Metal Nanoparticals Elaborated Fiber Sensors | Encyclopedia.pub

Metal Nanoparticals Elaborated Fiber Sensors

Subjects: Biotechnology & Applied Microbiology
Contributor: Jin Li , Haoru Wang , Zhi Li , Zhengcheng Su , Yue Zhu

Metal nano-particles-modified optical fiber LSPR sensor has high sensitivity and compact structure, which can
realize the real-time monitoring of physical parameters, environmental parameters (temperature, humidity), and
biochemical molecules (pH value, gas-liquid concentration, protein molecules, viruses). In this paper, both
fabrication and application of the metal nano-particles modified optical fiber LSPR sensor probe are reviewed, and

its future development is predicted.

LSPR metal nano-particles fiber sensors plasmonics

| 1. Introduction

Surface plasmon resonance (SPR) refers to a phenomenon when photons cause the oscillation of the free electron
on the metal surface when light is incident on the metal-dielectric interface, and the wave vector component of a
light wave along the metal interface matches the wave vector of SPR 2, |n the oscillation process, the energy of
a light wave is converted into the oscillation energy of the free electron, causing the strong attenuation of light field
intensity, where the obvious absorption peak appears at the resonance wavelength position in reflection or
transmission spectrum B, SPR is divided into long-range SPR (LR-SPR) and localized SPR (LSPR) according to
the transferring distance or light field distribution of SPR wave (SPRW) BBl LR-SPR exists in metal
micro/nanostructures, including two-dimensional, three-dimensional structures, and the surface of metal
micro/nanowires &, This type of SPRW usually propagates along a specific direction and has a certain linear
transmission length along the interface. It can be used in all-optical signal modulation, imaging, and biochemical
sensors. LSPR exists on the surface of metal nano-particles (NPs) with various morphologies, which can be
spherical, ellipsoidal, or even random shape [ This type of SPRW is limited on the surface of metal NPs,
forming an evanescent field around it, so it is very sensitive to the surrounding environment 229 mainly being
used in the detection and screening of biomolecules and living cells, biochemical reaction process monitoring,

biological surface analysis and treatment [111[12][13]14]

In recent years, to explore the optical fiber SPR sensors, the sensing part is modified by the micro/nanostructure of
the optical fiber itself, such as using a metal film with nano-thickness or metal nano-array as the sensing layer to
replace the coating layer of the optical fiber 1316l Or the end face of the optical fiber probe is modified by
micro/nanostructure, coated by nano-size noble metal layer or etched by metal nanostructure as the sensing part
of the SPR optical fiber sensor L8] These new structures benefit from the progress of metal coating technology
and micro/nanostructure processing technology in chemical or physical fields and are the result of interdisciplinary

and mutually promoting development 22120 |n the sensing measurement, the sensing part of the optical fiber will
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be affected by the object to be measured, so the sensing purpose can be realized by detecting the change of
transmitted light or reflected light signal in the optical fiber 2122l The research on the high field localization of
LSPR generated by metal micro/nanostructures such as single metal NP, NP pairs, and metal NPs arrays to
effectively improve the sensitivity, selectivity, spatial resolution, and integrability of SPR sensors and all-optical

devices, which has become an important research and application direction in the field of SPR technology in recent
years [231(241[25](26][27]

Using “Plasmon,” “Plasmon nanopatrticles,” and “Plasmon nanoparticles fiber” as the keywords in Google Scholar,
the corresponding number of published papers was compared in Eigure 1. Among the reported plasma related
articles, 46% were related to NPs. The work on metal NPs modified fiber SPR has been reported since 2000, and

almost all the articles (98.6%) have appeared in the last decade.
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Figure 1. Number comparison of published paper for different key words and interval years.

| 2. Optical Fiber LSPR Biosensors

High-performance fiber-optic LSPR biosensor probes are designed based on different fiber structures, as well as
the modification of metal NPs, antibody, and marker. These biosensors have been used to detect glucose, protein,
amino acid, and nucleic acid. The typical structures and characteristics of optical fiber probes are reported in this

section in recent years. The role and optimization of metal NPs will be reviewed as well.

2.1. Typical Fiber Structures and Properties

It is well known that the initial SPR was realized by means of the reflection angle modulation of Otto and
Krestschmann prism structures to satisfy the SPR coupled resonance condition. Flat surface optical fiber
structures, such as rectangular and D-typed fiber, play a similar role 28, The U-shaped fiber based on fiber
microbend for light leakage, the micro/nanofiber with fine diameter fiber to excite evanescent field, the fiber

gratings enhanced by multiple reflection interference, the microstructured fibers regulated by periodic array light,
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and the cascaded fiber with mode decomposition and interference provide the optical action surface to realize the
excitation of SPR effect 29,

In order to obtain a stable U-shaped single-mode fiber, flame heating is used to further reduce the bending radius
of the fiber. When pre-tension stress is applied to the single-mode fiber and fixed in the capillary B9, The
introduction of large diameter and flexible polymer optical fiber greatly reduces the manufacturing difficulty and cost
of SPR optical fiber sensor, which can achieve the low precision measurement with low requirements for optical
loss. The U-shaped fiber and etch plane are fabricated from PMMA fiber 1],

Micro/nanofiber provides a stronger optical field, called the evanescent field, to improve the intensity of the optical
signal involved in the SPR effect, and enhance the interaction between the optical field and the environment to be
measured 22, In similar fiber structures, the penetration depth of the evanescent field and the optical scattering
loss of NPs or structures need to be considered. If the biconical micro/nanofiber is stretched too thin (less than 4
pm) in the waist position, it is easy to be damaged in the cleaning and coating process of functional materials. The
tail end of the single cone micro/nanofiber is flat cut by the fiber cutting pen and then coated with functional
materials to make the reflective SPR probe 31, Biconical micro/nanofibers are fabricated from ordinary single-
mode fibers by high-temperature melt stretching. Oxy-hydrogen flame, electric heating, and plasma discharge
provide a high-temperature environment of thousands of degrees Celsius, which is suitable for processing different
types of optical micro/nanofibers B4l Its lumbar diameter is precisely controlled by heating temperature and
stretching speed, while the length of the cone area depends on the stretching speed and heating mode (scanning

or single point fixed torch).

Polymer optical fiber was processed into a tapered optical fiber, which is easier to manufacture because of its low
melting point and easy decomposition 2. Tapered micro/nanofibers were obtained by dynamic chemical etching-
drawing method 28, The uncoated end of the single-mode fiber is immersed in hydrofluoric acid and is slowly lifted
up to control the taper angle and taper length. The end face of the hollow-core fiber (HCF) is coated with Ag
nanospheres and nanorods, and its micropores were easily obtained by capillary action 7. The LOD of melamine
was measured experimentally to be 100 nm, which was far lower than the minimum content of milk powder (1

mg/kg) and other foods (2.5 mg/kg).

For fiber structures with a single resonant peak, such as reflected light of FBG or transmission light of LPG, the
ultra-high sensitivity can be obtained when the wavelength of the most resonant peak moves due to the sudden
change of light intensity near the peak inflection point 28, Optical signals can also be reflected to the sensing area
through some special optical fiber structures and interact with the environment to be measured. TFBG has been
used to effectively control the output direction of the optical signal, and its core mode has the adjustment function

of temperature cross sensitive, as shown in Figure 2 [39]
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Figure 2. Configuration of Au NPs LSPR fiber sensor based on TFBG 32,

Compared with the LRSPR sensor, the LOD and surface enhancement effects of the LSPR sensor are more
obvious. Noble metal NPs provide a larger contact area and achieve efficient information exchange between the
metal NPs and the analyte. More importantly, the NPs surface generates a higher concentration of electromagnetic
field and the limitations of a single-point amplification effect, which can effectively enhance the detection efficiency
of a biological analyte in nanometer size or spacing 9. In the detection process, the excitation photons meeting
the coupling frequency resonate with the surface electrons of the metal NP, thereby generating a stronger and

concentrated surface-local evanescent field and realizing the single-molecule nanoprobe having a very low LOD
[41]

The cascaded fiber structure guides the high mode light signal onto the fiber surface to improve the sensing
performance. The multimode fiber (MMF) and PCF have been verified by experiments, where the LOD of
biosensor has been increased to 1 nm, and the influence of environmental temperature was effectively eliminated
to limitation less than 7.2 pm/°C ¥2, Multiple fiber structures in series or in parallel can form the sensing arrays,
which are expected to realize the simultaneous detection of multi-parameters or multi-component samples 3l The
air hole of PCF usually collapses when it is fused with MMF. In order to reduce the cost and improve the
repeatability of the sensor probe, the HCF replaces PCF to construct the cascaded fiber structures 44, The
chemical etching method is widely used to fabricate the tapered micro/nanofibers from single-mode fiber, MMF,
PCF, etc. 48], With the decrease of the fiber diameter or the destruction of the cladding structure, the optical signal
is leaked to the sensing area. The sensing signal was doubled by constructing multiple sensing regions, but the
length of each sensing arm must be strictly controlled to be equal 28l The different length of the interference region

causes the multiple overlapping interference spectra for the multi-mode interference, Mach—Zenhder, Fabry—Perot
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structures, and other fiber interferometers. This reason results in the demodulation difficulty and failing to enhance

the sensing effect.

The highly integrated optical fiber SPR sensor and planar structure can be fixed by a microfluidic channel 2, At
the same time, it is easier to replace the tested sample with less consumption, and the sample pool is easier to be
cleaned. Focused ions beam (FIB) technology has been applied to prepare the Au NPs array at the end face of
optical fiber and realized the precise control of the size and morphology of Au NPs 48], However, high cost and
technical difficulty will become a huge obstacle to the commercialization of such devices. In order to improve the
surface uniformity of the fiber, the silica NPs were self-assembled on the fiber surface ¥9. The sensitivity is
affected by the penetration depth of SPRW depending on the fiber structure, the thickness and distribution of metal

NPs and other sensitive layers B9,

2.2. Metal NPs Role and Optimization

The concentration of enzyme and the size of NPs should also be considered in the fabrication of fiber-optic
biosensors. Too low concentration of enzyme and too small size (<15 nm) of metal NPs may lead to the failure of
the enzyme modification 211, In the fiber optic SPR biosensor probe, both markers, and metal NPs contribute to the
high sensitivity and low LOD B2, Regardless of selectivity, the lack of either of the two factors will greatly affect the
sensing performance. The scale and distribution of metal NPs of the functional membrane exerts a significant
impact on the SPR effect 28], The distance/diameter ratio between particles becomes an effective index to reflect

the coupling strength of SPRW. The smaller value results in a higher SPR intensity.

Metal NPs can be spherical, rod-shaped, and random in shape, and they will be excited to emit fluorescence with a
specific wavelength depending on their morphology and size 4. Meanwhile, the fluorescence characteristics can
also be used to evaluate the morphology and distribution of metal NPs on the fiber surface. With the help of some
natural plants, the synthesis of metal NPs also provides a very interesting way for the development of optical fiber
SPR sensors 3. However, the consistency of NPs is poor in some work. The dynamic dissociation adsorption
process of Au NPs was used to measure the concentration of heparin B8, Due to the stronger bond energy
between the negatively charged heparin and PDDA modified surface, they replace the Au NPs on the surface of
optical fiber and affect the peak wavelength of SPR resonance. In this work, the larger size of Au NPs on the
surface of the optical fiber becomes much more unstable and can more sensitively sense the change of the
concentration of the substance to be measured, but the structural stability of the response optical fiber probe is
poor. Using the metal NPs and nanofilms with different sizes or structures, the multiple SPR resonance peaks can
be obtained to realize a simultaneous analysis of different samples BZ. The seed-mediated growth technique was
reported to adjust the particle size. The citrate ions were used to reduce Au* ions to Au® on the surface of Au NPs
seeds during the Au capping process 8. One can adjust the particle size by changing the growth time B2, In some
work, the introduction of Au NPs does not significantly improve the sensing performance of the fiber probe, which
may be due to the fact that the designed structure cannot effectively change the resonance condition of the SPR
effect 89, The structure of the optical fiber, the properties of functional materials, and the morphology or structure

of NPs are all factors to be included.
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Metal NPs can also be modified on the surface of materials with specific structures before they are modified onto
fiber structures. Graphene provides an ideal two-dimensional planar substrate and binding sites for NPs B3, The
three-dimensional functional structure was constructed by stacking multilayer 2D planar graphene 2. The
appropriate number of layers can improve the sensitivity of the sensor, while too many layers will hinder the
effective action of the specimen and the optical signal. Compared with the two-dimensional functional film of Au
NPs, ZnO nanowires and three-dimensional structure of Au NPs show the better SPR excitation efficiency and
sensing performance, which is attributed to the fact that ZnO reduces the optical loss by capturing optical signal

and improves the LSPR efficiency through electric field enhancement effect (631,

2-aminoethanethiol (AET) and p-mercaptophenylboronic acid (PMBA) modified Au NPs optical fiber sensor was
used to measure blood glucose in urine, showing low detection limit and high selectivity ©4l. For the selective
detection ability of complex components, Yuan et al. adopted the molecular imprinting technique (MIPT) to
construct the SPR structures with specific morphologies and used for the accurate analysis of the species and
components of the analytes. On the surface of a metal NPs function layer, the synthetic recognition sites were
created by MIPT using conductive polymers or micro/NPs 83, The ratio of Ag NPs and chitosan doped in the sol
determines the information conversion efficiency between the analytes and the light. The photopolymerization time
and dip time of the sol will change the thickness of the functional film 8. Moreover, the concentration of glucose in
the sol of metal NPs, the liquid mixing, and the detection methods may damage the tested substance, so
pretreatment of the test sample is required B8Z. MIPT has been used to construct the characteristic structures in
polymers, sols, and micro/NPs to realize selective recognition and concentration analysis of specific molecules [€8],

The application of MIPT, SPR, and LSPR technology in optical fiber sensors can refer to the review of Gupta et al.
[69),

The combination of LSPR of metal NPs and SPR of nano-film has also become an effective method to improve the
performance of SPR optical fiber sensor 9, |t also provides more abundant research content for the structure
design of the new optical fiber biochemical sensor. As the function film, PBA Au NPs were used to differentiate the
RNA and DNA first, showing excellent selectivity for biomolecules based on the SPR effect of metal NPs 1. CuS
NPs also exhibit the SPR effect and are applied to exploring the LSPR biosensors 2. In addition, the
photothermal effect of metal materials has been revealed and verified by experiments, which has the potential of
photothermal diagnosis and treatment. The intensity of the SPR resonance peak will change linearly because the
optical power of high-order mode changes with the concentration of the analytes [Z3l. For the biochemical sensor
probe based on the SPR effect and optical interferometer structure, the change of wavelength position or power
can be obtained by demodulation. The demodulation method must refer to the changing law of spectral

characteristic parameters in the process of sensor calibration.

| 3. Perspective

The properties for metal NPs based LSPR fiber sensors have been compared with those of plasmonics devices

and fiber sensors in Figure 3.
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Figure 3. Properties comparison for metal NPs based LSPR fiber sensors, plasmonics devices and fiber sensors.

The sensitivity, response time, compact size, fabrication cost, and flexible design for these techniques have been
compared according to the recent works. The LSPR fiber sensors and plasmonics devices were fabricated based
on metal nanostructures, having ultra-high sensitivity compared to fiber sensors. The optical fiber supports the high
transmission efficiency for the light, resulting in a faster response, which also depends on the size of the devices.
LSPR fiber sensors become more compact when the palsmonics structures are prepared on the end or side
surface of the optical fiber. Attributing to the focus ion beam or electron beam lithography, the high fabrication cost
of plasmonics devices hinders their commercial application way. Either LSPR fiber sensors or common fiber

sensors are free-standing and can be integrated with the planar devices.

The reproducible manufacturing technology of probes urgently needs a breakthrough in the future. This must refer
to the production and integration methods of plasmonics devices in order to combine them with planar devices
through waveguide coupling or sol packaging technology 473l Corresponding sensor arrays and practical
sensors are also expected to be developed, similar to the plasmonics chips Z87. During the design and
fabrication process of metal-NPs-LSPR based optical fiber probes, the size and uniformity of metal NPs, the
characteristics and modification methods of auxiliary functional materials, as well as the design and optimization of
optical fiber structures should be concerned. Failure to address these issues will result in the low repeatability of
such sensors and the limitation of their extensive commercial applications. New nanomaterials and nanofabrication
technologies also provide the possibility for the fine design and performance optimization of such probes. As a
typical candidate of the biochemical sensors, its response time and recovery effect need special attention. For
example, how to improve the interaction efficiency between the LSPR effect and the molecules to be measured?
Or how to quickly recover the metal NPs from the contaminated state after the measurement, so as to improve its

usage lifetime and reduce the cost.

Inspired by the application of traditional optical fiber sensors, in addition to miniature biochemical sensor probes in

environmental pollution, medical assistance, and biomolecular recognition, the application of LSPR sensors can
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also be extended to structural health monitoring of bridges, dams, and smart cities. However, the current metal
NPs-based LSPR sensor is still limited to the development stage of novel biochemical probes in a laboratory
environment. This is mainly due to the poor production repeatability, large differences in individual performance,
unstable long-term work, and short service life. The preparation process and modification methods of metal NPs,
the precise design of metal nanostructures, and the ingenious design of optical fiber structures will be important

research directions to promote the development of relevant practical LSPR sensors.

| 4. Conclusions

The fabrication methods of this kind of fiber probes include the polymer doping-dispersion of metal NPs, nano-
photolithography to construct metal nanostructures, dip coating film method, electrostatic layer by layer self-
assembly method, and molecular imprinting method. Based on the above technologies, the LSPR effect can also
be significantly improved by changing the structure of the metal NPs functional film, laser irradiation technology for
NPs size modulation, low dimensional material assisted enhancement, fluorescent material modification, and
oriented sensitization of molecular markers. Metal NPs functional films have been modified on U-shaped fiber, D-
typed fiber, micro/nanofiber, fiber grating, cascaded fiber structure, and polymer fiber, which are used to develop
different types of probes to measure refractive index, heavy metal ions, pH value, gas, nucleic acid, and virus
molecules. The simultaneous measurement of different components and concentrations is expected to be realized
with the help of the different metal NPs functional films with the special excitation wavelengths and the various fiber

structures working on different optical principles.
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