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Abstract

:

Recently, rapid progress has been achieved in the field of nanomaterial preparation and investigation. Many nanomaterials have been employed in optical chemical sensors and biosensors. This review is focused on fiber-optic nanosensors for chemical sensing based on silica and plastic optical fibers. Four types of fiber-optic chemical nanosensors, namely fiber nanotip sensors, fiber nanoarray sensors, fiber-optic surface plasmon resonance sensors, and fiber-optic nanomaterial-based sensors, are discussed in the paper. The preparation, materials, and sensing characteristics of the selected fiber-optic nanosensors are employed to show the performance of such nanosensors for chemical sensing. Examples of fiber-optic nanobiosensors are also included in the paper to document the broad sensing performance of fiber-optic nanosensors. The employment of fiber-nanotips and nanoarrays for surface-enhanced Raman scattering and nanosensors employing both electrical and optical principles and “Lab-on-fiber” sensors are also included in the paper. The paper deals with fiber-optic nanosensors based on quantum dots, nanotubes, nanorods, and nanosheets of graphene materials, MoS2, and MXenes.
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1. Introduction


In the last forty years, sensors based on optical fibers have been broadly investigated for chemical sensing and biosensing. The progress achieved in the development of such sensors can be understood from several extensive reviews [1,2,3,4,5,6,7]. Such sensors employ electromagnetic (EM) radiation and light in a wavelength range of 0.2–10 µm. However, visible light is frequently used. Generally, a fiber-optic (FO) sensor consists of several parts. The most important sensor part is a fiber-optic detection element with a detection site (see Figure 1a) in which physical characteristics of EM radiation (amplitude, phase, and polarization) change due to the element’s interaction with analytes. The radiation source and radiation detector are also indispensable parts of optical sensors. An output signal from the detector, usually electrical voltage or current, is treated in data-acquisition electronics.



In the detection site, parameters of EM radiation are changed due to changes in optical properties caused by analytes present there. Optical properties such as the refractive index, absorption and emission spectra, and birefringence are usually used in FO chemical sensors. In direct FO sensors, intrinsic optical properties of analytes are employed. However, many analytes have no suitable intrinsic optical properties for detection, and thus, so-called chemical transducers or biotransducers are used in indirect FO chemical sensors or biosensors. Such transducers interact with analytes in detection sites, and this interaction causes changes in optical properties in the site. These changes can be related to changes in the optical properties of the transducer (e.g., in FO pH sensors) or to optical properties of reactants caused by reactions of the transducer and analyte (immunosensors and enzymatic sensors). Examples of chemical transducers include absorption and luminescence dyes for pH or ion sensors [1,2,3,4,5,6,7]. Antibodies, enzymes, DNA chains, cells, etc., are examples of biotransducers used in optical biosensors [1,2,3,4,5,6,7,8].



The access of analytes into detection sites can be controlled using detection membranes [1,2,3,4,5,6,7,9,10,11]. Such membranes control the amount and concentration of analytes in detection sites through their partitioning characteristics [9]. These characteristics are determined by the membrane morphology, chemical composition, and structure, which influence the access of analytes into the membrane. FO sensors provided with porous xerogel membranes have been used for the detection of gaseous aromatic hydrocarbons in mixtures with nitrogen [9] as well as for sensing toluene dissolved in water [10]. Moreover, such detection membranes can be used for the immobilization of opto-chemical transducers in detection sites. Detection membranes also change the refractive index in detection sites and, consequently, the transmission of EM radiation through them. Detection membranes can be fabricated of polymers [11] or dried gels [9,10].



In FO sensors, optical fibers are employed as detection elements. In optical fibers used in telecommunications, EM radiation is guided in special EM waves and guided optical modes, mainly in fiber cores (see Figure 1b) [12]. However, these EM waves also penetrate fiber claddings at distances of 500–1000 nm. The part of the guided mode in the cladding is called an evanescent wave. The electrical intensity of the evanescent wave exponentially decreases with the distance from the core/cladding boundary. In addition to the guided modes, there are cladding modes propagating in the cladding, usually on short lengths.



The same guiding mechanism as in standard optical fibers occurs in microstructure fibers, i.e., fibers fabricated from one material (e.g., silica) but with air holes in the cladding [13,14]. These holes decrease the average refractive index of the cladding bellow that of the solid core. On the other hand, the photonic band gap guiding mechanism can be found in hollow-core crystal fibers (HCPCF) [13]. Such fibers consist of a large air core surrounded by the cladding of a periodic grid of air holes or a grid of periodically alternating high- and low-index thin layers. Such grids exhibit the photonic band gap at certain wavelengths, due to which radiation in the fiber is confined to the air cores.



Detection sites in fiber-optic detection elements can be found in their optical claddings, as in evanescent-wave sensors, or at distal ends of fibers in contact with their optical cores, as in reflection sensors (see Figure 1a). HCPCFs can employ their air cores for detection. FO sensors with detection sites in the core or cladding can be called intrinsic FO sensors. There are also extrinsic FO sensors in which optical fibers are used for guiding light to and from detection sites.



In the development of FO chemical sensors and biosensors, researchers have mainly employed telecommunication types of optical fibers, such as polymer-clad silica (PCS) fibers and multimode and single-mode silica fibers [1,2,3,4,5,6,7,8,9,10,15,16,17]. Plastic optical fibers (POFs) have also been used [1,2,3,4,5,6,7,15,16,17]. All these fibers are commercially available at reasonable prices. Sensors based on them can profit from easily available light sources, detectors, connectors, couplers, etc. It is worth mentioning that in addition to these silica and plastic optical fibers, chalcogenide optical fibers have also been broadly investigated for chemical sensing and biosensing recently [18,19]. These fibers have an important advantage over silica fibers, and they can be used for sensing in mid-infrared spectral regions where strong and characteristic infrared spectral bands exist. However, special light sources and detectors are used with these fibers, and they are available only from several specialized producers. Thus, a special review would be more suitable for demonstrating the sensing performance of such fibers, as they are not included in this review.



In telecommunication fibers, the ratio of power transmitted in evanescent waves is below 1% [12,20]. It means that analytes in the cladding can change a relatively low optical power, and consequently, the response of the fibers caused by analytes is low. Different approaches have been developed for increasing the ratio of optical power transmitted in the cladding. The approaches based on bending PCS or POF fibers to U-shapes, tapering PCS, single-mode (SM), and multimode fibers (MMF) into fiber tapers and tips, exciting only some optical modes in fiber cores, etc., have been employed [1,2,3,4,5,6,7,11,15,16,17,20]. Moreover, fiber gratings such as long-period gratings (LPG) or tilted fiber Bragg gratings (TFBG) are inscribed into SM fibers (see Figure 2) [15,16,17]. Such gratings are based on the coupling of guided modes into cladding modes, which are sensitive to refractive-index changes in the fiber surroundings. All these approaches enable us to increase the effects of external optical changes on the intensity, phase, and polarization of optical modes transmitted in such modified fibers. These optical changes are provided by absorbance, luminescence, and refractive-index changes caused by analytes.



It is necessary to note that refractometric FO sensors based on silica and plastic fibers can be employed for the detection of refractive indices higher than approximately 1.4. Thus, they are not suitable for refractive-index sensing in aqueous solutions, which is important for biology and medicine. This refractive-index limitation can be overcome using a sensing fiber with a nanometer-scaled metallic layer applied onto the core/cladding boundary. Such layers can be found in FO sensors employing surface plasmon resonance (SPR) [15,16]. The SPR phenomenon is related to the excitation of surface plasmons (SPs) in free electrons moving at the layer surface by evanescent waves of optical modes propagating in the fiber core. Excitation conditions depend on the refractive indices of materials in contact with the metallic layer. A similar effect, called localized surface plasmon resonance (LSPR), takes place at the surface of metallic nanoparticles. It has also been used in FO chemical sensors and biosensors [16]. More about FOSPR sensors can be found in Section 4 of this paper.



A fiber-optic SPR sensor represents a nanosensor in that a novel sensing principle, surface plasmon resonance, is related to the use of nanometer-scale metallic layers applied on the core/cladding boundary. In addition to FOSPR sensors, different approaches for the development of FO chemical nanosensors and nanobiosensors have been investigated in the last thirty years. Such nanosensors are based on fiber-optic tips with apex diameters below 100 nm, nanomaterials such as quantum dots [17,21,22,23], nanoparticles [16,17], nanotubes [17,24,25], nanorods [25], nanolayers [16,17], nanosheets [16,17,26,27,28,29,30,31] etc., applied to fiber-optic cores. Due to nanometric dimensions in a range of 1–100 nm under the definition, nanomaterials exhibit unique physical and chemical characteristics [32]. Nanostructured sensing optical fibers have enabled us to observe novel physical phenomena, such as SPR and LSPR, surface-enhanced Raman scattering (SERS), near-field light effects, etc. Moreover, they offer us the performance for sensing in single cells or very small volumes of analytes, typically femtoliters.



This review deals with fiber-optic nanosensors for chemical sensing based on silica and plastic optical fibers. It is focused on four types of FO nanosensors, namely fiber-optic nanotips, nanostructured optical fiber arrays, FOSPR sensors with metallic nanolayers or nanoparticles, and fiber sensors employing quantum dots, nanotubes, nanorods, and nanosheets applied in their claddings. In fact, a reader can find several extensive reviews dealing with fiber-tip nanosensors [33], arrays of fiber nanotips or nanowells [34], SPR sensors [16], and fiber-optic nanomaterial-based sensors [17]. However, these reviews deal more with biosensors, although some chemical sensors are also mentioned in them. This review deals with all four types of fiber-optic nanosensors and is more focused on FO chemical nanosensors and fabrication techniques of sensing fibers. FO nanobiosensors are cited in this review to document the broad sensing performance of the discussed fiber-optic nanosensors. This review also includes some novel references showing approaches not mentioned in the previous reviews.




2. Fiber-Optic Nanotip Sensors


Optical, chemical nanosensors and nanobiosensors based on fiber-optic (FO) nanotips can provide us with reliable methods for monitoring chemicals in microscopic samples and detecting chemicals within single cells [33]. FO nanotip sensors offer us significant improvements over methods of cellular analysis, such as direct loading of cells with fluorescent indicators. These nanosensors exhibit several useful characteristics for cellular analysis. They are biocompatible and can protect the intracellular environment from the effects of dyes injected during direct loading. Their nanometer sizes minimize physical perturbation of the cell, and their small size can provide a fast response time for the sensor. Opto-chemical transducers are immobilized on nanosensor surfaces and do not suffer from diffusion in the cell. The first papers on FO nanotips and nanotip sensors were published around 1990 [35,36,37]. Papers on the development of such sensors can be found approximately until 2010. Since then, the number of articles has decreased. This decrease may be related to the broad use of luminescence nanoparticles (probes embedded in localized environment, PEBBLEs) [38,39,40]. Such nanoparticles have been employed intensively for intercellular chemical analysis [38,39,40]. They can be fabricated by well-elaborated chemical methods, which are probably less complicated than techniques used for the fabrication of FO nanotips. However, their insertion into cells is more complicated than that of FO nanotips. They can also require sophisticated optical instruments for their interrogations.



A fiber-optic nanotip is represented by an optical fiber element with one end elongated into a sharp tip with an apex. In this paper, fiber tips with apex diameters in a range of 20–100 nm are considered nanotips. However, in some papers, this term is also used for fiber tips with apex diameters below one micrometer. The term submicrometer tips used in some papers seems more suitable for tips with apex diameters from 100 to 1000 nm. In some papers, published results are not related to precise information on the tip apex diameters.



Transducers are usually immobilized in detection sites on the tip apex. Nanometer dimensions of the apex mean that all optical changes in the site take place in the near- field of EM waves transmitted through the site. In fact, FO nanotips have successfully been employed for scanning near-field optical microscopy (SNOM) [41].



2.1. Fiber Nanotip Preparation


To prepare fiber-optic nanotips, different methods have been employed. They include high-resolution micromachining, focused ion beam milling (FIB), femtosecond laser machining, lithography, photopolymerization, thermal pulling, and chemical etching. The principles and performance of such techniques have been reviewed elsewhere [33,42]. FIB, lithography, femtosecond laser machining, and high-resolution micromachining require complex and costly devices. The technique based on grinding and polishing is simple and low-cost. However, it is more suitable for the preparation of fiber microtips [42]. High-resolution micromachining has been used only for the fabrication of nanoarrays on the end of a single fiber and not for the preparation of fiber nanotips [42]. Photopolymerization has been employed for the application of sensing nanomembranes on fiber tips but not for tip preparation. Thus, thermal pulling and chemical etching are discussed in detail in this paper.



The thermal pulling technique is schematically described in Figure 3. The technique uses a heat source, gas torch, or CO2 laser that heats a bare part of a fiber element while tension is applied along the major axis of the element. The fiber is fixed in clamps so the applied tension can be controlled. By heating silica glass fibers at temperatures above 1600 °C, viscous flows in glass are induced. These flows and the glass surface tension, together with the applied external tensions, cause a decrease in the diameter of the bare fiber part and fiber elongation. A biconical taper is produced at first (see Figure 3b). This taper has a short central part, the waist, with a constant diameter. By continuing the heating, the taper is broken, and two fiber tips are produced (see Figure 3c). By controlling the heating temperature, the tensions applied to the element, and the heating duration, fiber tips with minimum apex diameters of approximately 20 nm can be fabricated by this technique [43]. The thermal pulling process is rapid (~3 s) and produces smooth tips. It is not very reproducible with respect to tip apex diameters and taper cones. It can be realized on a commercially available micropipette puller, which is relatively expensive. An example of a fiber tip produced by the thermal pulling of a silica fiber with an outer diameter of 125 µm to a microtip taper of 0.6 µm in diameter is shown in Figure 4. Such tapers have been fabricated at the author’s laboratories on a laboratory thermal-pulling device.



The following method for the fabrication of fiber nanotips on the ends of optical fibers is chemical etching, which is an inexpensive and effective alternative to thermal fiber pulling. Chemical etching of silica glass materials is based on chemical reactions of silicon and/or germanium dioxides with hydrofluoric acid described by Equations (1) and (2).


SiO2 + 6HF ⇒ H2SiF6 +H2O,



(1)






GeO2 + 6HF ⇒ H2GeF6 + H2O.



(2)







The formed silicon and germanium hexafluoro acids are adsorbed on the fiber surface. Due to differences in the etching rates of the oxides and solubility of the acids in etching solutions, there are differences in the etching rates of fiber core and cladding.



Two different types of the chemical etching method have been reported. The first one is Turner etching [44,45]. This etching is schematically illustrated in Figure 5. It uses an etchant, i.e., an aqueous solution of hydrofluoric acid (HF), and a protective organic solvent that is immiscible with the HF solution (e.g., oil and toluene). These liquids form two phases in a container (see Figure 5). When a bare fiber is dipped into the container, the etchant forms a meniscus with an initial height due to capillary elevation (Figure 5a). As etching proceeds, the meniscus height decreases progressively due to the reduction in the fiber diameter (Figure 5b). This decrease leaves the etched part in contact with the organic solvent. The etching process stops when the fiber part below the solvent is completely etched, forming the tip (Figure 5c). This technique can produce fiber tapers with large taper angles, which increases the radiation power reaching the tip apex. Tip diameters are comparable with those of thermal pulling. Tips exhibit smooth surfaces. However, due to temperature fluctuations and fiber vibrations, the reproducibility of this technique is not high, and tip dimensions can vary from batch to batch.



In the Turner etching described above, the fiber does not move. However, there is a dynamic etching method [46,47,48] in which the etched fiber moves vertically, either up or down at a certain speed. This speed determines the final tip shape. The dynamic etching method can also use an etchant and a protective organic solvent, as in the Turner method [47,48], or only an etchant solution can be employed [46]. Using the dynamic etching method, tips with short tapers and nanometer apexes can be successfully fabricated. Moreover, multiple tapered tips can be prepared using different dynamic regimes [46].



There is another variant of the dynamic etching method that employs the independent rotations of a container with an etchant, protective solvent, and etched fiber [49,50]. Both the container and fiber rotate around the same axis. Using different dynamic regimes of rotation during this process, it is possible to vary the cone angle, the shape, and the roughness of the nanotips. Hydrodynamic flows during the process are analyzed theoretically [50].



Another type of chemical etching method is called tube etching [51,52]. This technique has less susceptibility to external parameters than the Turner method. Tube etching is schematically described in Figure 6. In this technique, a silica fiber with a polymeric protective jacket is immersed in an aqueous HF solution (see Figure 6a). In the process, HF etches the fiber, not the polymeric jacket. Protective solvents can also be used to prevent HF evaporation. However, it does not contribute to the etching mechanism. During the beginning of the process, HF starts to etch the flat fiber end (see Figure 6a). Outer parts of the fiber end close to the jacket/fiber boundary are etched slightly faster than its central part (see arrows in Figure 6a). This effect can be explained by accelerated diffusion of HF in these parts [52]. When the fiber near the fiber/jacket boundary is etched away, an initial cone is formed, and the jacket acts as a wall. Due to HF concentration gradients around the cone, convective microflows in the etchant are formed (see an arrow in Figure 6b), which causes the fiber to be etched into a tip with a smooth surface. To stop the etching process, the fiber has to be withdrawn from the etching solution. The tip is rinsed with water. The tube etching process is very reproducible.



It is worth mentioning that in addition to etching solutions containing HF (usually approximately 50% wgt.), buffered etching aqueous solutions employing HF and NH4F have also been used for the preparation of fiber nanotips [53]. Chemical reactions during etching with such etching solutions can be generally described by Equations (1) and (2) and by Equations (3) and (4) as well.


H2SiF6 + 2NH4F = (NH4)2SiF6 + 2HF,



(3)






H2GeF6 + 2NH4F = (NH4)2GeF6 + 2HF.



(4)







It was found that tip dimensions are influenced by a volume ratio of HF and NH4F in etching solutions and by etching time [53].



These types of chemical etching take approximately 1–2 h, which is a longer process than thermal pulling. However, they can be realized using the equipment of a standard chemical laboratory. Caution should be expended when working with a rather dangerous HF.



Fabricated fiber nanotips are usually coated with a layer of silver, aluminum, gold, carbon, or ceramics in order to ensure the mechanical strength of the taper and support the confining of transmitted radiation in the taper cone. The thickness of such a layer is approximately 50–200 nm. During its deposition onto the tip, it is important to keep the tip apex free of the coated material that allows us to bind chemical and biological transducers on the tip apex. However, fiber tips with apex diameters larger than 200 nm have also been employed for the development of fiber tip sensors without any metallic or ceramic layer [54,55,56].




2.2. Fiber Nanotip Sensor Functionalization and Interrogation


The research of fiber nanotip–chemical sensors and biosensors was mainly developed from 1992 to roughly 2010. After the first paper on fiber nanotip pH sensors was published in 1992 [36], a series of papers on chemical sensors and biosensors based on fiber nanotips followed. Fiber nanotips prepared from telecommunication types of optical fiber by thermal pulling or chemical etching can be employed, as well as commercially available SNOM fibers which are provided by metal coatings [41]. In order to employ fiber nanotips for chemical sensing and biosensing, they must be modified with proper sensing membranes and/or opto-chemical transducers or biotransducers. For such modifications, fiber nanotip surfaces are functionalized by silanization. Silanization provides us with chemical groups, making strong bonding of membranes and transducers onto tip surfaces possible. Other functionalization approaches, such as surface-assembled monolayers (SAM) [8], have not been applied to the development of fiber nanotip sensors. As sensing membranes for fiber nanotip chemical sensors, photocurable or thermally curable polymers were employed [36,57]. Such membranes immobilize chemical transducers onto fiber tips. Biotransducers are immobilized onto fiber tips by interacting with the silanized tip surface.



When using photocuring, a silanized fiber nanotip is dipped into the proper monomer, and curing radiation (e.g., from a 488 nm-Ar laser) is launched into the proximal fiber face. Radiation is guided in the fiber core to the nanotip apex, where photopolymerization occurs near the optical field. A small cone with dimensions comparable to the apex diameter is formed on the apex [58]. Polymers such as acrylates, poly vinyl chloride, and dextran can be used for the fabrication of sensing membranes on fiber nanotips. In the case of thermal curing, a fiber nanotip is immersed in a proper monomer that is subsequently thermally cured. However, this thermal curing usually requires a catalyst and the control of the thickness of the sensing membrane is difficult. It is produced anywhere on the immersed fiber.



Changes in luminescence, usually fluorescence, taking place when a fiber nanotip sensor is in contact with detected chemicals, are usually used in fiber nanotip sensors. Because of small sample volumes in contact with sensing nanotips on the order of femtoliters [36], the number of analyte molecules in the excitation volume is also small on the order of several thousands of molecules. Therefore, sensitive devices capable of measuring weak fluorescence signals must be used for analysis.



A principal set-up used for measuring with fiber nanotip sensors is schematically shown in Figure 7. A more specific description of such a set-up can be found elsewhere [59]. The main part of the set-up is an inverted fluorescence microscope with a detector such as a photomultiplier tube (PMT) or avalanche photodiode for intensity measurements, a spectrometer for spectra measurements, and/or a CCD camera for target imaging. Dichroic mirrors, filters, and objectives are other parts of the microscope. A fiber nanotip sensor is fixed on a three-way X,Y,Z translational stage, making its precise insertion into a sample possible. Radiation from a laser is launched into the sensor using a fiber coupler. It excites the fluorescence of a transducer immobilized on the sensor nanotip. The emitted fluorescence signal and remaining excitation radiation are collected by the microscope collection objective. The rest of the excitation radiation is filtered out by a notch filter, and fluorescence is detected by PMT or by spectrometer. In this set-up, fluorescence signals emitted in the direction of the tip axis are detected. One can also find another experimental set up used for sensing with fiber-optic nanotip sensors [49]. In the set-up, fluorescence emitted from the sensor nanotip is registered in the direction perpendicular to the tip axis. The fluorescence is collected by a GRIN lens coupled with a multimode optical fiber. The excitation radiation scattered from the tip apex is also filtered out in this set-up.




2.3. Fiber Nanotip Chemical Sensors


Fiber nanotip chemical sensors have been tested for the detection of pH, different ions, nitric oxide, etc. Selected examples of such sensors are reported in Table 1. They were developed using fiber-optic tips with apex diameters of 50–700 nm. These tips were fabricated from multimode [54,55,60] and single-mode optical fibers [55,61] using thermal pulling methods or the tube etching technique [55]. Commercially available nanotip fibers (SNOM) were also used [54,55]. Only some of these nanotip fibers were provided with metal layers of aluminum [54,55,61] or silver [60]. Some fiber tips were used without any metal coating [54,55,56].



Fiber nanotip chemical sensors have employed different chemical transducers (see examples in Table 1). In pH, oxygen, and Ca2+ FO nanosensors, simple fluorescence transducers, acryloylfluorescein, Ru(II) phenanthroline complexes, and calcium green-1dextran dye, respectively, were employed. Other dextran-immobilized transducers, such as 2′,7′-bis-(carboxyethyl)-5(6′)-carboxyfluorescein (BCECF) pH transducer, were also employed in fiber nanotip chemical sensors [62].





 





Table 1. Examples of fiber nanotip and submicrometer-tip chemical sensors.






Table 1. Examples of fiber nanotip and submicrometer-tip chemical sensors.












	
	Transducer
	Tip Apex Diameter [nm]
	Polymer
	Reference





	pH
	Fluoresceinamine derivative
	100
	polyacrylamide
	[36,57]



	Ca2+
	Calcium green-dextran
	100
	-
	[60]



	Oxygen
	Ru complex 1
	100
	polyacrylamide
	[63]



	pH
	BTB-Ru complex 1
	50 and 300
	polyHEMA
	[54]



	Cl−
	Cl− carrier-CTAB and

Chromoionophore 1
	50 and 300
	PVC
	[54]



	Cl−
	Indium porphyrine and

chromoionophore 2
	300–700
	PVC
	[61]



	NO2−
	vitamin B12 derivative and

chromoionophore 3
	300–700
	PVC
	[61]



	K+
	Valinomycin and chromoionophore 4
	50 and 300
	PVC copolymer
	[55]



	RI
	-
	50
	-
	[56]







In Table 1, the fluoresceinamine derivative is acryloylfluorescein, and calcium green-dextran is calcium green dye immobilized on dextran polymer. BTB—bromothymol blue, Ru complex 1-Ru(II)-tris(1,10-phenanthroline), polyHEMA—poly(2-hydroxyethyl methacrylate), chromoionophore 1—ion pair BTB and Ru(II)-tris(4,40-diphenyl-2,20-bipyridyl)2+, chromoionophore 2-9-(diethylamino)-5-[(2-octyldecyl)imino]benzo[a]phenoxazine, chromoionophore 3-9-dimethylamino-5-[4-(16-butyl-2,14-dioxo-3,15-dioxaeicosyl)-phenylimino]-5H-benzo[a]phenoazine, chromoionophore 4 4′,5′-dibromfluorescein octadecyl ester, PVC copolymer–copolymer of vinyl chloride, vinyl acetate, and vinyl alcohol. RI abbreviates the refractive index.











Fiber nanotip chemical ion sensors based on the ion-exchange concept have also been employed in fiber nanotip ion sensors [54,55,61]. Such a sensor employs a PVC membrane containing ionophore (ion carrier) and chromoionophore together with some additives. Fluorescence pH indicators are used as chromoinophores [54,55]. In some experiments, the reference fluorescence dye, Nile red, was immobilized in the membrane. It enabled ratiometric fluorescence measurements [55]. The ion pair of BTB and Ru complex 1 was also employed as a chromoionophore [54]. In this case, fluorescence resonance energy transfer (FRET) occurred from the complex to BTB. As the absorbance of the BTB basic form overlapped the Ru(II) complex emission, the fluorescence decay time of this complex was reduced. This reduction is related to the concentration of protons in the membrane that is correlated with the concentration of the detected ion. A commercially available fluorescence dye, Calcium green, immobilized on dextran, was tested for selective Ca2+ detection [60] and in pH sensors [54]. A pH sensor based on two fluorescence dyes immobilized in photocurable polymer on a fiber nanotip was also reported [62].



A fiber nanotip sensor has already been tested for refractive index detection [56]. In such a sensor, neither the sensing membrane nor the transducer was applied on the sensor nanotip. The intensity of light transmitted from the tip apex through a sample to a detector was registered. It was found that the sensor was capable of measuring refractive-index changes in aqueous solutions. A high detection sensitivity of 8000%/RIU was determined from a calibration curve. Moreover, the pH dependence of the transmitted intensity was determined from measurements with aqueous solutions of acetic acid.



Developed fiber nanotip chemical sensors were characterized on bulk samples. It was found that a pH nanotip sensor based on a fluoresceinamine derivative was capable of measuring pH changes when inserted in 10 µm-diameter pores of polycarbonate membrane [57]. The response time of such a nanosensor was 300 ms. The sensor was reversible and stable concerning pH changes.



Fiber nanotip chemical sensors have been successfully tested for sensing inside biological samples. The first paper on such an application was reported in 1992 and dealt with pH sensing in blood cells, frog cells, and rat embryos [36]. In experiments with rat embryos, the nanotip pH sensor was inserted into the extraembryonic space of a rat embryo and used for measurements of pH values there. Results were successfully compared with pH values obtained by measuring microscopic samples containing approximately 1000 such embryos. Fiber nanotip chemical sensors have also been employed for measurements of nitrite and chloride ion levels in rat conceptuses [61]. A four-time increase in the chloride activity due to exposing the cells to pure nitrogen was determined.



Another paper reported on fiber nanotip chemical sensors for measurements of pH and sodium ion concentrations inside a single mouse oocyte [64]. Effects of stimulating the cells with kainic acid on relative Na concentrations were observed. Measurements of Ca2+ concentrations have also been performed in single, living smooth muscle cells and single, living cardiomyocytes using a nanosensor based on Calcium green dye [60]. Effects of the cell stimulations with potassium buffer on the measured fluorescence intensity were observed. Submicrometer fiber tip chemical sensors were also tested for pH sensing in live neural colonies and mouse brain slices [65]. In the paper, fiber sensors of pH, Ca2+, and oxygen H2S are reported without details regarding the transducers used. The tips with apex diameters from 200 to 800 nm were used for the preparation of the sensors. In another paper, a fiber nanotip without any chemical modification was employed for monitoring concentration changes in Ca2+ in differentiated mouse neuroblastoma X rat glioma hybrid cells and vascular smooth muscle cells using fiber nanotips with apex diameters in the range of 50–500 nm [66]. The cells were loaded with fluorescence dye sensitive to changes in Ca2+ concentration. In experiments, a fiber nanotip was inserted into the cells and used for local fluorescence excitation. The fluorescence intensity was measured by an avalanche photodiode. By moving the tip inside the cell, an image of the fluorescence intensity was registered. Temporal effects of the stimulations of the cells with drugs, such as ionomycin and bradykinin, on the fluorescence intensity were also monitored with fiber nanotips 50–100 nm in diameter.




2.4. Fiber Nanotip Biosensors


Fiber-optic nanotips have been successfully employed in optical biosensors. The reader can find reviews on such nanobiosensors elsewhere [33,67]. Several examples of nanobiosensors discussed below can illustrate the performance of fiber-optic nanotips for biosensing, particularly in cells. A fiber nanotip biosensor was reported for the detection of benzo[a]pyrene tetrol (BPT) [68,69]. It is known that BPT is one of the metabolites of benzo[a]pyrene in cells. It can form adducts with DNA which can be related to its carcinogenic effects. BPT has an intrinsic fluorescence that can be employed for its detection. Fiber-optic tips with apex diameters of 25–40 nm were used for sensor fabrications. In the sensor, the tip was functionalized with BPT antibody by covalent binding on the silanized tip. This antibody allows us to selectively bind BPT due to immunoreaction. The sensor was excited by a HeCd laser at 325 nm and emitted BPT fluorescence was detected by a detector (PMT). The sensor was characterized on mammary carcinoma cells and rat liver epithelial cells incubated with BPT. These cells are spherical with diameters of approximately 10 µm. A dynamic range of 0.006–1.6 nM and a limit of detection of 0.006 nM were determined from calibration curves [70]. From these curves, an average detection sensitivity of approximately 7000 nM−1 can be estimated.



Several other fiber nanotip biosensors have been developed, as can be found in review articles [33,67]. These biosensors include those for the detection of nitric oxide [71], caspase-9 [70], glutamate [72], cytochrome c’ [73], DNA [49], etc. Biotransducers for some fiber nanotip biosensors are shown in Table 2. Caspase-9 was detected using a modified enzymatic assay based on leucine–glutamic acid–histidine–aspartic acid ↔ 7-amino-4-methylcoumarin (LEDH ↔ AMC) that is immobilized on the fiber nanotip [70]. Caspase-9 cleaves nonfluorescent LEDH ↔ AMC and the fluorescence of free AMC is detected in the sensor. Anti-cytochrome c’–biotin immobilized on the sensor nanotip is used to bind cytochrome c’ to the tip [73]. An enzyme-linked immunoassay sorbent is used for the detection of cytochrome c’ bound on this antibody.




2.5. Fiber-Optic Nanotip Sensors for Raman Spectroscopy


The sensing performance of fiber nanotip chemical sensors and biosensors can be further enhanced by coating them with metallic nanoparticles or metal islands. Such fiber-optic structures enable us to employ surface-enhanced Raman scattering (SERS) for detection. It is well known that Raman spectroscopy allows us to investigate molecules, cells, viruses, etc., at molecular, nanoscopic, and microscopic levels [74]. This spectroscopy employs inelastic Raman scattering. Both qualitative and quantitative information can be obtained from Raman spectra. While the qualitative information can be directly determined from the wavelength position of vibrational spectral bands, the quantitative information can be limited by low Raman scattering cross-sections. This limitation can be overcome, and the cross-sections can be highly increased using nano-textured surfaces in SERS sensors. In addition to common nanostructured substrates, electrodes, sols, metal films, and nanomaterial-modified fiber nanotips have also been employed in SERS sensors. Such sensors were fabricated by applying silver and gold nanoparticles or nanoislands on surfaces of tips obtained by chemical etching. For such applications, fiber nanotips were silanized to enhance the binding of metal nano-objects on the surface. Electron beam evaporation [75] and wet chemical synthesis [76,77,78] were employed for the fabrication of such nano-objects. It is known that metal nano-objects (nanoparticles, nanorods, and nanoislands) support the excitation and propagation of localized surface plasmons (LSPs) [16,74]. If an absorption spectrum of LSP overlaps with excitation and emission SERS wavelengths, Raman scattering is highly enhanced. Confocal microscopes [74], inverted fluorescence microscopes [78], and Raman spectrometers were used to measure Raman spectra.



A pH sensor based on SERS was developed [75]. The sensor used a tip with an apex diameter below 100 nm that was coated with a silver layer of 6 nm in thickness using electron beam evaporation. The layer with such a small thickness was not continuous, but it was formed of silver islands. As a pH transducer, p-mercaptobenzoic acid (MBA) was bound to these islands. The nanotips were interrogated by confocal microscopy. A spectral band of 1425 cm−1, shifting due to pH changes, was employed in this pH sensor. The sensor was also used for pH measurements in cells.



In another paper [76], gold nanoparticles with diameters in the range of 50–60 nm prepared by chemical wet synthesis were applied onto a fiber nanotip with an apex diameter of 40 nm. Such fibers were successfully employed for measuring Raman spectra of Rhodamine 6G in aqueous solutions. The excitation radiation from a 633 nm laser was launched into the proximal fiber face. The excited SERS radiation was detected at the proximal face, too. A remote interrogation scheme was also used for measurements with a fiber nanotip SERS sensor employing silver nanoparticles coated on the tip [77]. A double-tapered fiber tip was prepared by the Turner method. However, there is no specific information regarding the tip dimensions in the current literature. The sensor was used for measuring Raman spectra of solutions of crystal violet at concentrations higher than 1 nM.



Silver nanoparticles modified with 4-mercaptopyridine (Mpy) were also used for the development of a SERS fiber nanotip sensor [78]. The modified nanoparticles were coated on a fiber nanotip using laser-induced Ag deposition from silver nitrate and Mpy solution. Nanoparticles with diameters of approximately 100 nm were applied. Such fiber nanotip SERS sensors were used for pH detection. An inverted microscope was used to register SERS radiation from samples that were excited by the tips.



Results of theoretical modeling of fiber nanotip SERS sensors based on Au nanoparticles and MBA were reported [79]. It was found that the nanoparticle diameter has a high effect on the electrical-field enhancement between nanoparticles. On the other hand, tip dimensions do not exhibit significant effects on MBA spectra. Based on this modeling, fiber nanotips with an apex diameter of 50 nm coated with gold nanoparticles of 60 nm in diameter were experimentally realized




2.6. Fiber-Optic Nanotips for Electro-Optical Detection


It is worth mentioning that metal-coated fiber nanotips have been investigated for electro-optical nanosensing [80]. Such nanoprobes allow us to detect both electrical and optical signals in real-time with high spatial resolution. The approach was employed in living cells for detecting hydrogen peroxide using amperometry. The intrinsic fluorescence was detected optically to evaluate the intracellular redox state. Effects of cell stresses were detected in such experiments. Fiber nanotips used in experiments had an apex diameter of 100 nm. They were coated with a gold layer of 100 nm in thickness. A copper nanowire was connected with the gold layer that enabled electrical contact with a reference Ag/AgCl electrode.





3. Fiber-Optic Sensing Nanoarrays


Approaches developed for the fabrication of fiber nanotip sensors have been employed for the preparation of fiber-optic sensing nanoarrays and microarrays. This subject has been already discussed in some reviews [34,81]. The development of such nanoarrays is closely related to the need for analyses of complex biological samples and for detecting multiple analytes simultaneously. One can find applications of these nanoarrays in diagnostics, medical monitoring, genomics, environmental chemistry, etc. Many papers on this topic were published in the years preceding 2015.



Generally, an optical array is an analytical device that contains a large number of sensing units that are interrogated simultaneously using optical approaches (see the scheme in Figure 8). Each sensing unit (e.g., a chemical sensor, functionalized bead, etc.) is spatially addressed and located in a discrete area. Dimensions of such sensing units extend from several nanometers to micrometers. Particularly, nanometer-scale sensing units allow us to detect optical changes induced by analytes with approaches that overcome the optical diffraction limit. Thus, very localized information can be obtained. Nanostructured optical fiber arrays are very useful for this purpose.



3.1. Fabrication of Fiber-Optic Nanoarrays from Fiber Bundles


Fiber-optic nanoarrays, as well as microarrays, are often based on fiber bundles such as those used in imaging fibers for medical endoscopes [34,81]. By fabricating a sensing array on the distal face of an imaging fiber, it is possible to employ it both for imaging and sensing [82]. Imaging bundles usually consist of a few thousand constituent optical fibers. Each constituent fiber has a core that is surrounded by a thin cladding (see Figure 8). Characteristic optical modes are guided in each fiber core and transmit optical information. There are two types of fiber arrangements in a fiber cable: ordered (coherent) and random. The ordered fiber bundles enable remote locations to be viewed. Such bundles are used for imaging and sensing. The randomly arranged bundles are used for illumination.



Imaging fibers were prepared from high-silica materials used for telecommunication fibers, high-purity multicomponent optical glasses, and polymers. Two main techniques were employed to fabricate imaging bundles from glass materials, namely rod-in-tube stacking [83,84] and winding [84,85]. In the rod-in-tube technique, short segments of input large-core optical fibers are stacked into an outer tube, forming a bundle preform. The preform is then heated and pulled on a fiber-drawing tower. During pulling, fiber claddings fuse together and to the outer tube and form a monolithic glass preform that is drawn to a fiber bundle with a desired diameter. Due to preform drawing, a proportional reduction in the diameter of the cores of the input fibers takes place. Usually, the final diameter of each fiber core is approximately 3–5 μm. A polymer jacket can be applied to the drawn fiber bundle [84]. This technique is primarily employed for the preparation of silica fiber bundles.



In the winding technique, a fiber is wound around a large drum that can be provided with a groove defining the cable shape. When the desired number of fiber threads is wound up, the formed coil is fixed by fusing or gluing and cut into sections. The sections can be used for imaging or for stacking novel preforms for drawing fiber bundles. This technique is used for the fabrication of fiber bundles from multicomponent optical glasses. However, it can be used for winding bundles from silica-based fibers. Both techniques are relatively complicated and require expensive and complex preparation facilities. Issues such as the correct position of each constituent fiber to its neighbors, cross-talk between fiber cores in the bundle, etc., must be solved. Generally, the cross-talk between the bundle is higher for smaller cores and lower cladding-core refractive-index differences. Thus, fiber bundles prepared of multicomponent optical glasses exhibit lower cross-talks [86]. Fortunately, there are imaging fibers available commercially that can be employed for the development of sensing fiber arrays.



It is worth mentioning that coherent fiber bundles can also be fabricated in the laboratory by stacking several large-core fibers together. This approach was used to develop a fiber microsensor for vapor sensing [87]. The bundle ends were fixed by polymer. Such bundles were investigated to test olfactory principles.



3.1.1. Fiber Nanoarrays Prepared by Wet Etching of Fiber Bundles


In order to fabricate fiber-optic sensing nanoarrays and microarrays on distal faces of imaging fibers, wet etching is often employed. Structures on the distal bundle face, which can be fabricated by wet etching, are schematically shown in Figure 9. For silica-based bundles, solutions containing hydrofluoric acid and ammonium fluoride were used. The etching process is described by chemical reactions in Equations (1)–(4). Due to the complete dissociation of ammonium fluoride in aqueous solutions, its use in etching solutions considerably improves the etching process. By controlling concentrations of etching solutions, different nanotextured arrays were obtained by etching bundles consisting of fibers with germanium dioxide-doped silica cores and fluorine-doped silica claddings. Usually, etching solutions are mixed with a 40% aqueous solution of NH4F, approximately 50% HF, and water [88,89,90,91,92,93,94,95]. In some papers, hydrochloric acid [91] or acetic acid [95] was also added to the etching solution. Arrays of nanowells were obtained using short etching times of up to several minutes [88,89,90,91]. Long etching times (tens of minutes) were employed for the preparation of nanotip arrays [92,93,94,95]. Etching solutions with NH4F and HF concentrations of approximately 0.3 and 0.07 g/mL were mixed for nanowell and nanotip fabrications. It is worth mentioning that an etching solution with NH4F and HF concentrations of about 0.08 and 0.3 g/L, respectively, and a short etching time was used to obtain nanowell arrays with very sharp nanospikes on their contact zones [91]. Nanotip arrays with a tip apex diameter of approximately 50 nm were fabricated [95]. To obtain nanowells with small depths of 50 nm, input fiber bundles were tapered [88].



Solutions containing HF can be used for etching silica-based imaging fibers. On the other hand, etching solutions containing only hydrochloric acid were employed for etching the distal faces of fiber bundles prepared by optical glasses [96,97]. In these experiments, short etching times were used, and arrays of submicrometer wells with depths of 170–190 nm were fabricated [97].




3.1.2. Fiber Nanoarrays on Single Fibers


Recently, novel approaches have been developed for the preparation of fiber nanoarrays on the distal face of optical fiber. The term “Lab-on-fiber” was introduced for such nanoarrays [98]. These nanoarrays can be fabricated using methods such as focused ion beam milling, femtosecond laser micromachining, lithographic techniques, nano-transferring, self-assembly, and optical tweezers [99]. Most of these techniques require complex and expensive devices. A relatively simple technique is based on nanosphere lithography [98,99]. It uses commercially available polystyrene nanospheres. In fact, such spheres have diameters of 200–500 nm, and the term submicrometer spheres would be more suitable. They form arranged monolayers on the water surface. The monolayer can be transferred onto the distal face of a fiber, coated with a nanolayer of silver or gold (thicknesses 30–80 nm). The nanopatterned fiber face is obtained by removing the polystyrene spheres. Metal nanopatterns formed in gaps between the spheres define the shapes of such nanopatterns (e.g., nanoparticles with triangular cross-sections). Such fiber nanoarrays can be employed for SPR and SERS sensors.



Nanoparticles with more complex shapes have also been fabricated on the distal faces of single fibers. Thus, gold antennas 65 nm long, 50 nm wide, and 40 nm tall, separated by gaps of 25 nm along their long axis and 100 nm along their short axis, were prepared on the distal face of a single silica fiber with a core diameter of 62.5 μm and short length of approximately 30 cm [100]. The antenna nanoarray was fabricated by electron-beam lithography, electron-beam evaporation, and by lift-off on a silicon substrate and then transferred to the fiber facet using thin polymeric film (∼200 nm) on polydimethylsiloxane (PDMS) substrate. The polymeric film was removed using oxygen plasma, thus retaining gold antennas on the fiber face. This fiber was tested for SERS-based detection.



A nanostructured silver coating on the distal face of a standard graded-index silica fiber was fabricated using nanoimprint lithography [101]. In this case, the lithography was used to replicate nanostructured cicada wings on the fiber face. The nanoarray replica was coated with a silver layer of 60 nm in thickness. This fiber was also tested in SERS experiments. Generally, nanolithographic techniques allow us to fabricate sophisticated optical arrays. However, they require special and costly devices.





3.2. Fiber-Optic Array Chemical Sensors and Biosensors


Remote imaging by optical fiber bundles can be applied for in situ or in vivo detection in biology and medicine. This approach offers advantages such as compactness, versatility, multiplexing capability, in situ detection, etc., in various biological microenvironments [102]. To increase the information capacity of such images, tissues or cells are often loaded with fluorescence dyes. Registered maps of the dye fluorescence intensity make it possible to observe cellular structures and their changes. This approach, however, can be limited by several factors, such as cell autofluorescence, detection selectivity, sample preparation, etc.



Chemical sensors and biosensors based on fiber-optic arrays enable us to realize the concept of combined imaging and chemical sensing [82]. Thus, such arrays make it possible to view a sample and measure surface concentrations of chemicals. As imaging fibers can consist of thousands of individual fibers, they allow us to address thousands of sensors. To fabricate such array sensors from fiber bundles, opto-chemical transducers or biotransducers are applied to the distal end of the bundle. It is important that this transducer application does not decrease the bundle imaging capabilities. The transducers can be applied on the distal bundle ends as homogenous sensing layers, discrete polymeric sensing regions, or micro- and nanospheres. These approaches were developed on fiber microarrays. To explain their principles, their brief description is reported in Section 3.2.1. Some of these approaches were implemented in the preparation of fiber-optic sensing nanoarrays, as shown in Section 3.2.2.



3.2.1. Fiber-Optic Microsensing Arrays


A homogenous sensing layer for oxygen sensing was coated on the polished distal end of a fiber bundle using photopolymerization [103,104]. Curing radiation was launched into the bundle’s proximal face, guided to the distal end immersed in a mixture of siloxane polymer containing ruthenium complex as the fluorescence transducer for sensing oxygen. The radiation cured the siloxanes primarily on the distal ends of the constituent bundle fibers. These ends were coated with the same polymer and the same transducer.



Another approach employed a bundle of 19 silica fibers. The distal end of each fiber was coated with a specific polymer containing fluorescence dye using photopolymerization or sol-gel method [87]. Then, the coated fibers were arranged into the bundle end. Such a bundle was tested for sensing of vapors. Artificial neural networks were employed for sensing vapor mixtures.



Discrete microsensing regions were also prepared by photopolymerization [105,106]. However, in this approach, curing radiation is not launched into the whole proximal face of a bundle but only into its part. A pinhole and a microscope objective are employed for this launching. The launched radiation is guided to the bundle distal face that is immersed in a prepolymer mixture. This mixture contains proper monomers, cross-linkers, photo-initiators, and a proper opto-chemical transducer. A sensing polymer cone grows on the illuminated distal face within several seconds. Then, the uncured polymer is washed off the distal face. The illuminated area is moved to another place, and the coating process is repeated with another prepolymer mixture. Thus, multiple sensing cones with diameters corresponding to that of the illuminated area, e.g., from 20–100 μm, can be formed on the distal bundle end. This technique has been employed for the fabrication of fiber microarray sensors for the simultaneous detection of oxygen and glucose [105] or pH, CO2, and O2 [106].



Microsphere-based microsensing arrays employ microwells fabricated using wet etching on the distal face of a fiber bundle [107]. The diameters of these microwells correspond to the core diameters of the fibers of which the bundle consists. Usually, they are on a level of several micrometers. The depths of the microwells depend on etching conditions. Microspheres with diameters complementary to those of the microwell, which contain opto-chemical transducers or biotransducers, are loaded into the microwells (see Figure 10). These microspheres form individual sensors. As microsphere loading is random, it is necessary to identify where particular sensors are located, i.e., to encode the microspheres. Different approaches have been developed for such encoding [107,108]]. Optical encoding was used in fiber microarray sensors [109]. Such approaches can be based on multiple coding fluorescent dyes with different emission spectra. It is important that these emission spectra are different from those used for sensing. If each specific sensor type in the array is linked with unique fluorescent properties of encoding dyes, measurements of dye emissions allow us to identify different sensor types. The encoding dyes can be incorporated into microspheres by adsorption, covalent bonds, or internal entrapment.



Fiber-optic microarrays have also been employed for the direct investigation of living cells [109]. Depending on cell dimensions, microwells with diameters of 2 to 6 μm were prepared by wet etching on the distal faces of imaging fibers. Coding fluorescence dyes with different emission patterns were implemented into cell and bacteria strains, which enabled us to identify these strains and their changes in randomly loaded microwells. By measuring fluorescence signals, responses of the cells and bacteria to external chemical parameters (pH, oxygen, CO2, and glucose) were observed.




3.2.2. Fabrication of Fiber-Optic Sensing Nanoarrays


Some of the techniques developed for preparing fiber-optic sensing microarrays have been adapted for the fabrication of fiber-optic sensing nanoarrays. Thus, the technique of the homogenous polymeric layer was used for the development of a nanotip array pH sensor with fluorescein derivative as a fluorescence pH transducer [95]. The transducer was dissolved in monomer (vinyl alcohol), and the solution was applied as a thin layer on the array by spin-coating. Radiation was launched into the whole proximal fiber face, which fixed the transducer only on the fiber tips due to monomer photopolymerization (see Figure 11). Using an epifluorescence microscope, the transducer was excited at 485 nm from the proximal fiber face. Fluorescence signals emitted at the distal fiber end were guided to the proximal fiber end, where they were detected by a CCD camera. Values such as pKa = 6.2, a linear range from pH~5.5 to 7.0, a sensitivity of approximately 125 pH−1, and a response time of 1.5 s were determined with this nanoarray chemical sensor. It was also employed for imaging pH maps in a liver cell.



A fiber nanotip array was employed for the development of a Hg2+ sensor [110]. It employed a thioamide–rhodamine transducer for selective mercury ion sensing. This transducer was immobilized on silanized tips by active ester–amine coupling. The sensitivity of approximately 0.38 (log(M))−1 and limit of detection better than 10−5 M (mol/L) were determined.



Nanobeads immobilizing fluorescence transducers were loaded into nanowells on the distal face of an imaging fiber (Figure 10). This approach was tested with fiber nanowells of 700 and 300 nm in diameters fabricated by wet etching on the distal face of a bundle based on multicomponent optical glasses [97]. The depths of these wells were below 200 nm, and thus they can be labeled as submicrometer wells. Polystyrene 700 nm or melamine 300 nm nanobeads containing rhodamine B were used. These nanobeads were deposited into nanowells from an aqueous solution or as dried. Rhodamine B was excited at 540 nm, and its fluorescence at 605 nm was detected using an inverted fluorescence microscope. To avoid the effects of light diffraction on nanowells of 300 nm in diameter, the fluorescence emitted from the distal face was interrogated by the microscope instead of guiding it through the bundle to the proximal face.



A similar approach was employed in a fiber nanowell biosensor based on DNA hybridization [96]. Different single DNA strands were immobilized on polystyrene nanobeads and randomly loaded into the nanowells. The encoding was based on using a set of complementary single DNA strands with a fluorescent label.





3.3. Fiber-Optic Sensing Nanoarrays Coated with Metallic Nanolayerss


Fiber-optic nanoarrays have been employed in SERS nanosensors. These nanosensors can be prepared by applying a thin silver or gold layer onto nanoarrays on the distal faces of fiber bundles (see Section 3.1.1). Such layers reflect the texture of the nanoarray. Thus, they exhibit high roughness necessary for enhancing Raman scattering, and they are suitable for SERS sensors. Fiber nanoarrays on the distal faces of single fibers (see Section 3.1.2) have also been used in SERS nanosensors.



3.3.1. SERS on Metal Arrays on Distal Faces of Single Optical Fibers


Gold antennas applied on the distal face of a standard optical fiber have been tested in a SERS sensor [100]. Self-assembled monolayers of benzenethiol and 4-[(E)-2-pyridin-4ylethenyl]pyridine were adsorbed on the antennas. In SERS experiments, a helium-neon laser operating at 632.8 nm was used for the Raman scattering excitation. SERS signals were detected at the proximal fiber face. A Raman signal enhancement factor of 2.6–5.1 × 105 was estimated from these experiments.



Using a sensing fiber with the cicada wings replication on the distal fiber face, Raman spectra of self-assembled monolayer (SAM) of thiophenol were measured [101]. Short fiber segments with lengths of several centimeters were used. In the measurements, the distal fiber face was directly illuminated by a fiber-coupled 532 nm laser. SERS radiation was detected by a CCD camera of a Raman microscope focused on the distal face. Similar spectra were obtained when the laser radiation was launched into the proximal fiber face, and the Raman scattered radiation was also detected there. Rhodamine 6G was also measured on this set-up. However, excitation with a 632 nm laser was used in these experiments. Strong Raman spectra of both chemicals were measured.




3.3.2. SERS on Nanoarrays Prepared on Imaging Fibers


Imaging fibers with nanotip and nanowell arrays on their distal ends coated with thin silver or gold nanolayers offer us nanostructured surfaces required for SERS as well as waveguides necessary for transmitting the excitation and excited radiations from the proximal to distal face and vice versa. However, some SERS sensor setups do not use fiber bundles for transmission of excitation and excited radiations. This was the case of a hand-tapered fiber bundle provided on its distal end with a nanowell array [89]. The array was coated with a silver film of 100 nm in thickness. A fiber length was 10 cm. SAM of benzenethiol was prepared on this array. SERS was excited with a 633 nm laser focused on the array. Raman scattered radiation was detected using an objective placed in front of the array. An enhancement factor of 106 was determined. However, due to hand tapering, the fiber was not capable of guiding either excitation or excited radiation.



Another paper reports the results of SERS experiments made with an imaging fiber provided with nanowell and nanospike arrays on the distal face [111]. The fiber consisting of 30,000 constituent fibers was tapered by thermal pulling. In tapered fibers, diameters of constituent-fiber cores ranged from 140 to 1100 nm. All the tapers were chemically etched in a solution of hydrofluoric acid buffered with ammonium fluoride. The produced nanoarrays were provided with silver coatings having thicknesses in a range of 5–200 nm. It was found that at thicknesses below 150 nm, silver islands are formed on the spikes. The metalized probes were tested for SERS measurements with solutions containing benzoic acid or brilliant creosol blue (BCB). Radiation of a 632.8 nm laser was launched into the distal face; generated Raman scattering was detected at the proximal face with a CCD camera. Enhancement factors in a range of 106–107 were determined from these experiments. SERS images of a gel sample containing BCB or Texas red were also obtained, with the bundle having cores of 140 nm in diameter being in contact with the gel samples. A spatial resolution of 284 nm was determined, which makes this approach very promising for imaging.



A nanotip fiber-optic array was also employed for SERS experiments [93]. The array was obtained from an imaging bundle of 270 μm in diameter consisting of 6000 individual silica fibers. These fibers were chemically etched, which resulted in an array of sharp conical tips with nanometer apexes. The tips were coated with a gold coating of 30 nm in thickness. The probes were interrogated in a reflection arrangement, i.e., by launching radiation of a 752 nm laser into the proximal face of a bundle segment of 30 cm in length and by detecting generated Raman scattering at the proximal face. High-intensity Raman spectra of benzenethiol were registered. An enhancement factor of 5 × 104 was estimated. Moreover, remote Raman maps based on the benzenethiol 1072 cm−1 vibration band were obtained using this nanotip array. These maps reflect SERS signals generated at individual metalized tips, making it possible to imagine local chemical information.





3.4. Opto-Electrochemical Sensing by Fiber-Optic Nanoarrays


Fiber nanoarrays coated with metallic nanolayers enable us to employ both electrochemical and optical principles for sensor preparation and use. Such metal materials are electrically conductive, and they can be used as electrodes. These electrodes enable the realization of electrochemical reactions directly on the distal fiber face. Such reactions can be used to either immobilize a transducer on the fiber surface or to modulate a luminescence signal, which is monitored through the optical fiber itself.



Electrochemical methods have been employed for grafting oligonucleotides (ONT) onto the tips of a fiber-optic nanotip array coated with a gold layer [112]. For this grafting, an electrochemical microcantilever was used to apply picolitre drops of a solution containing sensing ONT in pyrrole onto selected individual tips and for electropolymerization of the applied pyrrole solution. The hybridization of complementary DNA strains was detected by an epifluorescence microscope. Using this approach, three types of ONTs were immobilized on the nanotip array, making it possible to fabricate sensing multiplexes.



Metalized fiber-optic arrays have also enabled the use of electroluminescence for sensing [113]. As an example, a fiber-optic nanotip array with tip apex diameters of approximately 100 nm was prepared by chemical etching of the distal face of an imaging fiber. The etched face was coated with a gold layer of 30 nm in thickness (see Figure 12). A metal wire was connected to the coating. Then, the metalized tips were insulated with an electrophoretic paint. The electrochemical characteristics of this sensing fiber were proved by cyclic voltammetry using a solution of Ru(NH3)63+. This sensing fiber was tested for NADH imaging. The electrochemical reaction of Ru(bpy)32+ complex with NADH occurred at an applied potential of 1.2 V and generated electroluminescence signals at the fiber tips, which were detected at the proximal sensing fiber face by an epifluorescence microscope with a CCD camera. Electroluminescence intensity maps were obtained.





4. Surface Plasmon Resonance Sensors


Recently, surface plasmon resonance (SPR) sensors have been intensively investigated, particularly for biosensing. One can find extensive reviews on SPR sensors elsewhere [16,114]. SPR sensors represent another sensor type in that the nanometer dimensions of a sensor part are closely related to specific physical phenomena, namely, surface plasmons (SPs). SPs are related to energy changes of electron plasma that exist at the interface between two materials where the real part of the dielectric permittivity changes its sign. It is known that metals have negative values of permittivity at visible and near-infrared wavelength regions, while dielectrics, such as gases, solutions, glasses, etc., have positive values. Thus, SPR sensors usually employ metal/dielectric interfaces. SPs can be generated optically using the principal setup shown in Figure 13. In such a setup, input radiation launched in a coupling optical element is reflected from a thin metallic layer coated on the element. At suitable coupling conditions, i.e., at surface plasmon resonance (SPR), energy from the radiation is coupled into oscillations of electronic plasma moved at the metal/external dielectric interface, and SP is generated. SP is connected with an electromagnetic SP wave that propagates in the metal and the dielectric (see Figure 13). The evanescent part of this SP wave penetrates into the dielectric at distances of approximately 150–500 nm. Due to high optical losses of the layers, SP waves propagate on distances in the range of 3–30 μm [114].



SPR curves can be obtained by varying parameters of the input radiation, such as the wavelength or input angle, and by measuring the output intensity of the radiation reflected from the metal–dielectric interface. Depending on the parameter changed, the terms wavelength or spectral interrogation and angular interrogation are often used. Typical response curves of wavelength-interrogated SPR sensors are schematically shown in Figure 14a. Similar curves can be obtained for angle-interrogated SPR sensors. Shapes of these curves depend on the metal composition, layer thickness, refractive index profile of the coupling fiber, and the refractive index of the dielectric. The minima of these curves indicate SP generation in the resonance conditions. Wavelength positions of the minima of SPR curves depend on the refractive index of the external dielectric n, as schematically shown in Figure 14a. By plotting these shifts versus the corresponding refractive indices, a calibration curve schematically shown in Figure 14b is obtained. Such curves measured with SPR sensors are used for sensitive detection of the refractive index of analytes in contact with metallic sensor layers.



In addition to SP generated at metal/dielectric planar interfaces, there are also localized surface plasmons (LSPs) [16,115]. LSPs are excited by light at interfaces between dielectric and metallic nanoparticles (generally nanoobjects). The light interacts with electrons in the conductive band of the metal [16]. Shapes of resonant curves of LSPs strongly depend on the composition, dimensions, dielectric environment, and particle–particle separation distance of such nanoparticles. LSPR curves with several dips have been reported for non-spherical nanoparticles (nanorods, nanotriangles, etc.) [115]. Due to highly localized evanescent parts of LSPR sensors, they can be used for the detection of several analyte molecules in the very close vicinity of nanoobjects.



SPR curves can be measured in the visible wavelength region. Generally, SPR sensors require four main parts, namely a light source, coupling element, metallic layer in which SP is generated, and detector. Light sources for SPR sensors should enable us to control the polarization, wavelength, incident angle, and beam width of excitation light. It is known that SPs are excited with TM-polarized light [16,114]. However, unpolarized radiation has also been used in SPR sensors [11,116,117]. Light sources such as lasers, laser diodes, halogen lamps, etc., can be employed. Different coupling elements, including optical prisms, optical gratings, planar waveguides, or optical fibers have been employed as SPR coupling elements [114]. The former two coupling elements are employed in commercially available SPR devices. Evanescent parts of waves propagating in these elements are used for SP excitations. Thin layers of metals such as gold, silver, aluminum, copper, or palladium have been tested in SPR sensors. Usually, thicknesses of such layers range from 20 to 70 nm. Light detectors in SPR sensors include photodiodes, photodiode arrays, or spectrometers.



Although optical prisms and gratings are preferred coupling elements in SPR sensors, one can find many papers in which optical fibers have been employed for preparing such elements [16]. In transmission fiber-optic SPR sensors, metallic layers are coated on the boundary between the optical core and cladding, as schematically shown in Figure 15a. Reflection FO SPR sensors are also used. The metal film is applied on the distal fiber face in these sensors (see Figure 15b). Multimode plastic optical fibers (POF) and polymer-clad silica (PCS) fibers, U-shaped PCS fibers, as well as single-mode (SM) D fibers, tapered fibers, microstructure fibers (MSFs), and hollow-core photonic crystal fibers (HCPCF) have been employed in such SPR sensors (see schematic cross-sections in Figure 16) [16].



Coupling optical fibers, such as POFs, PCS fibers, SM fibers, MSFs, and HCPCFs, have step-index refractive index profiles in their cores. The ratio of power transmitted in evanescent waves of these fibers is in the range of 0.1–0.5% of the total power transmitted in the fiber, which can limit the responses of such SPR sensors [12]. To avoid such limitation, U-bent PCS fibers, U-bent POFs, or biconical fiber tapers are used [16].



Special techniques for launching light into the proximal faces of PCS fiber, which increases this ratio, were also developed [11,117]. They employ the excitation of PCS fibers with inclined collimated beams. An angular distribution curve is obtained by changing the angle of inclination and by measuring the corresponding output optical power from the fiber. An example of a typical angular distribution curve for an SPR sensor based on a PCS fiber is shown in Figure 17a. The local minima on the curve indicate the SP generation. Its shape is changed with the refractive index of materials in contact with the metal layer. Such angular distributions represent SPR curves measured on fiber-optic SPR sensors using angular interrogation. Output-power changes due to changes in the external refractive index determined for a fixed angle of inclination are employed in a calibration curve (see Figure 17b). Moreover, special multimode silica optical fibers, called inverted-graded index (IGI) fibers, were also tested as coupling elements of SPR sensors [116]. Refractive-index profiles of such fibers have the minimum in the core center and gradient increase to the core/cladding boundary. In such fibers, light reflects from the core/cladding boundary at a very narrow range of angles. A light source placed on the fiber axis can be used for the excitation of SPR sensors based on IGI fibers [116]. A detection limit of approximately 5 × 10−5 RIU was achieved with sensors based on IGI fibers.



4.1. Fabrication of Fiber-Optic SPR Sensors


Fiber-optic SPR sensors are fabricated in two principal steps. In the first step, access to the core/cladding boundary is created. This access is obtained by removing the polymeric cladding of POFs, PCS, or IGI fibers [11,116,117]. Usually, chemical and mechanical approaches are combined. In the case of SM fibers, the silica part of the fiber is removed to the core/cladding boundary on one side of the fiber by grinding and polishing [106]. The second step of the sensing fiber preparation consists of the fabrication of a thin SPR metal layer on the core/cladding boundary. In some FOSPR sensors, a thin metal (e.g., Cr) or dielectric layer (e.g., Ta2O5) is coated over the SPR metal layer. Such a layer enables us to tailor the refractive index operation range of the sensor [118]. Physical methods such as thermal evaporation and magnetic sputtering are usually used for the application of metal and dielectric layers. PCS fibers and POFs can be rotated during the deposition to prepare the circularly symmetric homogenous metal layer [11,117].




4.2. Fiber-Optic SPR Sensors for Chemical Sensing


SPR sensors rely on refractive index detection. Their great advantage consists in the possibility to sensitively detect refractive index changes at refractive index values around 1.33, which is a value of the water refractive index. Thus, they are very useful for sensing in aqueous solutions which are typical for medicine and biology. However, refractive index-based detection is not selective and therefore, various approaches have been developed for the selectivity increase in SPR sensors. Such developments are mainly focused on SPR biosensors. They include the employment of biotransducers such as immunoassays, enzymes, oligonucleotides, cells, or viruses [8]. More information on SPR biosensors can be found elsewhere [8,16,114].



The sensitivity and selectivity of SPR chemical sensors can be tailored by applying detection membranes over the metal layers of these sensors [119,120,121,122,123,124,125,126,127,128,129,130,131,132]. In such sensors, the detected analyte being in a mixture with other chemicals is specifically captured in the membrane. This capturing changes the membrane refractive index, and these changes are detected by the SPR sensor. Such detection membranes have been prepared of polymers, molecularly imprinted polymers, metal oxides, carbon materials, etc.



4.2.1. Fiber-Optic SPR Gas Sensors


Fiber-optic (FO) SPR sensors for the detection of gases have been investigated. A detailed review of such chemical sensors can be found elsewhere [133]. Sensing membranes of metal oxides or carbon materials such as graphene have been tested in FOSPR gas sensors. Nanocomposites of metal oxide, graphene, and graphite nanoparticles in different polymers have also been investigated for gas detection. Examples of characteristics of selected FOSPR gas sensors are presented in Table 3.



In FOSPR gas sensors shown in Table 3, thermal evaporation was used for the application of Au, Ag, metal oxides, ITO, BCP, PVP, etc. Wet chemical syntheses were used for the preparation of reduced graphene oxide or carbon nanotubes modified with reduced graphene oxide [119,121]. These nanomaterials were dispersed in methyl methacrylate, and the sols were applied by dip-coating onto the fiber where it was polymerized into poly(methyl methacrylate) nanocomposites. The dip-coating technique was also employed for the application of the fluorosilicone polymer layer onto the SPR sensing fiber of the PCS fiber [11]. The layer was coated on the SAM of alkanethiol applied on the silver layer. The sensitivity value for C2HCl3 is reported in Table 3 [11]. Using the same sensor, sensitivities of 7, 3.4, and 2.1 μV/ppm were determined for gases such as CCl4, CHCl3, and CH2Cl2, respectively. These measurements employed the angular interrogation at a wavelength of 670 nm.



Hydrogen is an important gas broadly used in the chemical industry as fuel, etc. For its sensing, a concentration of 4% vol. in air is important. This concentration value is considered a lover explosion limit [117]. The FOSPR hydrogen sensors reported in Table 4 mostly used Pd as the sensing material. This material changes its refractive index due to hydrogen dissolved in it [117]. ITO layer was also used both for SPR excitation and for hydrogen sensing [144]. In addition to sensing layers of pure Pd [145,146], the sensing layer of ZnO + Pd nanocomposite was also used [147]. This layer was fabricated from aqueous dispersions of the nanocomposite using dip-coating. Unfortunately, detailed information on the dispersion fabrication is missing in the paper [147].



The effects of thermal annealing of sensing layers in contact with hydrogen on the sensitivity of hydrogen sensors were investigated [146]. It was found that thermal annealing of the Au/Ta2 O5/Pd multilayer in a gas mixture of H2 (4 vol.%) and N2 at 400 °C improved the detection sensitivity (compare [145] and [146]). The sensors employed a special fiber-optic element prepared by splicing a short SM fiber (a length of 15 mm) between two MMF fibers. The SM and MMF fibers had the same output diameters of 125 µm but different core diameters of 8 and 62.5 µm, respectively. Due to the core differences, cladding modes were excited in the SM fiber, which excited SPs in the Au layer in the multilayer applied to the SM fiber. Such a sensing element does not require grinding and polishing of SM fibers to D-shapes, but a good splicing device is necessary. The fabrication of such an element requires precise preparation of the faces of spliced fibers and their splicing. There is a simpler sensing approach that uses a PCS sensing fiber excited by an inclined collimated beam [11,117] or uses U-bent fibers [143].



The excitation by an inclined collimated beam was also tested for the detection of pure hydrogen [117]. Results obtained with a dual FOSPR sensor based on two same FOSPR sensors on one fiber were also published in the paper. It was found that about two times higher responses were measured with the dual sensor than with each of the single sensors.



An important issue of SPR chemical sensors, their selectivity, has also been addressed in FOSPR gas sensors. By measuring the responses of these sensors to single gases, it has been determined that the selectivity can be tailored by the composition of sensing layers. Thus, the response of a FOSPR sensor with a sensing layer of rGO in PMMA to NH3 was found to be about seven times higher than the responses to H2S, Cl2, or H2 [119]. Similarly, the chlorine sensor with the sensing layer of In2O3 doped with SnO2 exhibited a five times higher response to Cl2 than to NH3, CH4, or H2 [139]. Similar response differences were determined with the CH4 sensor based on the layer composed of rGO-modified with carbon nanotubes in PMMA for CH4, NH3, or H2S gases [121]. Fiber-optic SPR hydrogen sensors employing Pd in the sensing layer exhibit high detection selectivity to hydrogen because hydrogen penetrates into Pd matrices and induces phase changes there, which are accompanied by refractive index changes. No results on the selectivity were reported for the ITO-based hydrogen sensor [144].




4.2.2. Fiber-Optic SPR Sensors for Detection in Solutions


Many FOSPR sensors for detection in solutions have been developed [16]. Most of them consist of a metal layer for the SP excitation and a sensing layer for the detection. In LSPR-based FO sensors, metal nanoparticles can be immobilized in a sensing layer applied onto a sensing fiber. Two principal approaches, namely molecularly-imprinted polymers (MIPs) [16,148] and nanomaterials (NMs) [16], have been employed for the preparation of sensing layers.



MIPs represent sensing materials that can, to some extent, replace biotransducers for sensing biologically important molecules. MIPs contain molecular recognition sites that are complementary in shape, size, and functional groups to template analytes used for their fabrication. Thus, MIPs allow us to achieve high detection sensitivities and selectivities to biologically important analytes, similarly to bio-transducers. Bio-transducers require more specific conditions (pH, solvent) [8] during the sensor preparation and operation. Their preparation is not easy; however, some of them are commercially available. On the other hand, MIPs can be fabricated in a chemical laboratory. Generally, MIPs are fabricated by an approach schematically described in Figure 18. In the approach, functional monomer forms complex with template under the effect of cross-linker. As the templates, molecules of analytes or their specific fragments are used. The complex, pre-printed polymer is polymerized in the presence of an initiator. A catalyst can also be added. All these chemicals are dissolved in a suitable solvent that influences the pore formation. In the last step, the template is removed from the printed polymer using suitable solutions and the imprinted polymer is obtained. Usually, a layer of the pre-printed or printed polymer is applied onto a sensing fiber by dip-coating or spin-coating method and the template removal from the applied layer is carried out on this layer. Rarely prepared MIP powders are dispersed in solvent, and the dispersion is applied onto a sensing fiber. Applied MIP layers usually have thicknesses in a range of 1–2µm [16].



Methyl methacrylate acid (MAA), acrylic acid (AA), acryl amide (AM), 2-hydroxyl methacrylate (HEMA), methyl methacrylate, styrene, etc., can be used as functional polymers for the preparation of MIPs. Divinylbenzene (DVB), ethylene glycol dimethacrylate (EGDMA), N,N-methylenebisacrylamide (BISAM), organophosphate pesticide profenofos, etc., were employed as cross-linkers. As initiators, azobisisobutyronitrile (AIBN), ammonium persulfate (APS), benzoylperoxide, potassium persulfate, etc., can be used for MIPs synthesis. N-tetramethyldiamine can be employed as a catalyst. Benzene, dimethyl sulfoxide, DVB, water, and phosphate buffers can be used as solvents in MIP syntheses. Pure ethanol or methanol, or their mixtures with acetic acid, were employed for template removals from printed polymers.



MIPs based on methyl methacrylic acid as the functional monomer was employed in FOSPR of melanin [122], profenofos [123], l’ nicotiamide [124], trinitrotoluene (TNT) [125], and furfural in wine [126]. MAA, together with HEMA, were used in MIPs for the development of erythromycin [127] and cocaine [128] FOSPR sensors. MIPs based on AM have been employed in FOSPR sensors for the detection of tetracycline [129], vitamin B3 [130], BSA, and S1 subunit of SARS-CoV-2 spike protein [131]. A special MIP was fabricated based on a polyaniline–silver nanocomposite imprinted with ascorbic acid [132]. In this MIP, the nanocomposite polymer was prepared of aniline, silver nitrate, and concentrated nitric acid. Ascorbic acid was added to the polymer as a template. The template was removed from the printed polymer by dipping it in water. It is worth mentioning that MIPs have also been prepared by the sol-gel method [149]. Probably, such materials have not been tested in FOSPR sensors yet. Examples of FOSPR sensors used for detection in solutions are presented in Table 5. More FOSPR sensors for chemical detection in solutions can be found elsewhere [16].



Nanomaterials have also been employed for the preparation of sensing layers of FO SPR sensors for detection in solutions [16]. Such nanomaterials can be prepared by physical methods, e.g., by thermal evaporation, sputtering, nanoimprint lithography, etc. Wet chemical syntheses have also been employed. Thus, gold nanoparticles were prepared by citrate synthesis. This synthesis was based on the reaction of HAuCl4 with trisodium citrate in aqueous solution [150]. The produced nanoparticles were employed in LSPR sensors. Core-shell Al@ZnO nanoparticles were obtained by laser ablation of Al and ZnO targets in water [151]. On the other hand, core-shell α-Fe2O3@SnO2 nanoparticles were obtained via a two-step process [152]. In the first step, solid α-Fe2O3 nanoparticles were prepared by reaction of FeCl3 with NaH2PO4 in an aqueous solution and by centrifugation. In the second step, these NPs were dispersed in a solution of ethylene glycol and coated with a nanoshell of SnO2 fabricated by reaction of K2SnO3 with urea. The solid core-shell NPs were obtained by centrifugation and annealed at temperatures up to 500 °C. To apply these NPs onto sensing fibers by the dip-coating technique, they were probably dispersed in a solvent. However, details of this re-dispersion cannot be found in [152].



Nanoparticles with triangular cross-sections and heights of approximately 50 nm were fabricated by nanoimprint lithography on the distal face of the PCS fiber [154]. In this case, the FOLSPR sensor operated in the reflection mode. A magneto-plasmonic FOSPR sensor of dissolved ammonia was fabricated by coating a thin Co layer (a thickness of 30 nm) by sputtering onto a multimode fiber with a core diameter of 62.5 μm and outer diameter of 125 μm [156]. This layer was overcoated with a silver layer of 60 nm in thickness. A chemical synthesis based on reactions of silver nitrate with sodium hydroxide, ammonium hydroxide, and glucose was used in this case. It was found that the detection sensitivity increases if the external magnetic field is applied.



Some papers on FOSPR sensors of sensing in solutions have dealt with the detection selectivity. It was found that the sensor of ascorbic acid [132] exhibited about ten times higher response to this acid than to uric acid or citric acid. Similar response differences were determined with the erythromycin sensor when used for detecting erythromycin and kanamycin sulfate [127]. About five times higher response of the profenofos sensor to this pesticide than to parathion pesticide was found [123]. The cocaine FOSPR sensor exhibited about three times higher responses to cocaine than to codeine [128]. It was also found that about three times higher responses can be measured for dissolved ammonium than for sensing dissolved sulfates with the ammonium sensor [156].






5. Novel Directions in Fiber-Optic Chemical Nanosensors


Recently, novel nanomaterials have been employed in fiber-optic chemical sensors. These materials allow us to develop fiber-optic nanomaterial-based sensors in which nanoscale dimensions of such nanomaterials bring novel sensing performance. Depending on their characteristic dimensions, these nanomaterials include 0D quantum dots (QDs), 1D nanowires, nanorods or nanotubes, 2D nanosheets, and 3D nanoarrays. A comprehensive review of FO biosensors with detection sites modified with such nanomaterials can be found elsewhere [17]. However, in some papers cited in this review, no biotransducers were reported for sensing analytes important for biology and medicine. Thus, considering sensor definitions, such FO sensors are more chemical sensors [157] than biosensors [158]. Examples of these FO chemical nanosensors are shown in Table 6. Information on 3D sensing nanostructures can be found in Section 3.1.2 and Section 3.3.1 of this paper.



5.1. FO Chemical Sensors with 0D Sensing Nanomaterials


Fluorescence sensors with QDs have been developed. Microwave-assisted wet chemical synthesis was employed for the preparation of carbon QDs modified with o-phenyldiamine (PhDam) [21]. In this synthesis, the QDs were prepared by heating an aqueous solution of citric acid and PhDam in a microwave oven. Quantum dots of CdSe or CdTe were prepared by wet chemical synthesis [22,23]. QDs were applied onto fiber faces by their immersion in QD sols [21,22]. The immersion of an exposed-core microstructure fiber in the CdTe@CdS sol was employed for applying such QDs on the core/boundary surface [23]. In this case, the exposed-core microstructure fiber with a core diameter of 7µm and three large air holes in the cladding was used. One of these holes was accessible from the fiber surface through a grove, thus making it possible to fill it with chemicals. All QDs mentioned in Table 6 were employed for sensing dissolved nitric oxide based on fluorescence quenching.




5.2. FO Chemical Sensors with 1D Sensing Nanomaterials


Carbon nanotubes and ZnO nanorods have been used in FO chemical sensors. Thus, commercially available multi-walled carbon nanotubes (MWCNTs) were used in the catechol FO nanosensor [24]. In this sensor, MWCNTs were used for the preparation of a nanocomposite with ZnO nanoparticles. These nanoparticles were synthesized from zinc acetate. A sensing membrane of CTAB was prepared on the nanocomposite surface that controlled the access and concentrations of catechol in sensing sites on the surface.



Using a hydrothermal growth process, ZnO nanorods were fabricated from zinc acetate and zinc nitrate on the Au layer [25]. Refractive index changes induced by E. coli strain adsorption on nanorods were detected with an SPR sensor. The sensor employed a plastic optical fiber with a gold layer applied on the face and on the core/cladding boundary as well. Thus, the sensor operated both in transmission and reflection modes. The catechol, dopamine, and E. coli strain sensors can be classified as 1D FO nanosensors because they use 1D nanomaterials in sensing layers.



Commercially available MWCNTs were also used in molecularly imprinted pyrrole polymer (MIP) for dopamine detection [159]. This MIP nanocomposite was modified with a nafion assembly that controlled the catechol access and concentrations in sensing sites on the MIP surface.




5.3. FO Chemical Sensors Based on 2D Nanomaterials


Metal nanolayers, graphene nanosheets, MoS2 nanosheets, and nanosheets of MXenes have been employed in 2D nanomaterial FO sensors. The detection sensitivity and selectivity of FO chemical sensors can be enhanced using graphene, graphene oxide, and reduced graphene oxide nanosheets as sensing nanomaterials. Such materials are applied on the core/cladding boundary from graphene materials by immersing the fibers in graphene nanomaterial dispersions for tens of minutes [26,27]. In this case, layers of nanometric dimensions can be fabricated. Commercially available aqueous dispersions of graphene oxide nanosheets [26] and laboratory-prepared nanosheets of reduced graphene oxide were employed for fabrications of sensing layers of the hemoglobin FO sensors [26,27]. These sensors were based on external refractive index changes caused by hemoglobin, which were detected with a tilted fiber grating [26] or long-period grating [27]. The sensing layers were applied on the outer fiber surface with a diameter of 125 µm.



Laboratory-prepared dispersion of reduced graphene oxide was also used in FO sensors of dopamine and nicotine [28]. In these sensors, a special Fabry–Perrot interferometer was set up from an input SM fiber with a core of 8 µm in diameter, output MMF of 105 µm in diameter and a capillary in which both the fibers were inserted. The distal face of the SM fiber and the distal face of the MMF fiber was coated with thin gold layers. The inner wall of the capillary was coated with a layer of reduced graphene (rGO) onto which rhodamine 6G (rh6G) was adsorbed. The fluorescence of rh6G was quenched by this adsorption. In the presence of analyte, rh6G molecules are de-adsorbed from the rGO layer and are replaced with analyte molecules. The liberated rh6G molecules excited at 514 nm emitted the fluorescence at about 560 nm. This fluorescence was coupled into optical modes propagating in the capillary cavity. Intermodal interference was detected using a two-step optoelectronic heterodyne technique, not optically. This technique enabled the extraction of the intermodal interference and suppression of the optoelectronic noise. However, the precise preparation of sensing fibers is necessary for interferometric measurements.



Sulfide nanomaterials, such as MoS2, with structures similar to nanosheet graphene materials, represent new materials for nanosensor developments. A glucose FO SPR sensor based on a multilayer consisting of a gold nanolayer, three monolayers of MoS2, and one monolayer of graphene modified with pyrene-1-boronic acid (PBA) was tested [29]. This detection multilayer was applied on a standard D-shaped SM fiber. A thin layer of Cr (5 nm) was coated on the D-shaped part in order to increase the adhesion of the multilayer to the fiber. PBA was used for controlling the access of glucose to the graphene surface. Commercially available stacks of MoS2 and graphene were used. Such a stack consists of a substrate, monolayer of MoS2 (or graphene), and polymeric cover. In the coating process, the substrate was removed with a suitable solvent, and the monolayer with the cover was floated on the water surface to the surface of the D-part of the fiber. After removing this water, drying, and curing, the polymer cover was dissolved in a suitable solvent. In the case of MoS2, this process was repeated, and several monolayers were applied.



The sensor of BSA [160] was based on refractive index changes induced by different BSA concentrations in a layer of ITO applied onto a Cu layer. In this case, the ITO layer with a thickness of 15 nm both modified the operation range of the SPR sensor and served as the sensing layer. However, a high detection selectivity cannot be expected in this case because active sites on the ITO surface are not specific only for BSA.



An approach for sensing hydrogen peroxide in solution with a disposable SPR sensor was developed [161]. It is based on etching a silver sensor layer by H2O2. Due to the etching, the layer thickness decreases, which is related to a decrease in the intensity of light reflected from the layer. A maximum thickness decrease was of about 20 nm, and a silver layer with a thickness of 10 nm remained on the fiber. A calibration curve was obtained from intensity values determined after etching for 20 min. The approach was employed for sensing hydrogen peroxide generated in the enzymatic oxidation of glucose under the catalysis of glucose oxidase. In this sensor, a tilted fiber grating was inscribed into the core of a standard single-mode fiber.



Recently, new nanomaterials with similar structures as that of graphene have been employed in FO chemical sensors [30,31,162]. These nanomaterials, called MXenes, are based on transition metal carbides or nitrides. Their composition can be described by a general formula Mn+1XnT, where M represents a transition metal, X is carbon or nitrogen, and Tx- hydrophilic terminal groups such as –OH and –F. These terminal groups make such materials very suitable for the detection in aqueous solutions. Nanosheet material based on Nb2CT was used in the FO nanosensor for chlorpyrifos pesticide detection [30]. A tilted fiber grating was used for monitoring refractive index changes induced by the pesticide in the nanomaterial layer (a thickness of 1–5 nm). Unfortunately, one cannot find any information about the material origin and the preparation of the layer on the fiber in the paper [30]. The sensor was based on the photothermal principle. By irradiating a pesticide solution with a laser of 400 nm in wavelength, the refractive index of the solution is changed. This change is detected by the sensor. A method for the compensation of the effects of external temperature fluctuations is proposed in the paper.



A special Mach–Zehnder interferometer modified with Ti3CN nanosheet material was developed for refractive index measurements [31]. This interferometer consists of an input SM fiber with a core diameter of 9 µm, a silica fiber with a diameter of 125 µm and a length of 1 mm, a D-shaped silica fiber of 62.5 µm in thickness and a length of 0.269 mm, a silica fiber of 125 µm in diameter, and the output SM fiber with a core diameter of 9 µm. All these fibers were optically connected by splicing. The resonator cavity was formed by the D-shaped fiber spliced between two short silica fibers. Ti3CN nanomaterial was coated on the D-shaped fiber optically by launching a high-power laser beam in the input SM fiber and putting the D-shaped part in contact with Nb2CN in ethanol. However, details of this preparation are missing in the paper. Spectral interferometry in a spectral range from 1440 to 1640 was used for the sensor interrogation. It was found that the detection sensitivity of the sensor can be increased by increasing the nanomaterial concentration in the dispersion used for its coating [31]. This increase is related to an increase in the sensing layer thickness. The preparation of such interferometers requires great practical experience. Generally, interferometric techniques are sensitive, but they can be influenced by external factors such as temperature, vibrations, etc.



Similar MXene nanomaterial Nb2CT has been tested in a FO nanosensor for detecting concentrations of dissolved oxygen in water (biological oxygen demand-BOD) [162]. In this sensor, nanosheets of the Nb2CT nanomaterial were applied on the waist of a biconical taper prepared from a standard SM fiber. The taper with a waist diameter of 4.7 µm and a length of 2.3 mm was fabricated. Commercially available dispersions of Nb2CT nanomaterial were used. The material was immobilized optically on the waist by launching the laser radiation in the fiber, with the taper being in contact with the dispersion. Strong evanescent waves in the waist region enabled fixing the material to the waist. In measurements, two spectral dips in a spectral region of 1540–1650 nm were employed. These dips shifted to longer wavelengths due to a refractive-index increase in Nb2CT caused by oxygen dissolved in water.



The detection selectivity of some FO chemical nanosensors in Table 6 has also been investigated. It was found that the catechol nanosensor [24] exhibited an about three times higher response to catechol than to dopamine or nitrobenzene. Responses to different chemicals, such as ascorbic acid or uric acid, were also determined with the glucose sensor [29]. For concentrations of 0.1 mM, the highest response was determined for glucose and by about 1.5 times lower response for ascorbic acid. It was also shown that pesticide detection based on the photothermal technique is not influenced by sodium, potassium, and calcium ions in pesticide solutions [30]. About three times higher responses were determined with the dopamine sensor [159] for dopamine than for serotonin or ascorbic acid.





6. Conclusions and Perspectives


This review deals with four types of fiber-optic nanosensors for chemical sensing, namely fiber nanotip sensors, fiber nanoarray sensors, fiber-optic SPR sensors, and fiber-optic nanomaterial-based sensors. These sensors employ silica or plastic optical fibers. The review shows the fabrication of such sensor, their material characteristics, and their sensing performance for chemical detection in gases, solutions, cells, bacteria, pores, etc. Examples of biosensors employing such nanosensors are also reported to document their broad sensing performance.



Fiber nanotip sensors can employ commercially available SNOM nanotips, or they can be prepared by thermal pulling or chemical etching. While thermal pulling requires a sophisticated device, the etching can be realized in a chemical laboratory, provided that safety rules for working with hydrofluoric acid are kept. However, nanotips prepared by chemical etching need to be metalized to preserve their mechanical stability. On the other hand, SNOM nanotips are metalized. Nanotips with apex diameters below 100 nm can be employed for intracellular measurements. However, in this field, they will compete with PEBBLES (probes embedded in biologically localized environments). Thus fiber-optic nanotip and microtip sensors can be useful for chemical detection in pores, cell tissues, and small drops. Chemical sensing in plant tissues and drops of exudates from plants is possible with fiber microtip sensors [163] and can provide us with information on chemical mechanisms in plant tissues, leaves, etc. Information about concentrations of chemicals in material pores can be employed for investigations of solid catalysts, metal corrosion, etc. One can also expect that fiber-optic microtips and nanotips will be employed for the development of optical tweezers and coupling devices. Fiber nanotips coated with metallic nanoparticles or nanoislands exhibit very good performance for SERS-based chemical analysis, which still is not fully employed.



Fiber nanoarray sensors based on imaging fibers offer us great performance for precise imaging and multiplexed sensing in solutions, small objects, cellular cultures, etc. The fabrication of such nanoarrays by chemical etching is simple and well-elaborated. The quality of imaging with imaging fibers can hardly be overcome with other techniques. In the field of sensing arrays, they will compete with approaches employing microtitration plates [164] and “Lab-on-fiber” approaches. The potential of fiber nanoarrays for the development of SERS-based chemical sensors is not still fully utilized. One can expect that novel robotic techniques will allow the rapid development of “Lab-on-fiber” micro and nanosensors for chemical sensing and biosensing.



Many remarkable results have been achieved with fiber-optic SPR chemical sensors and mainly biosensors. However, fiber-optic chemical sensors compete with commercially available SPR devices based on prisms or gratings as excitation elements. Such devices enable multichannel detection with referencing, which is not common for fiber-optic SPR sensors. Moreover, the preparation of fiber-optic SPR sensors requires special physical techniques such as thermal evaporation or sputtering for the application of metal nanolayers. In some fiber-optic SPR sensors, it is necessary for the fiber to be rotated during the metal application on the fiber. Thus, fiber-optic SPR sensors are expected to be more employed in well-equipped laboratories where they can offer great performance for the research and development of novel chemical transducers and biotransducers and for detection in multicomponent samples.



Recently, many fiber-optic nanomaterial-based chemical sensors have been investigated. Such nanosensors employed quantum dots, carbon nanotubes, oxide nanorods, ceramic or metal nanolayers, nanosheets of graphene materials, sulfide materials, and MXenes, as well as nanoarrays on the fiber faces. Such materials have been applied to different fiber-optic elements. One can expect that the research and development of sensing nanomaterials will rapidly continue in the future. To test the sensing performance of such novel nanomaterials, optical fibers can be useful. Such nanomaterials can be tested using evanescent-wave fiber-optic sensors with increased sensitivity [20], fibers with inscribed gratings, and photonic crystal fibers. One can expect that the use of such sensing approaches will enable us to decrease the research expenses necessary for the development of novel sensing materials.
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Figure 1. Fiber-optic chemical sensor; (a) a principal sensor scheme; (b) schematic electrical-intensity distribution in a fundamental guided mode; blue curve-guided-mode intensity in the core, red curve-guided-mode intensity in the cladding, i.e., evanescent wave. 
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Figure 2. Schemes of the principal structure and output spectrum of (a) tilted fiber Bragg grating and (b) long-period grating. Λ: grating period and λG: principal grating wavelength. 
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Figure 3. Schematic description of thermal pulling technique. (a) An input fiber element. (b) Biconical taper with a waist around the center. (c) Two fiber tips. 
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Figure 4. A photo of a microtip prepared at the author’s laboratories. 
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Figure 5. Scheme of Turner etching. (a) Beginning of etching. (b) Etching in progress. (c) Etching end. 
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Figure 6. Scheme of tube etching method. (a) Beginning of the process. (b) Intermediate process stage, e.g., the tip formation. 
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Figure 7. A scheme of a set-up used with fiber nanotip sensors based on an inverted fluorescence microscope. 
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Figure 8. A principal scheme of a fiber-optic array composed of twenty-one constituent fibers and four different sensors distinguished by different colors. 
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Figure 9. A scheme of the etched fiber bundle. (a) Input bundle. (b) Tip array. (c) Well array. 
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Figure 10. A scheme of a sphere-based fiber-optic array for homogenous sensing; (a) sectional view and (b) ground-plan. 
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Figure 11. A scheme of a tip-based fiber-optic array for homogenous sensing obtained by photopolymerization; (a) sectional view and (b) ground-plan. 
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Figure 12. A sectional view of a fiber-optic array for opto-electrochemical sensing. 
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Figure 13. A principal setup for excitation of surface plasmons. 
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Figure 14. Sensing characteristics of a wavelength-interrogated SPR sensor. (a) Response curves. (b) Calibration curve. 
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Figure 15. Schemes of fiber-optic SPR sensor set ups. (a) Transmission setup. (b) Reflection setup. 
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Figure 16. Schematic cross-sections of optical fibers used for SP excitation: (a) plastic and polymer-clad silica fibers, (b) single-mode D-fibers, (c) U-bent fibers, and (d) microstructure fibers. 
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Figure 17. Excitation of a fiber-optic SPR sensor excited by an inclined collimated beam. (a) Response curve. (b) Calibration curve. 
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Figure 18. Principle of the fabrication of MIPs. 
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Table 2. Examples of fiber nanotip and submicrometer tip biosensors.
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	Analyte
	Transducer
	Tip Apex Diameter [nm]
	Linear Range
	Reference





	BPT
	BPT antibody
	25–60
	0.06–1.6 nM
	[69]



	NO2
	Cytochrome c’
	200
	0.02–1 mM
	[71]



	Glutamate
	Glutamate dehydrogenase
	30–500
	15–30 µM
	[72]



	DNA
	Molecular beacon
	30
	0.57–10,000 nM
	[49]










 





Table 3. Selected characteristics of FOSPR gas sensors.
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Analyte

	
Fiber

	
Layer for SPR Excitation

	
Sensing Layer

	
Sensitivity

	
Ref.






	
NH3

	
PCS600

	
Ag/Si

	
BCP

	
0.45 nm/ppm

	
[134]




	
PCS600

	
Cu

	
BCP

	
1.59 nm/ppm

	
[135]




	
PCS600

	
ITO

	
BCP

	
1.82 nm/ppm

	
[135]




	
PCS600

	
ITO

	
PAni

	
0.12 nm/ppm

	
[136]




	
PCS600

	
Cu

	
rGO in PMMA

	
0.90 nm/ppm

	
[119]




	
PCS600

	
Ag

	
SnO2

	
2.15 nm/ppm

	
[137]




	
Taper POF

	
Ag NPs

	
PVP + PVA

	
0.88.count/ppm

	
[120]




	
POF

	
Ag NWs

	
-

	
0.17 count/ppm

	
[138]




	
Cl2

	
PCS600

	
Ag

	
In2O3 + SnO2

	
0.15 nm/ppm

	
[139]




	
PCS600

	
Ag

	
ZnO

	
1.40 nm/ppm

	
[140]




	
H2S

	
PCS600

	
Cu

	
ZnO

	
0.65 nm/ppm

	
[141]




	
PCS600

	
Ag

	
ITO + NiO

	
2.70 nm/ppm

	
[142]




	
CH4

	
PCS600

	
Ag

	
rGOGCNT in PMMA

	
0.60 nm/ppm

	
[121]




	
C2HCl3

	
PCS400

	
Ag

	
SAM/Fsil

	
19.2 μV/ppm

	
[11]




	
Gasoline

	
PCS800 U-bent

	
Au NPs

	
-

	
0.12 mV/ppm

	
[143]




	
Ag NPs

	
-

	
0.08 mV/ppm

	
[143]








In Table 3, PCS600 means a straight PCS fiber with a core diameter of 600µm; NPs—nanoparticles; NWs—nanowires; NT-nanotubes; rGO—reduced graphene oxide, PMMA—poly (methyl methacrylate); PAni—polyaniline; PVP + PVA—copolymer of vinylpyrolidone and vinyl alcohol; SAM—self-assembled monolayer of alkanethiol; Fsil—fluorinated polysiloxane; BCP—bromocresol purple. Maximal sensitivity values are reported in Table 3.













 





Table 4. Characteristics of hydrogen gas sensors.
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	Fiber
	Layer for SPR Excitation
	Sensing Layer
	Response Difference
	Reference





	PCS600
	Ag
	ZnO + Pd
	80 nm
	[147]



	PCS600
	ITO
	(ITO)
	1.28 dB
	[144]



	HetCore
	Au/Ta2O5
	Pd
	0.38 dB
	[145]



	HetCore
	Au/Ta2O5
	Pd
	0.42 dB
	[146]



	PCS400SE
	Pd (12 nm)
	(Pd)
	30%
	[117]







In Table 4, HetCore means a sensing element fabricated of a short sensing SM fiber with a core diameter of 3μ spliced between input and output MMF fibers with core diameters of 62.5 μm. PCS400SE abbreviates a PCS fiber with a core diameter of 400 μm excited by an inclined collimated beam. The response difference was determined from measurements with 4 vol.% of H2 in nitrogen and with pure nitrogen.













 





Table 5. Characteristics of selected FOSPR chemical sensors.
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	Analyte
	Fiber
	Layer for SP Excitation
	Sensing Layer
	Sensitivity
	Reference





	Melanin
	PCS600
	Ag
	MIP1
	10 nm/log(M)
	[122]



	Profenofos
	PCS600
	Ag
	MIP1
	12 nm/log(M)
	[123]



	Nicotinamide
	POF980 tape
	Au
	MIP1
	1.3 × 104 nm/M
	[124]



	TNT
	POF980 D-shape
	PhtR/Au
	MIP1
	2.7 × 104 nm/M
	[125]



	Furfural in wine
	POF980 D-shape
	PhtR/Au
	MIP1
	255 nm/(mg/L)
	[126]



	Erythromycin
	PCS600
	Ag
	MIP2
	205 nM/μM
	[127]



	Cocaine
	PCS1000
	Au
	MIP2
	0.5 nm/(mg/L)
	[128]



	Tetracycline
	PCS600
	Ag
	MIP3
	700 nm/µM
	[129]



	Oxytetracycline
	PCS600
	Ag
	MIP3
	150 nm/µM
	[129]



	Vitamin B3
	PCS600
	Ag
	MIP3
	1.48 nm/(mg/L)
	[130]



	BSA
	POF980 D-shape
	PhtR/Au
	MIP3
	1.95 nm/µM
	[131]



	S1-subunit
	POF980 D-shape
	Pt/Au
	MIP3
	6.483 nm/µM
	[131]



	Ascorbic acid
	PCS600
	Ag
	MIP4
	30 nm/m
	[132]



	Sucrose
	PCS400 U-bend
	AuNPs
	SiNx
	0.032 (%wgt.)−1
	[150]



	Phenylhydrazine
	PCS600
	Ag
	Al@ZnO NPs
	0.12 nm/(µg/L)
	[151]



	As3+
	PCS600
	Ag
	α-Fe2O3@SnO2NPs
	2.06 nm/(µg/L)
	[152]



	Cl2 solution
	PCS6000
	Ag/ZnO
	PVP
	4 nm/ppm
	[153]



	RI-sensing
	PCS400-face
	Au
	Au triangles
	1795 nm/RIU
	[154]



	Hg2+
	PCS600
	Ag
	AuNPs in PVA
	0.7 nm/(µM]
	[155]



	NH3 solution
	MMF62.5
	Co
	Ag
	0.131 nm/ppm
	[156]







In Table 5, PCS600, PCS400, POF980, and MMF62.5 refer to polymer-clad silica fibers, plastic optical fibers, and multimode fiber with core diameters of 600, 400, 980, and 62.5µm, respectively; PhtR—photoresist layer (a thickness of 1.5 µm), M abbreviates [mol/L]; PVP is polyvinyl pyrrolidone, MIP1—molecularly imprinted polymer based on MAA, MIP2—molecularly imprinted polymer based on MAA and HEMA; MIP3 is based on acrylamide, MIP4 on polyaniline, and NPs abbreviates nanoparticles Al@Zno. NPs are core-shell nanoparticles with Al core and ZnO shell.













 





Table 6. Characteristics of selected fiber-optic nanomaterial-based chemical sensors.
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	Analyte
	Fiber
	Principle
	Sensing Layer
	Sensitivity and LOD
	Ref.





	NO solution
	PCS600 face
	FluQe
	CQDs-PhDam/CA
	0.006 ppm−1 and 9 nM
	[21]



	NO solution
	POF bundle face
	FluQe
	CdSeQDs/CA
	0.0006 deg/M and 0.1 nM
	[22]



	NO solution
	ECMSF
	FluQe
	CdTe@CdS QDs
	0.34 (log(M))−1 and 0.01 nM
	[23]



	Catechol
	PCS600/Ag
	SPR
	ZnONP-MWCNTs-CTAB
	5.5 nm/µM and 0.1 µM
	[24]



	E-coli
	POF125/Cr/Au, face
	SPR
	ZnO NR
	4.4 × 10−4 unit (CFU/mL)−1 and <1000 CFU/mL
	[25]



	Dopamine
	PCS400/Au
	SPR
	MIP MWCNT PPy/nafion
	68 nm/log(M) and 18.9 pM
	[159]



	Hemoglobin
	SMF8-TFG
	RI sensing
	GO
	8.2 nm/(mg/mL) and <0.1 mg/mL
	[26]



	Hemoglobin
	SM8, taper, LPG680
	RI sensing
	rGO
	2 nm/(mg/mL) and 0.02 mg/mL
	[27]



	Dopamine
	FP interferometer
	Interferom.
	rGO
	0.51 kHz/µM and 200 nM
	[28]



	Nicotine
	FP interferometer
	Interferom.
	rGO
	0.2 kHz/µM and 10 nM
	[28]



	Glucose
	SMF8 D-shape/Cr/Au
	SPR
	MoS2/G-PBA
	6709 nm/RIU and <0.1 mM
	[29]



	Pesticide
	SMF-TFG
	Phototermal
	Nb2CTx
	1.8 pm/ppm and 0.35 ppm
	[30]



	Salinity
	MZ-FO interferometer
	Interferometry
	Ti3CN
	−5.3 nm/% and <1%
	[31]



	BSA
	PCS400/Cu/ITO
	SPR
	(ITO)
	1.9 nm/(mg/mL) and 0.57 µg/mL
	[160]



	H2O2
	SMF8-TFG/Ag
	SPR-Ag etching
	(Ag)
	~1.9 dB/µM and <0.2 µM
	[161]



	BOD
	SMF8 taper
	RI sensing
	Nb2CTx
	35 nm/(mg/mL) and 5.7 × 10−4 mg/mL
	[162]







In Table 6, PCF400, PCS600, SMF8, and POF125 abbreviate polymer-clad silica fiber with a core diameter of 400 µm and 600 µm, respectively, SMF8 means single-mode fiber with a core diameter of 8 µm, POF125—plastic optical fiber with a core diameter of 125 µm, ECMSF is exposed-core microstructure fiber, FP interferometer—Fabry-Perrot interferometer, TFG—tilted fiber grating, LPG680 abbreviates long period grating with a period of 680 µm, MZ interferometer is Mach Zehnder interferometer, FluQe—fluorescence quenching, CQDs—carbon quantum dots, PhDam means o-phenylenediamine, CA—cellulose acetate, -MWCNTs- muti-walled carbon nanotubes, CTAB—1-hexadecyltrimethylammonium bromide, NR-nanorods, MIP MwCNT-Ppy means molecularly imprinted polymer of MwCNTs and pyrrole, GO, and rGO are graphene oxide, and reduced graphene oxide, respectively, G-graphene, PBA-pyrene-1-boronic acid, M abbreviates mol/L, RIU is refractive-index unit, and LOD is limit of detection.
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