepared PET through a
desktop magnetron sputtering coater. A photograph of a small
piece of the nanostructured PET is shown in Fig. 3(b), where the
centered red and marginal yellow regions correspond to the
presence and absence of the Au nanodisk/hole array. The
enlarged SEM image of the Au nanodisk/hole array is shown
in Fig. 3(c). The homogeneous color of the macroscopic photo-
graph and the local microscopic size of the nanostructure of the
SEM image indicate that the designed nanostructure on the PET
substrate is prepared successfully, laying the foundation for the
subsequent preparation of the nanostructured fiber probe.

Based on the above preparation, the transferring of the nano-
disk/hole array from the PET substrate to the optical end facet is
described as follows: first, the 400-pm-diameter end facet of a
multimode optical fiber is obtained directly using customized
fiber-optic cutting machines. Here, the advantage of the used
multimode fiber with a core diameter of 400 pm can be found
in Ref. [13]. Then, the whole fiber end facet is coated with a min-
imal amount of UV epoxy glue. After the optical fiber is
mounted on a five-dimensional adjustable bracket, its end facet
is contacted horizontally with an Au nanodisk/hole array on the
PET. The horizontal alignment is achieved using the overlap-
ping law of the object and mirror image with the help of two
long-focus body microscopes with different orientations, as
shown in Fig. 3(f). After the alignment, the UV epoxy glue is
cured for 30 min with a UV light. The side- and top-view micro-
scope photographs of the Au nanohole/disk array-patterned
fiber end facet are shown in Fig. 3(d). Obviously, the entire fiber
end facet is perfectly covered by the Au nanohole/disk array,
demonstrating excellent flatness and smoothness and the fea-
sibility of further processing. The nanohole/disk array-based
fiber probe, packaged in an SMA905 fiber-optic connector, is
shown on the left side of Fig. 3(e), with the enlarged SEM image
on the right side of Fig. 3(e). It is clearly observed that the nano-
structure array is just complementary to those in the PET sub-
strate, as seen in the SEM image in Fig. 3(c).

To improve the preparation efficiency of plasmonic fiber
probes and their consistency, we demonstrate the batch prepa-
ration of 15 fiber sensing probes at a time, as shown in Fig. 3(g).
A total of 15 fibers are fixed with a customized optical fiber
clamp and mounted on a five-dimensional adjustable bracket for
the transferring process. Photographs in Fig. 3(g) show the
batch-fabrication process and preparation results. Figure 3(h)
presents the reflection spectra of 15 optical fibers prepared
simultaneously. Distinctly, there is good spectral reproducibility
among different fiber-sensing probes.
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3.3. Characterization of sensing performance

To assess the sensing performance, the measured setup is
depicted in Fig. 4(a). Specifically, a broadband halogen light
source is coupled into a multimode fiber of 400 pm core and
then routed to the fiber probe through a fiber coupler. The
reflection light is collected by a fiber-coupled spectrometer, and
the reflection spectra and wavelength position of resonant dips
are acquired by a home-written LabVIEW program. Figure 4(b)
plots the reflection spectra of the fabricated fiber probe
immersed in six concentrations of NaCl solutions. Obviously,
dip D, exhibits an evident redshift with increasing ambient
RI, while dip D, shows a slight change. The simulated reflection
spectra in Fig. 4(c) are in good agreement with the experimental
results, which further confirms the rationality of the above theo-
retical explanations for the two resonant dips. Due to dip D, not
being sensitive to the ambient environment, in the latter context,
we only focus on the sensing performance of dip D, . Figures 4(d)
and 4(e) show the real-time response of wavelength shift and
intensity change of dip D; for six NaCl solutions over
100 min, respectively. As the RI of the NaCl solution has a step-
wise increase from 1.33110 to 1.37028, the wavelength shift
gradually increases from 0 to 7.74 nm. Meanwhile, the intensity
of dip D, follows a similar trend. These results indicate that the
fabricated fiber probe has good stability and response-recovery
ability. Wavelength and intensity noises (the standard deviation
of the experimental signal) are calculated as 0.16 nm and 0.0027,
respectively, which provides relatively low noise for low-concen-
tration sensing detection. Figure 4(f) plots the stable wavelength
shift (left longitudinal coordinate) and intensity change (right
longitudinal coordinate) against the RI of NaCl solution, show-
ing good linearity. The bulk RI sensitivity is calculated as
196.91 nm/RIU for the dip wavelength and —3.18 RIU™! for
the reflection intensity. The simulated results of bulk RI sensi-
tivity in Fig. 4(g) are almost in line with the experimental
ones. Based on bulk RI sensitivity and signal noise, we can

Wavelength Shift (nm) 2

Wavelength Shift (nm) =

Intensity Shift

TR
Refractive Index ()

Fig. 4. Bulk RI sensing properties of the nanohole/disk-integrated fiber end-
facet probe. (a) Schematic of the experimental setup. (b) Measured and
(c] simulated reflection spectra of the fiber end-facet probe for NaCl solutions
with different Ris. (d) Real-time wavelength shift and (e) intensity change of
dip D, with varying RI of ambient NaCl solution. (f) Measured and (g) simulated
wavelength shift (left longitudinal coordinate) and intensity variation (right
longitudinal coordinate) of dip 0; versus different ambient Ris. The error
bar in (f) represents uncertainties given by the standard deviations of three
repeated measurements for every data point.
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achieve an RI resolution of 0.00021 RIU™! for wavelength and
0.00037 RIU! for intensity, which is comparable to reported
values in the literature[?®),

To take full advantage of the enhanced local near field of the
proposed plasmonic fiber probe in sensing detection, the surface
sensitivity of dip D; is investigated by stepwise increasing the
number of self-assembly polyelectrolyte bilayers, where each
bilayer includes a positively charged PAH and a negatively
charged PSS'*!. Figure 5(a) illustrates the self-assembly process,
where it begins by dipping the fiber probe into ultrapure water to
stabilize the reflection spectra, and then the fiber probe is
immersed in a PAH aqueous solution for 1 min to form a pos-
itively charged layer on its surface. After being washed with
ultrapure water, the fiber probe is soaked into a PSS aqueous sol-
ution for 1 min to form a negatively charged layer, followed by
another rinse with ultrapure water. At this point, one self-
assembled bilayer is completed, and the corresponding reflec-
tion spectrum is recorded. The process is repeated until its
reflection spectra are almost unchanged. The solutions of both
PAH and PSS are prepared at 1.0 mmol concentrations in a
water-based solvent containing 0.1 mol NaCl. Figure 5(b) shows
the measured reflection spectra of the fabricated fiber probe as
the number of PAH/PSS bilayers increases from 0 to 35.
Apparently, as the number of bilayers increases, the wavelength
of dip D, exhibits a stepwise redshift, and its intensity has an
evident decrease.

Moreover, the wavelength shift of dip D; induced by the
PAH/PSS bilayer versus the bilayer number is plotted as blue
dots in Fig. 5(c). It can be seen that the wavelength shift
approaches saturation when the bilayer number is close to 35.
By exponentially fitting the experimental result in Fig. 5(b),
the decay length of dip D; on the top surface is calculated
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Fig. 5. Surface sensitivity determination and specific monitoring of glycopro-
teins of the nanohole/disk-integrated fiber end-facet probe. (a) Self-
assembly flowchart of alternating PAH/PSS bilayers on the prepared
plasmonic fiber end-facet probe. (b) Experimentally measured reflection
spectra with the PAH/PSS bilayer number ranging from 0 to 35. (c) Simulated
(red dots) and measured (blue dots) wavelength shifts of dip D, with increas-
ing the number of PAH/PSS bilayers. (d) Schematic illustration of surface
functionalization of the plasmonic fiber end-facet probe for the specific
determination of glycoproteins Con A. (e) Reflection spectra of different con-
centrations of Con A. (f) Wavelength shift response of the bio-functionalized
fiber end-facet probe as a function of Con A concentrations.
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Table 1. Comparison of Different Fiber Optic Sensing Probes.

Chinese Optics Letters

Ref. Structure Bulk RI sensitivity (nm/RIU) Manufacturing technology Cost  Manufacturing efficiency
[23] Au disk-hole coupling structures S =153 Template transfer method Low Low
[26] Au nanodisk array/thin film S =137.28 UV curing glue transfer technology ~ Low Low
[35] Au nanodot arrays S =196 Electron beam High Low
This work Au nanohole/disk array S =196.91 Template transfer method Low High

as 40.12 nm, which indicates the excellent near-field enhance-
ment characteristic for sensing detection. Equivalent simulated
results are shown in Fig. 5(c) (red dots), where each PAH/PSS
bilayer is equivalent to a 2.9-nm-thick dielectric layer with an
RI of 1.56. Obviously, the variation tendencies are almost con-
sistent with the experimental ones. After a comparison, it is
found that the simulated decay length of 41.69 nm is a bit longer
than the experimental one, and the increase in spectral depth dip
D, is more pronounced with the increase in the number of
biolayers.

To further demonstrate the biosensing capability of the
fabricated plasmonic fiber probe, different concentrations of
the protein Con A are detected specifically using the RNase
B-functionalized fiber probe®*. The process of surface func-
tionalization and detection is depicted in Fig. 5(d). Initially,
a fiber probe is immersed in a 2 mmol ethanol solution of
11-mercaptoundecanoic acid and incubated at room tempera-
ture for 12 h to self-assemble a layer of carboxyl groups on its
surface. After washing and drying, the carboxyl groups on the
surface are activated using a mixture of aqueous solutions of
EDC (0.5 mmol) and NHS (0.2 mmol) for 30 min at 4°C. After
cleaning the surface again, the surface of the fiber probe is incu-
bated in the PBS solution containing 0.1 mg/mL RNase B for
30 min at room temperature. To prevent non-specific binding,
the surface is passivated again with a 1 mg/mL BSA solution for
30 min. Afterward, the surface-functionalized fiber probe is
immersed sequentially in five concentrations of Con A solution,
namely, 1, 2, 5, 10, 50, and 100 pg/mL for 30 min, while the
wavelength of dip D, is recorded in real time. As shown in
Fig. 5(e), we observed a redshift of dip D, with increasing
Con A concentrations. Figure 5(f) depicts a plot of wavelength
redshift as a function of Con A concentration on a logarithmic
scale, based on the spectra obtained for measuring Con A.
The results exhibited a linear trend and demonstrated good
agreement across the concentration range of 1 to 100 pg/mL.
During the Con A capturing step, different concentrations of
Con A can be discriminated successfully. The limit of detection
(LOD) is determined to be 0.45 pg/mL. Furthermore, our sen-
sors can be directly inserted into the body or confined spaces for
detection, offering high detection sensitivity while enabling
in vivo studies or in situ monitoring.

To demonstrate the advantage of our proposed Au nanohole/
disk array-based plasmonic fiber probe, some detailed compar-
isons are made between our work and some previously reported

relevant works in terms of bulk RI sensitivity, manufacturing
technology, cost, and manufacturing efficiency, which is sum-
marized as Table 1. Comparison results show that our proposed
fiber probe can achieve low cost and high manufacturing effi-
ciency while ensuring sensing performance.

4. Conclusion

In summary, we have experimentally demonstrated an Au
nanohole/disk array-based plasmonic fiber end-facet sensing
probe, exhibiting two reflection resonant dips, only a short
wavelength dip of which is suitable for sensing detection.
This plasmonic nanostructure-based fiber probe has been
prepared in batches by combining nanoimprint lithography
and UV-curable adhesive transfer techniques, effectively reduc-
ing fabrication costs and accelerating preparation efficiency.
Furthermore, the generation mechanisms of the resonant dip
and the sensing performances of the proposed fiber probe are
analyzed and evaluated systematically. The results show that
the fabricated fiber probe possesses a moderately high bulk RI
sensitivity of ~196.91 nm/RIU, excellent surface sensitivity,
and detection capacity of protein Con A with a LOD of
0.45 pg/mL, which makes it promising in biochemical and
environmental detection. This work offers a potential nano-
structured fiber end-face probe and corresponding batch prepa-
ration method, which lays a solid foundation for future practical
application of plasmonic fiber-optic probes.
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