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Abstract

:

Proteins play an important role in organisms. The fast and high-accuracy detection of proteins is demanded in various fields, such as healthcare, food safty, and biosecurity, especially in the background of the globally raging severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Optical fiber sensors have great potential for protein detection due to the excellent characteristics of high sensitivity, miniaturization, and capability for remote monitoring. Over the past decades, a large number of structures have been investigated and proposed. This paper begins with an overview of different fiber sensing structures for protein detection according to the fundamental sensing mechanisms. The overview is classified into four sections, including intensity-modulation, phase-modulation, scattering, and fluorescence. In each section, we reviewed the recent advances of fiber protein sensors and compared their performance, such as sensitivity and limit of detection. And then we analyzed the advantages and disadvantages of the four kinds of biosensors. Finally, the paper concludes with the challenges faced and possible future development of optical fiber protein biosensors for further study.
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1. Introduction


Proteins are essential parts of organisms and participate in virtually every process within cells that perform a vast array of functions within organisms, including catalysing metabolic reactions, DNA replication, responding to stimuli, providing structure to cells and organisms, and transporting molecules from one location to another. For example, enzymes that catalyze biochemical reactions have the effect of promoting metabolism. Membrane proteins play a special role in terms of structure and function [1]. The rapid and low-cost detection and identification of proteins is in great demand in biomedicine and the food industry. In recent decades, the demand for reliable and accurate sensing has fuelled the development of various protein detection methods, with each having several advantages and disadvantages. For instance, immunoblotting (or Western blotting) is a highly sensitive and specific assay method that works by exploiting the specificity inherent in antigen–antibody recognition [2]. However, it has a high cost and precise technical requirements. Immunohistochemistry is usually used to qualitatively analyze the expression of some proteins, while the method may present significant bias and has low sensitivity and specificity [3]. An enzyme-linked immunosorbent assay is a powerful tool for highly sensitive protein detection, but its disadvantages include low specificity, considerably long turn-around time, and a complicated labelling process [4]. Therefore, there is an urgent need to develop a fast, accurate, and cost-effective protein detection method for biomedical research.



Optical fiber sensors have acquired paramount importance in fields including environmental monitoring [5], medicine analysis [6], clinical diagnostics [7], and biochemical detection [8] due to their compact size, high stability and robustness, immunity to electromagnetic interference, and remote operation potential. In parallel with the recent development of novel fiber-optic structures and materials sciences, the impressive performances of on-chip nano-photonic biosensors have been combined with those novel optical fibers, resulting in a complete research field called “Lab-on-Fiber” [9]. Optical fiber biosensors have had extraordinary growth in distinguishing biomolecules, such as proteins, DNA sequences [10], glucoses [11], and hormones [12], with high sensitivity and selectivity. Detection technology based on protein reaction is the most popular in biosensors due to its use in health monitoring [13], disease diagnosis [14], food safety [15], and biosecurity [16]. Over decades of research and development, optical fiber biosensors have proven to be a fast and reliable method for the detection of protein reaction kinetics.



Among optical fiber biosensors, two commonly used techniques are label and label-free techniques. The label technique is typically a sandwich structure. Most of the applications are combined with the fluorescence technique, which requires the fluorescently labelled antibody that can specifically bind to the target antigen. This can effectively reduce the interference of signals from non-specific binding of other interfering proteins, thereby drastically reducing the selectivity of the immunosensors. However, there are still some potential issues including time-consuming procedures, possible human error, mechanical damage, and risks of contamination [17]. The label-free technique is based on the modulation of the transmitting optical signals by the refractive index (RI) variations caused by bio-recognition events at the fiber sensor surface [18]. It has acquired paramount importance in immunosensors because of the advantages of being low cost, easy to perform, and free of the laborious labelling process. Moreover, the technique also provides the ability for the real-time monitoring of biochemical reactions [19,20].



As shown in Figure 1, there are three main steps in the fabrication of optical fiber biosensors, including the sensitization of the optical fiber and the modification of the receptor. Since most of the light is usually confined in the core of the fiber, it is crucial to modify the fiber structure for enhancing the interaction between light and the surrounding environment in the sensing area [21,22]. It has been proven that the sensitivity of indirect immobilization is higher than that of direct immobilization [14]. Various kinds of materials have been employed to modify the fiber surface. These materials either enhance the signal response affected by the biomedical reaction or increase the binding efficiency of the receptor. Subsequently, biomolecule receptors are immobilized on the functional materials. Finally, when the analytes bind with the receptors on the fiber surface, its biomedical reaction modifies the transmitted or reflected light signals in the optical fiber, which can be detected by optical interrogation. To date, the biosensors can sense protein molecules down to the fM level [23] with the support of various modification process.



Although recent years have witnessed fast development in optical fiber-based biosensors for protein recognition, a comprehensive and updated review of the biosensor has not appeared yet. This paper begins with an overview of different fiber sensing structures for protein detection according to the work mechanisms. This is followed by a comparison of the advantages and disadvantages of the four kinds of biosensors. Finally, this paper includes the outlook and discusses the challenges and opportunities for future development.




2. Protein Biosensors Based on Sensing Mechanisms and Recent Advances


The functional modification of optical fibers is a very important process. A biological receptor can be directly modified on the sensing region by the salinization process [24]. However, it has been proven that the sensitivity of indirect immobilization is higher than that of direct immobilization [14]. Various materials have been employed to modify the fiber surface, as shown in Figure 1. Noble metal nanofilms [25] and metal oxides [26] are usually used to couple the evanescent wave in order to modulate the transmission spectrum. Polydopamine (PDA) coating is an easy and versatile modification method [27]. Polyelectrolytes are usually deposited on the fiber surface using the layer-by-layer electrostatic self-assembly (LBL-ESA) technique, providing a spongy surface that contributes to preserving the bio-active ability of proteins and increasing the binding capacity of the absorbed bioreceptor [28,29]. Graphene oxide (GO) possesses excellent capabilities in biocompatibility, solubility, and selectivity [30], which can improve the biomolecule modification density, thereby increasing the sensitivity [31,32]. Some intermediate protein materials, such as protein A and protein G, have a high affinity with the crystallizable fragment region of the antibody molecule, extending the binding sites of the antigen-binding fragment region outward [33]. These materials either enhance the signal response affected by the biomedical reaction or increase the binding efficiency of the receptor.



To date, broad-spectrum biomolecule receptors have been utilized for protein recognition, including antibodies [34], aptamers [35], and molecularly imprinted polymers (MIPs) [36]. Antibodies are large and Y-shaped proteins, which can specifically recognize a unique antigen [37]. Aptamers are single-stranded oligonucleotide (DNA or RNA) or peptide molecules that bind to a specific target molecule, which are selected in vitro [38]. Compared to antibodies, they are more stable, flexible, mass-produced, and easy to modify [39,40]. MIPs are tailor-made chemical receptors obtained by the polymerization of functional monomers and crosslinker molecules in the presence of a template, which can recognize and bind target molecules with a high affinity and selectivity [41,42]. As compared with antibodies, they are easier to prepare, more cost efficient, and more stable [43]. In addition, there are some special bioconjugate pairs such as streptavidin–biotin [44]. Streptavidin (SV) has very high affinity for biotin, since it possesses one of the strongest noncovalent interactions in nature. Therefore, they are often used as demonstration models in biosensing.



Despite the diverse protein biosensors, the most widely used mechanism is based on the RI changes of the surrounding medium caused by protein recognition on the optical fiber surfaces. This is mainly due to the mature and highly sensitive refractive-index-sensing technology that relies on a variety of optical fiber structures [45,46,47,48]. According to the sensing mechanism, the modulations of transmitted light can also be roughly classified as intensity-modulation and phase-modulation.



2.1. Intensity-Based Fiber Biosensors


An evanescent wave is a rapid attenuation of electromagnetic waves concentrating near the core/cladding interface that occurs when the optical signals are transmitted in the optical fiber. Although an evanescent wave cannot propagate along optical fibers, it can exchange energy with the core mode and environmental materials. The evanescent wave absorption (EWA) characteristics of the materials deposited on the optical fiber can be used to achieve the selective absorption of a specific wavelength or spectral range [49]. When a broadband white-light source is injected into the optical fiber, most of the energy of a specific wavelength is absorbed by the coated materials, which sharply reduces the energy of the transmitted light. For absorption-based biosensors, the transmitted output light intensity,    I  o u t    , in optical fibers can be described by Beer–Lamber’s law [50]:


   I  o u t   =  I  i n    e  − α L    



(1)




where    I  i n     is the input light intensity,  L  is the interaction length, and  α  is the attenuation coefficient, which relates to the fraction of light in the evanescent domain, molecular absorptivity, and its concentration. Then, by monitoring the intensity of this particular absorption dip, the selective detection of the target analyte can be achieved. The typical structures of EWA-based fiber biosensors are shown in Figure 2a–c.



Proteins exhibit significant absorption of light at wavelengths of 280 nm and 260 nm, which are in the ultraviolet region. Sai et al. took advantage of that fact, developing a fiber-optic biosensor based on EWA at 280 nm to detect goat anti-human immunoglobulin G (GaHIgG) with a limit of detection (LoD) of 0.1 μg/mL [51]. However, the absorption sensitivity of the protein itself is low. In 2007, Leung et al. reported the use of a laser of 1550 nm and an antibody-modified tapered fiber-optic biosensor to monitor the attachment of bovine serum albumin (BSA) down to 10 fg/mL [52]. Although BSA was non-absorbing at 1550 nm, the absorption of the proteins to the tapered fiber leads to the change in RI. In 2018, Petropoulou et al. used a synthesis of novel amphiphilic block copolymers forming a stable polymeric film on the optical fiber [53], which can absorb negatively charged proteins, such as BSA.



The more popular method is utilizing the extinction property of gold nanoparticles (AuNPs), which selectively absorb evanescent waves when they approach the fiber surface. The strong absorption of evanescent waves can be achieved using AuNPs as amplification markers combined with sensitized fiber platforms, and AuNPs are attached to the fiber sensing region via a sandwich structure as shown in Figure 2d. In 2014, Li et al. reported an optical microfiber (MF) using AuNPs as an amplification label for the detection of alphafetoprotein (AFP) with a LoD of 0.2 ng/mL [54]. In 2016, Bandaru et al. demonstrated a U-bent unclad fiber for human IgG (HIgG) detection with a LoD of 0.3 ng/mL [55]. Later, they reduced the LoD to 1 fg/mL with the silver enhancement of AuNP labels [56]. In 2020, Chiang et al. fabricated an unclad fiber for procalcitonin (PCT) detection providing a LoD of 95 fg/mL [57]. In 2021, Divagar et al. used a U-bent unclad fiber to detect severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) nucleocapsid protein (N-protein) [58]. Compared to the EWA-based label-free biosensors, the nanogold-linked immunosorbent assay method has higher sensitivity and better specificity.



Due to the small penetration depth of the evanescent waves, EWA-based fiber-optic sensors usually need to reduce the fiber diameter due to the requirement for a sufficient intensity of evanescent waves, which also increases the fragility of the optical fibers. In 2021, Xu et al. demonstrated an intensity-modulated all-fiber optofluidic biosensor based on Fresnel reflection [59]. As shown in Figure 3a,b, the biosensor consists of a single-multimode fiber coupler, multimode fiber (MMF) probe, and an optofluidic cell. When the incident light coupled into the fiber probe core, a fraction of the light was reflected on the end surface of the fiber probe according to the Snell–Descartes laws, then coupled back into the coupler sensor. On one hand, since the entire system is composed of non-bulk optical components, strict optical alignment is not required. On the other hand, the use of MMFs with a larger surface enhances the interaction between light and the analyte in the sensing interface. Thus, this biosensor has good light transmission efficiency and stability. With the help of this structure, they detected a SARS-CoV-2 spike protein receptor-binding domain (S-RBD) with a LoD of 0.005 ng/mL. Some important intensity-based fiber biosensors for protein dection are summerized in Table 1.




2.2. Phase Shift-Based Fiber Biosensors


The biosensors based on EWA might introduce a large insertion loss, due to the evanescent wave easily spreading into the measured solution. Optical fiber phased-modulated biosensors detect the surrounding protein molecules by measuring the cumulative optical phase variation of the light waves in the fibers caused by the biomedical reaction on the optical fiber surface during the light–matter interaction. The phase changes in the optical fiber usually result in the wavelength variation of the transmission spectra, which can be read out with the electromagnetic resonance, interferometers, and fiber gratings.



2.2.1. Electromagnetic Resonance-Based Fiber Biosensors


Under the excitation of waveguide light, the metal or semiconductor nano-film deposited on the optical fibers generates and characterizes electromagnetic resonance (EMR). According the permittivity (  ε =  ε ′  + j  ε ″   ) or refractive index (  N = n + j k  ) of the thin-films, where   ε ′   and   ε ″   are the real and imaginary parts of the permittivity,  n  and  k  are the real and imaginary parts of the refractive index, respectively, and the EMR can be divided into: surface plasmon and resonance (SPR) and lossy mode resonance (LMR).



SPR Sensors


SPR is described as a surface electromagnetic wave stimulated by the excitation of surface plasmon polaritons, which are generated by the resonance of the evanescence wave and the surface plasmon wave on the surface between the optical fiber and metal thin-film [60]. Not only must the real part of the metal thin-film permittivity be negative and higher than the imaginary part, the permittivity of the material deposited also needs to be lower than that of the thin film [61]. Gold films are widely deposited on optical fibers by sputtering and thermal evaporation, due to gold’s good resistance to oxidation and corrosion in different circumstances [62].



A wide variety of structures have been used for SPR-based fiber biosensors, including tapered fibers [36,63], unclad fibers [36], D-shaped fibers [16,64], U-bent fibers [65], tilted fiber Bragg gratings [33], and long period gratings [66], as shown in Figure 4a–f. For protein detection, it is of significance to immobilize the biomolecule receptors on the metal thin-film well. Bioactive molecules are generally immobilized on the surface of the golden film with the help of sulfhydryl (-SH). Since the strength of the Au-S bond is higher than that of the S-H bond, the biomolecules are easy to fix on the gold film surface with the formation of the Au-S bonds [67]. Moreover, Briand demonstrated that the co-adsorption of different thiols improves the stability and the molecular recognition properties of immobilized proteins due to reduced steric hindrance [68,69]. However, protein molecules are large, with complex structures, and do not necessarily have sulfhydryl. In order to solve this, the intermediate protein materials, such as protein A [70] and protein G [71], are used to immobilize the protein by linking the Au film and proteins. Wong et al. demonstrated a photonic crystal fiber SPR biosensor based on protein G immobilization to monitor the binding kinetics of the IgG and anti-IgG with a LoD of 0.267 mg/L [71]. The protein G could guide the bound antibody to a proper orientation on the surface. In addition, Shi et al. showed a surface functionalization method for the self-polymerization of PDA, which is simpler and quicker [27].



Gold film is generally preferred because of its excellent antioxidant and corrosion resistance compared to other metals. However, gold film suffers from inefficient biomolecule immobilization efficiency [62]. In addition to gold, silver also often performs as the material for the metal film of SPR biosensors. Although silver has quite good sensitivity and a sharp SPR dip, it is easy to oxidize and form thin-film agglomerates [72]. SPR sensors based on GO-coated silver thin films can effectively prevent the oxidation of the silver film due to GO stopping the oxygen molecules from passing through the silver thin film [73]. Wang et al. demonstrated a GO/silver-coated polymer cladding silica (PCS) fiber for HIgG detection with a high sensitivity of 0.4985 nm/(μg/mL) and a low LoD of 0.04 μg/mL [74]. Furthermore, the sensitivity of the SPR fiber sensors incorporated with GO layers can be greatly enhanced compared to one of the conventional SPR fiber sensors. Owed to its large surface-to-volume ratio and good biocompatibility, GO provides the highest extraction efficiency of biomolecules per unit area [75].



In 2018, Wang et al. explored an optical fiber SPR biosensor based on GO and staphylococcal protein A (SPA) co-modified tilted fiber Bragg grating [33]. GO coating makes more antibodies attach to the sensor surface. Second, SPA binds to the antibodies directionally, improving the antigen–antibody binding efficiency. The co-modified biosensor shows high performance in the detection of HIgG with a sensitivity and LoD of 0.096 dB/(μg/mL) and 0.5 μg/mL, respectively. Recently, optical fiber biosensors based on localized surface plasmon resonance (LSPR) have attracted increasing attention; this is a kind of SPR phenomenon generated from metallic nanoparticles rather than bulk metal [76]. The size of these metallic nanoparticles is usually on the nanoscale level and smaller than the wavelength of the evanescent wave [77]. Compared to SPR, LSPR is more localized and has better spatial sensitivity within the nanometer level [78,79]. In 2014, Sanders et al. designed a LSPR-coupled fiber-optic nanoprobe modified by a mouse anti-human prostate specific antigen (PSA) monoclonal antibody for free PSA detection [80]. Lepinay et al. present a tilted fiber Bragg grating coated with gold nanocages or gold nanospheres, decreasing the minimum detected target concentrations from 90 nM to 11 pM and 8 pM, respectively [81]. Although these metallic nanostructures offer the unique effects of LSPR with strong electromagnetic field confinement, it is still very challenging to precisely control the nanostructures. To overcome this problem, Urrutia et al. proposed a novel facile method to deposit gold nanoparticles to a tapered fiber with a LoD of 271 pM in 2016. They used the LBL-ESA method consisting of polycation (poly[allylamine hydrochloride]; PAH) and negatively charged SiO2 nanoparticles, which endows the sensing region with high porosity, resulting in increased sensitivity [63]. However, the traditional (3-aminopropyl)trimethoxysilane (APTMS) method and the LBL-ESA method led to a high fraction of AuNP aggregates and uneven distribution. In 2018, Lu et al. demonstrated a new method relying on a poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) block copolymer brush layer to immobilize AuNPs on the fiber [82], as shown in Figure 5a. The presence of the hydrophobic PS blocks seemed to prevent the aggregation of AuNPs. As shown in Figure 5b–e, in comparison with the other two, the PS-b-P4VP templating method drastically reduced the aggregation as well as increased the surface coverage of the AuNPs. The even distribution, orientation, and the high coverage of AuNPs can increase the sensitivity of both the resonance shift and intensity change. In 2019, King et al. took active control of a nanoscale metal by utilizing focused ion beam milling to pattern nanostructures from the deposited metallic thin film [83]. The scanning electron microscope (SEM) image and schematic view are shown in Figure 5f. This process allows the nano-scale control of the dimensions of the metal structures, and they measured PSA to 0.1 pg/mL.



Recently, a novel type of SPR effect, long-range surface plasmonic resonance (LRSPR), has attracted increasing attention due to its narrow half-maximum and high figure of merit (FOM; the ratio between the sensitivity and the half-maximum) [84]. LRSPR is characterized by a dielectric buffer layer between the fiber and the metal thin film. As compared with conventional SPR, LRSPR has longer propagation and deeper penetration [85]. In 2021, Cheng et al. modified a side polished fiber with Au nanoshells, detecting HIgG with a LoD of 0.2 μg/mL [86]. In the same year, Jing et al. demonstrated a LRSPR biosensor modified with a double-antibody sandwich immunoassay for HIgG detection with a LoD of 0.11 μg/mL [87].




LMR Sensors


LMR is explained as a coupling between dielectric waveguide modes and a lossy mode of the coated thin film that occurs when not only the real part of thin-film permittivity must be positive and higher than the imaginary part but also the permittivity of the dielectric needs to be higher than the thin film [88,89]. Typical materials include metal oxides [90], polymer coatings [91], and metal oxides/polymer combined coatings [92]. Indium tin oxide (ITO), ZnO, and SnO2 are all commonly used metal oxides. Among them, ITO, which is a hybrid material, has attracted much attention due to not only having the highest sensitivity but also the fact that SPR and LMR can both exist in ITO [93,94]. It can generate SPR at long wavelengths and LMR at short wavelengths. The polymer coatings, such as PAH/poly-acrylic acid (PAA) or PAH/poly(styrene sulfonate) (PSS), are usually obtained through the LBL-ESA technique, which offers a homogeneous surface coverage for the binding of proteins.



The development of LMR-based optical biosensors is still in the preliminary stage [95]. Currently, compared to SPR biosensors, there are not many studies about biosensors based on LMR. The schematic diagrams of LMR sensor structures are shown in Figure 4f–i. The first time that LMR was utilized to study a protein reaction was when Socorro et al. designed a reflective cladding removed multimode optical fiber coated by a PAH/PSS thin film based on the LBL-ESA technique for IgG detection in 2012 [96]. They achieved visualizing wavelength displacements of 10 nm for a 50 μg/mL concentration. Then, in 2014, they achieved a tapered SMF also modified by the LBL-ESA technique for anti-gliadin antibody (AGA) detection with a LoD of 5 μg/mL [97]. The reduction in the LMR spectral width is an important element, since a broad resonance leads to a higher LoD. In this study, they proved that a narrower and higher attenuation LMR spectrum was obtained by the tapered MMF structure. However, they still only monitored the protein reaction at a fixed concentration. In 2016, Zubiate et al. proposed a fast and reusable D-shaped optical fiber biosensor modified by a hybrid layer of ITO/PAH/PSS and C-reactive protein (CRP)-specific aptamer for CRP detection with a low LoD of 0.0625 mg/L and a fast response time of 61 s [26]. In 2018, Chiavaioli et al. showed a novel poly(methylmethacrylate) polymer (Eudragit L100) and SnO2-coated D-shaped SMF for IgG/anti-IgG assay with a femtomolar LoD of 0.15 ng/L (1fM) in serum [23]. The Eudragit L100 not only provided the necessary carboxylic functional groups (-COOH) on the SnO2 thin-film surface for antibody immobilization but also was regenerated multiple times by injecting sodium dodecyl sulfate. A more simple MCM fiber biosensor modified with the same coatings was presented by Vicente et al. in the next year [98], but they only attained a LoD of 0.6 mg/L for goat anti-mouse IgG detection.



Although the LMR phenomenon has only been applied in optical fiber biosensors for 10 years, compared to the decades of development of SPR sensors, LMR-based fiber sensors show broad prospects in many fields. Many different structures have been proposed, including unclad MMF, tapered SMF, D-shaped fiber, and hetero-core fiber. Based on the novel sensing principle, an ultrahigh sensitivity down to fM level for IgG detection had been achieved. However, LMR sensing techniques still need to be improved in terms of detection costs, practicability, robustness, etc. In view of the continuous sensitivity improvement during recent years, LMR-based biosensors are ideal candidate platforms for future optical fiber sensors. Some important EMR-based fiber biosensors for protein dection are summerized in Table 2.





2.2.2. Interferometric Sensors


There are many kinds of interferometric optical fiber sensors used for protein biosensing, mainly including the Mach–Zehnder interferometer (MZI), Michelson interferometer (MI), Fabry–Perot interferometer (FPI), Sagnac interferometer (SI), and optical microfiber coupler (OMC).



MZI-Based Fiber Biosensors


MZI is the most studied optical fiber configuration. The transmission spectrum of MZI is based on the phase difference between two light beams. Thus, the intensity of the transmitted light of the MZI can be expressed as:


  I =  I 1  +  I 2  + 2    I 1   I 2    c o s Δ φ  



(2)






  Δ φ =   2 π  λ   (   n  e f f , 1    L 1  −  n  e f f , 2    L 2   )   



(3)




where    I 1    and    I 2    are the intensities of the two interfering light beams,  λ  is the wavelength of the injected light,    n  e f f , 1     and    L 1    are the effective RI and propagation length of light beam 1,    n  e f f , 2     and    L 2    are the refractive index and propagation length of light beam 2, and   Δ φ   is their phase difference. The  m -order interference intensity minima,    λ  m i n , m    , occurs when:


   λ  m i n , m   =   2  (   n  e f f , 1    L 1  −  n  e f f , 2    L 2   )    2 m + 1    



(4)




where  m  is an integer.



In biosensors, the biomedical reactions will change the effective refractive indices of the two lights discrepantly. By monitoring the wavelength shifts of the dips in the spectra, the concentration of the analyte can be detected. The typical fiber MZI sensor is shown in Figure 6a–g. Generally, there are three methods to generate the phase difference, including different light paths, intermodal dispersion, and birefringence. Different light paths can result from core-offset fibers [99,100], microstructured optical fibers [101,102], S-tapered fibers [103], and hetero-core fibers [21]. In 2018, Yang et al. used a twin-core hollow optical fiber to fabricate an optofluidic biosensor [104]. Figure 7a,b shows the schematic diagrams of the biosensor structure. Tapered fiber structures are widely used for causing modal dispersion. The mode interference in MFs is mainly between the HE11 and HE12 modes [7,105,106,107]. In addition to microfibers, Ravikumar et al. presented an interferometric biosensor based on a chitosan (CS)–nickel (Ni) film-coated no-core fiber (NCF) spliced between two single-mode fibers (SMFs) for hexa-histidine-tagged microcin (His-MccS) detection [108]. The higher order modes are excited by the fundamental mode of the injected light within the NCF region, and the interference occurs between these modes [109]. The birefringence method is based on the interferometer between p- and s-polarization light. Currently, only Huong et al. studied the birefringence interferometer biosensor for protein detection based on the SPR technique [110]. MZI-based optical fiber sensors have a series of advantages, such as high sensitivity, good stability, and real-time measurement in vitro. However, MZI is a transmission type interferometer, thus it is difficult to achieve plug-in measurements, which limits the application of these sensors to in vivo measurements [111].




MI-Based Fiber Biosensors


The typical structures of fiber MI sensors are shown in Figure 7h,i. In contrast to fiber MZI sensors, interference occurs between reflected light beams instead of transmitted light beams. The light injected into the fiber input port is divided into two beams in the coupler, reflected at the reflective end face of the fiber after transmission, and finally recoupled from the original path back to the input port for output. The phase difference of the reflected light of the MI can be expressed as:


  Δ φ =   2 π  λ   (   n  e f f , 1   ⋅ 2 L −  n  e f f , 2   ⋅ 2 L  )   



(5)




where  L  is the propagation length of both light beam 1 and light beam 2. To date, there are three coupling methods used for protein biosensing, including employing long-period grating [112], waist-enlarged fusion taper [113], and dual-core fiber [114]. Usually, the sensing region is located at the fiber surface, and the bio-reaction will change the effective RI of the cladding mode. In 2018, Wysokiński et al. demonstrated a dual-core all-fiber (DCF) configuration for protein antigen detection, achieving a peak shift of 0.6 nm [114]. Figure 8b is the SEM image of DCF; since the cores are closer to each other, the sensor exhibits good resistance to temperature and stain changes. Most importantly, as shown in Figure 8a, the sensing region is located at the probe tip, which contributes to the sensing in vivo without tissue dissection. In brief, the size of the reflective fiber MI sensors is further decreased compared to fiber MZI sensors, which provides great convenience for practical application.




FPI-Based Fiber Biosensors


Fiber FPI sensors, which are also a refractive structure, are based on the theory of parallel plate multi-beam interference [115,116]. The injected light reflected by multiple reflection interfaces results in multiple light beams, and interference occurs due to the phase difference between these light beams. Compared to two reflection interfaces, FPI with three or more reflection interfaces possesses more than two cavities, resulting in better accuracy [117]. The typical structure of a FPI protein biosensor is shown in Figure 6i. According to the interference intensity equation of reflective light beams in the case of a single cavity, the interference spectrum in the case of two cavities can be expressed as:


   I = [  I 1  +  I 2  + 2    I 1   I 2    cos  (    4 π n L  λ   )  ]    +  [   I 1  +  I s  + 2    I 1   I s    cos  (    4 π n L + 4 π  n s   L s   λ   )   ]     +  [   I 2  +  I s  + 2    I 2   I s    cos  (    4 π  n s   L s   λ   )   ]    



(6)




where    I 1   ,    I 2   , and    I s    are the reflective intensities correspond to the three reflections in sequence;  n  and  L  are the effective index and length of the first cavity, respectively;    n s    and    L s    are the effective index and length of the sensing cavity, respectively; and  λ  is the free-space wavelength. The Fabry–Perot 1 (FP1) cavity is a special air cavity, such as hollow core fiber (HCF) [117,118] or hollow-core photonic crystal fiber (HCPCF) [119], with a fixed length. The Fabry–Perot 2 (FP2) cavity is the sensing cavity that usually immobilizes the biomolecule receptors on the end face of the FP2 cavity. When the protein ligands bind to the receptors, the combined protein can be regarded as forming a thin protein film resulting in extending the thickness of    L s    and modulating the effective RI    n s   . However, Xie et al. proposed a novel fiber FPI biosensor structure of two separate cavities [120]. Each FP cavity was splicing a C-shaped fiber between two SMFs, and the results showed minimal cross-talk between them. Individual interferences corresponding to each FPI cavity can be separated utilizing fast Fourier transform. In this case, if a cavity is utilized as a negative control, false positive measurements will be greatly reduced. In general, in comparison to MZI and MI, FPI is extraordinarily sensitive because of multiple reflections in interference. Meanwhile, it gets rid of the limitation of the coupler section, which might lead to complex processing operations and data analysis. In addition, a broader bandwidth light allows using shorter cavities, which make it more suitable for sensing in vivo.




SI-Based Fiber Biosensors


In contrast, due to the fragile fiber structure and the large size of the system [121,122], SI is relatively less studied in biological sensing. The injected light from a broadband source is split into clockwise and counter-clockwise light beams by a three dB coupler as it enters the loop. After light passes through the polarization controller, the x or y polarization of counter-propagating beams are transformed into the opposite. A net phase difference is accumulated as the two polarized lights propagate through the length of the birefringent fiber, resulting in interference given by the recombination at the coupler [122]. The transmission ratio of optical intensity injected into the SI can be expressed as:


  T =   1 − cos φ  2   



(7)






  φ =   2 π B  (  λ , n  )   L b   λ   



(8)




where   B  (  λ , n  )    is the birefringence of the birefringent fiber, and    L b    is the length of the birefringent fiber. The structures of SI protein biosensors are shown in Figure 6k–m. In biosensors, the birefringent fiber is usually an ultra-thin tapered fiber. The smaller size of the microfiber corresponds to higher birefringence, leading to the higher sensitivity of the SI sensor. Wang et al. presented a cascaded SI biosensor based on the Vernier effect for BSA detection with a sensitivity of 9.097 nm/(mg/mL) [123] in 2018. Nonetheless, Zhang et al. designed and fabricated a side-channel photonic crystal fiber and detected the human cardiac troponin T (cTnT) in in-line optofluidic configurations [22]. Li et al. utilized exposed core microstructure optical fiber (ECF) as a birefringent fiber, achieving streptavidin recognition [124]. The schematic diagram of the system is shown in Figure 9a. Figure 9b shows a cross-sectional image of the ECF, whose suspended core is exposed to the surrounding medium, forming an optofluidic channel. In sum, the fragile problem and large ring structure increase the application difficulty of fiber SI sensors; however, it still has the potential to achieve real-time measurement in vitro for its ultra-high sensitivity.




OMC-Based Fiber Biosensors


The structures of coupler-based optical fiber biosensors are typically the OMC, as shown in Figure 6n–o, which are fabricated by tapering and fusing two physically contacted fibers together at the same time. The fused fibers include SMFs and hetero-core structure fibers.



In the case of SMFs, according to the supermode theory [125], the two microfibers are regarded as a new waveguide. When the polarized light with power,    P 1  ,   is injected into port 1, both the odd and even supermodes are simultaneously excited and couple with each other. The output power in port 3 and port 4 can be expressed as:


   P 3  =  P 1    cos  2   [    π L  (   n  e f f , e v e n   −  n  e f f , o d d    )   λ   ]   



(9)






   P 4  =  P 1    sin  2   [    π L  (   n  e f f , e v e n   −  n  e f f , o d d    )   λ   ]   



(10)




where  L  is the coupling length,  λ  is the wavelength of the transmitted light, and    n  e f f , e v e n     and    n  e f f , o d d     are the effective RI of the even supermode and odd supermode, respectively. When the biological reaction happens in the coupling region, the coupling process is influenced due to the variation in RI and thinness. In the early years, biosensors based on OMC structure were used for SV [126] and anti-fibrinogen [127] detection. In 2018, Zhou et al. adjusted the working point around the dispersion turning point by carefully designing the dimension of OMC, achieving the detection of cardiac troponin I (cTnI) with a LoD of 2 fg/mL [128]. In the same year, Li et al. demonstrated a fiber-optic modal interferometer with birefringence-induced Vernier effect based on OMC [129]. As shown in Figure 10, the dips with the Vernier effect exhibit a much stronger redshift with the same surrounding RI increment, which demonstrates the great contribution of the Vernier effect for sensitivity enhancement.



In 2020, Chen et al. employed single-mode–no-core–single-mode (SNS) fiber instead of SMF to fabricate the OMC [130]. When the light is transmitted from input SMF to tapered NCF, multiple modes are excited and coupled to the other NCF. The tapered SNS fiber coupler possesses better stability without sacrificing sensitivity since the tapered coupler structure is composed of two fibers. They successfully detected inactivated Staphylococcus aureus with a LoD of 3.1 CFU/mL.



Phase-modulation-based biosensors are diverse, with good stability and high sensitivity. With the introduction and application of the Vernier effect, the sensitivity of biosensors has been further improved. Relying on signal processing technology, the sensors based on the Vernier effect in a single interferometer became possible [131]. This will greatly reduce the complexity of the sensor system and provide tremendous potential for protein biosensing applications. Some important interferometer-based fiber biosensors for protein dection are summerized in Table 3.





2.2.3. Fiber Grating Sensors


Fiber gratings are periodic modulations of the RI of the fiber core in the longitudinal direction, forming an optical filter [132], and the most widely used method for fabricating fiber gratings is the phase mask technique [133]. According to the period of the modulation period, fiber gratings can be divided into fiber Bragg gratings (FBGs) and long period gratings (LPGs).



FBG-Based Fiber Biosensors


The schematic diagram of FBGs is shown in Figure 11a. The modulation period of the FBGs is on the order of hundreds of nm. At the FBGs, a narrow spectral band is reflected, and the remaining light is transmitted. The wavelength of the reflected light, which is called the Bragg resonance wavelength (   λ B   ), is defined by the Bragg phase matching condition [134]:


   λ B  = 2  n  e f f   Λ  



(11)




where    n  e f f     and  Λ  are the effective RI and the grating period, respectively. The interaction between the surrounding analyte and functionalized FBG surface can lead to the change of the RI, thus resulting in the effective RI change of the fiber mode. Then, the target analyte can be detected by monitoring the wavelength shift of the Bragg resonance wavelength. FBG itself is not suitable for RI sensing. In biosensing for protein detection, only Srinivasan et al. utilized relatively simple, bare FBG (bFBG) for the detection of Escherichia coli bacteria [135]. Most of the studies normally employ modified FBG, such as etched fiber Bragg grating (eFBG) and tilted fiber Bragg grating (TFBG), as shown in Figure 11b,c. The fabrication method of the eFBG is commonly chemical etching with hydrofluoric acid (HF). A section of FBG is immersed in HF to remove its cladding. Several works show that the RI sensitivity of eFBG sensors increases with the increased etching of the cladding layer, which provides the tunability of the sensitivity [136,137]. In 2015, Sridevi et al. designed an eFBG sensor coated with GO for CRP detection with a LoD of 0.01 mg/L [138]. In 2018, Bekmurzayeva et al. presented an eFBG sensor functionalized with aptamer for thrombin detection [139]. In the same year, Schulze et al. fabricated the eFBG for CRP detection via ultrafast-laser-inscription [140]. In comparison with the phase mask technique, it is more flexible in creating different gratings due to the tuneable translation speed during the inscription process [141,142], which is beneficial for customizing the desired biosensor.



Another variant of FBG is TFBG, whereby a small angle with the optical axis causes the coupling of optical power from the forward-propagating core mode into a multitude of cladding modes [143]. The m-th resonance position    λ  c l a d , m     can be calculated from [144]:


   λ  c l a d , m   =    (   n  c o r e , m   +  n  c l a d , m    )  Λ   c o s θ    



(12)




where    n  c o r e , m     and    n  c l a d , m     are the effective RI of the core and cladding mode, respectively, and  Λ  and  θ  are the period and the internal tilt angle of the TFBG, respectively. The resonance transmission spectrum of a TFBG is modified by the surrounding RI. The resonances related to propagation modes with an effective RI lower than the external will not be guided [145]. The first TFBG sensor for protein detection was proposed by Maguis et al. in 2008 [146]. Then, Luo et al. utilized excessively tilted fiber grating (Ex-TFG), whose  θ  is larger than 70°, modified with SPA for immunoassay analysis in 2016 [13,147]. Recently, Sun et al. achieved a sensitivity and detection range adjustable biosensor by utilizing the correlation between the cladding resonance peak and the external RI [148]. Moreover, the most widely used TFBG biosensors are combined with SPR [33,149,150,151,152,153,154,155] or LSPR [156,157,158] technology. The Au thin-film and AuNPs greatly enhance the impact of the analyte on the fiber cladding mode via the SPR or LSPR effect. Meanwhile, since the Bragg mode is insensitive to the surrounding medium but sensitive to the temperature, the temperature variation can be self-calibrated [159]. Lao et al. proposed a TBFG biosensor employing a new mechanism comprising hybrid excitation of both long-range and localized SPRs for thrombin detection with a LoD of 1nM [157]. The several cladding resonances generated by SPR in the wavelength range of 1485 nm to 1510 nm are sensitivity to RI and temperature, while the core mode near the wavelength of 1555 nm is not affected by RI but is sensitive to temperature. In conclusion, TFBG and SPR-assisted TFBG sensors are both more sensitive than eFBG sensors. However, eFBG sensors have the advantage of ease of fabrication, sensitivity tunability, and a lack of a need for polarization control. In 2019, Sypabekova et al. detected thrombin by etched TFBG, which shows improved sensitivity and does not require polarization control [160].



Bragg grating written in microfiber (mFBG) is also competitive for its purity of mode-coupling, relatively narrow bandwidth signal, and multiplexing capability [161]. Liu et al. demonstrated a phase-shifted microfiber Bragg grating (PS-mFBG) for cTnI detection [162]. The π-phase-shift in modulation provided a narrow-band notch signal to the reflective spectrum, which greatly improved the resolution of the mFBG. Ran et al. exploited a harmonic mFBG to offset the impact of temperature without an additional sensing element in 2021 [163].




LPG-Based Fiber Biosensors


The LPG is another period-modulated grating structure, wherein the period typically ranges from 100 to 1000 μm [164], and the schematic diagram of LPG is shown in Figure 11d. It couples the light from fundamental core mode to the forward propagating cladding modes. A discrete set of resonant bands appear in the transmission spectrum, and the center wavelengths    λ m    of these attenuation bands are given by the phase-matching condition [165]:


   λ m  =  (   n  c o r e   −  n  c l a d , m    )  ⋅ Λ  



(13)




where    n  c o r e     and    n  c l a d , m     are the effective RI of the core and the m-th cladding mode, respectively, and  Λ  is the period of the grating. As a result, the mechanism provides the possibility of sensing the surrounding RI caused by the biological recognition events. Since Matthew et al. proposed the first LPG biosensor for HIgG detection in 2000 [166], LPGs based on all kinds of coating materials, such as Eudragit L100 [167], titanium oxide (TiOx) thin-film [168], poly(methylmethacrylate)-co-methacrylic acid (PMMA-co-MA) [169,170], and GO [171,172,173], are employed for protein fiber sensing. However, the highest sensitivity range of LPG is close to the RI of fiber cladding (i.e., 1.45 RIU), which is far from the RI range of the aqueous solution (i.e., 1.33 RIU). Diverse methods have been adopted to solve this problem. One of the most popular configurations involves coating high-refractive-index materials on the fiber surface to make the devices work in the mode transition (MT) region. It is proven that the attenuation band moves to a lower RI region as the overlay thickness increases [174]. A fundamental feature of this mechanism is the possibility to tune the attenuation band to about 1.33 RIU by controlling the thin-film thickness. Pilla et al. first utilized atactic polystyrene (PS)-coated LPG for SA detection in 2009 [175]. Subsequently, various materials are used as a high-refractive-index layer in MT-LPG sensors. In 2015, Chiavaioli presented a LPG sensor based on sol-gel-based titania-silica thin-film for anti-IgG detection [176]. In 2018, Esposito et al. tuned the working point through a multilayer system consisting of polycarbonate (PC) film and a much thinner GO layer for biotinylated BSA (bBSA) detection [177]. In particular, as a secondary effect, the resonance depth will be reduced by a few dB during MT, which can affect the visibility of the attenuation bands. To address the above challenge, Esposito et al. demonstrated an unconventional LPG fabricated in a GO-coated double cladding fiber with a W-shaped RI profile in 2021 [178], whose structure is shown in Figure 12. This device is tested for the real-time label-free detection of CRP in serum with a LoD of 0.15 ng/mL.



Despite the outstanding novelty of MT-LPG sensors, the process of the overlay deposition is costly and time-consuming. Another approach, which couples the propagating core mode with a high-order cladding mode near its turn-around point (TAP), was proposed for increasing the sensitivity of LPG [179,180]. The relationship between the grating period and the resonance wavelength can be described by the phase-matching curves. The slope of curves for a higher order mode shows a sign change from positive to negative, and the TAP is defined as the point where the slope of a specific PMC is near to 0. When the working position is near the TAP, there are two resonant bands showing the highest sensitivity with opposite movement direction. The total wavelength shift is the sum of the wavelength shift of the two resonance bands. In this case, only the coating thickness needs to be carefully selected to ensure the best sensitivity. In the past several years, TAP-LPGs have been fabricated by etching [181] or coating with different kinds of materials, such as GO [19] and Eudragit L100 [182]. From 2016 to 2018, Marques et al. studied the TAP-LPG modified with PAH/gold shell-coated silica nanoparticles (SiNPs) using the LBL technique for human immunoglobulin M (HIgM) [44,183]. In 2021, Dey et al. fabricated the Eudragit L100-coated LPG with lowest order cladding mode LP0,2 near TAP by reducing the cladding diameter of LPG down to ~20 μm [184]. Piestrzyńska et al. proposed a MT and TAP effect combined LPG sensors by precisely controlling the thickness of the deposited TaOx with the atomic layer deposition method [185]. The response curves of the dual-peak resonant wavelength shift at different avidin concentrations are shown in Figure 13.



In addition to the above methods, in 2021, Lee et al. applied the π-phase-shift technique to LPG, resulting in a splitting of the loss dip at the resonance wavelength [186], and they realized the detection of the SARS-CoV-2 spike protein with a LoD of 100 pg/mL. Zuppolini et al. reported the reflection-type long period fiber gratings (RT-LPG) for the fast detection of class C β-lactamases expressed by drug-resistant bacteria and also the design and development of an automated system for simultaneous multi-target clinical analyses [170]. In summary, although the sensitivity of LPG sensors is low in an aqueous solution, it can be improved through many methods. Some important grating-based fiber biosensors for protein dection are summerized in Table 4.






2.3. Scattering-Based Fiber Biosensors


Optical scattering describes a physical process wherein light is forced to deviate from a straight trajectory by non-uniformities in the medium through which it passes. According to whether the frequency of the scattered light changes, the scattering can be divided into elastic and inelastic scattering. In optical fiber-based protein sensors, the widely used scattering mechanisms include surface-enhanced Raman scattering (SERS) and Rayleigh backscattering.



Raman scattering is one of the elastic scatterings, and SERS is a surface-sensitivity technique that enhances the intensity of the Raman spectra of molecules adsorbed on rough metal surfaces or nanoparticles, especially made of gold or silver [187,188,189,190]. In particular, Pisco et al. showed self-assembled periodic patterns on the optical fiber tip by microsphere arrays in 2015 [191], and their group achieved tailoring lab-on-fiber SERS optrodes towards biological targets of different sizes recently [192]. In 2020, Kim et al. presented fiber-optic SERS probes fabricated using two-photon polymerization for the rapid detection of bacteria [193]. Due to the advantage of flexibility, optical fibers can be used as SERS probes, which provide the potential ability to detect target analytes in vivo, whereas conventional optical fibers lack the sensitivity needed for biosensing. To address this problem, a hollow-core photonic crystal fiber (HCPCF) is normally used for SERS probes because of its ability to incorporate liquid analytes and metal nanoparticles into the holes [194,195,196]. In 2007, Zhang et al. first reported on a modified HCPCF that allows for the filling of only the core with molecules in solution with silver nanoparticles for human insulin detection [197]. A similar HCPCF-based SERS sensing platform was further studied by Dinish et al. for the detection of epidermal growth factor receptors (EGFRs) in low sample volume in 2012 [198]. After two years, they achieved the simultaneous detection of hepatocellular carcinoma (HCC) biomarkers AFP and alpha-1-antitrypsin (A1AT) secreted in the supernatant from the Hep3b cancer cell line [199]. In 2019, in order to introduce the optofluid into HCPCF, Hunter et al. showed an optofluidic label-free SERS platform for rapid bacteria detection in serum [200]. On the other hand, HCPCF is susceptible to a transmission window shift when the air holes are filled with liquid [201]. Yang et al. designed a tip-coated multimode fiber sensor with cetyltrimethylammonium bromide (CTAB)-capped silver nanoparticle (SNPs) coated on the fiber tip for protein detection with a LoD of 0.2 μg/mL [202]. In 2018, Danny et al. functionalized a U-bent plastic optical fiber probe with Raman-active AuNP labels, realizing HIgG detection with a LoD of 0.6 μM [203].



Rayleigh backscattering belongs to elastic scattering. Even in the absence of a reflective element, such as FBG, Rayleigh backscattering will still exist and be detected by optical backscatter reflectometry [204]. Sypabekova et al. investigated an etched MgO-based nanoparticle-doped fiber functionalized by ssDNA aptamer for thrombin detection in 2020 [205]. The schematic diagram is shown in Figure 14a. The MgO-based nanoparticle-doped fiber has a good ‘gain’ for Rayleigh backscattering, which is made by chemical vapor deposition, wherein the fabrication is cost effective and simplified [206]. When the fiber is etched, Rayleigh scattering is further increased due to more available nanoparticles to cause the scattering. Figure 14b shows a comparison of scattered power before and after etching. Based on this biosensing platform, they detected the thrombin molecule concentrations ranging from 0.625 μg/mL to 20 μg/mL. In 2021, Ayupova et al. developed an optical fiber ball resonator sensor based on Rayleigh backscattering for thrombin detection [207]. Since the RI of the ball resonator is generally higher than the surrounding RI, the light is continuously reflected inside the resonator by total internal reflection and hardly leaves the sphere. The interaction between the light and the analyte is dramatically enhanced by the multiple reflections [208]. The signal from the ball resonator was detected with an optical backscatter reflectometer, which showed a LoD of 1.56 pM.



Scattering-based optical fiber biosensors have great potential in clinical diagnosis. The performance of these biosensors largely depends on the area of light–analyte interactions, the combined effects of transmission losses, and the scattered signal collection efficiency.




2.4. Fluorescence-Based Fiber Biosensors


Fluorescence is the emission of light by a substance that has absorbed light or other electromagnetic radiation. Some molecules are capable of being excited, via the absorption of light energy, to a higher energy state, also called an excited state, which cannot be sustained for long. It will transition to a lower-energy state, resulting in the emission of light energy. In optical fiber-based bioassay, proteins themselves usually do not generate fluorescent signals and need to be labelled with fluorescent tags, which will be excited by the evanescent wave of the optical fiber and emit light signals with specific wavelengths [209,210]. The intensity of the emitted light    I f    is directly related to the concentration of the fluorescent tags and can be given by [211]:


   I f  =    Κ Φ   f   I 0  α b c  



(14)




where  Κ  is a constant related to the efficiency between the collection instrument and the emitted light,    Φ f    is the fluorescence quantum yield,    I 0    is the intensity of the injected light, and   α b c   are the parameters involved in the Lambert–Beer molecular absorption law. Different from label-free detection, fluorescent label detection adopts the sandwich assay as shown in Figure 15a. ‘Capture’ antibodies (or first antibodies) were immobilized on the surface of the fiber surface, and fluorescent tags labelled ‘detection’ antibodies (or secondary antibodies) were added to the bulk solution. When the target antigen is added into the solution, a ‘molecular sandwich’ is formed on the fiber surface. Then, the fluorescent tags attached to the ‘detection’ antibodies will be excited by the evanescent wave and produce characteristic fluorescence. It can be seen that one of the keys for a fluorescence sensor is to obtain a good performance of the evanescent field.



The typical structure of the fluorescent sensors is a tapered fiber probe as shown in Figure 15b. The tapered fiber probe is usually gained by immersing a silica fiber with the outer protective sheath removed to an HF solution. The tapered structure shows the increased depth and magnitude of the evanescent field [50,212]. Preejith et al. studied a tapered fluorescent optical fiber for measuring total serum protein in 2006 [213]. The proteins were labelled by NanoOrange, a merocyanine dye reagent, which becomes strongly fluorescent at about 610 nm when excited at about 470–490 nm. In 2009, Kapoor et al. achieved the specific detection of the interleukin-6 (IL-6) protein with a ‘sandwich’ structure [214]. They used the least square fitting method to subtract the background spectral profile from the total fluorescence signal profile. Therefore, they did not need to treat the probe surface with blocking buffer. In this new strategy, they successfully detected IL-6 protein, down to 5 pM (0.12 ng/mL).



Researchers have also explored other structures to improve the performance of evanescent waves. Padmanabhan et al. utilized a HCPCF structure for estrogen receptor detection [215]. Hsieh et al. amplified the fluorescent signal intensity by a Fabry–Perot resonator structure [216]. Chang et al. proposed a novel optical fiber biosensor based on a localized surface plasmon coupled fluorescence system. They combined the ‘detection’ antibodies with AuNPs. When the localized surface plasmons are excited by an evanescent wave, a significantly enhanced localized electromagnetic field exists near the AuNPs’ surface, resulting in the fluorescent tags being excited by the enhanced localized field of surface plasmons. Based on the sensor, they detected mouse IgG, alpha-fetoprotein (APF), and SARS-CoV-2 N-protein in human serum [25,217,218]. In 2017, Liu et al. directly modified AuNPs on the fiber surface, successfully detecting IL-6 with a LoD of 1 pg/mL [219]. Later, they reduced the LoD down to 0.1 pg/mL with the help of biotin–streptavidin coupling [220]. The biosensor exhibits good spatial resolution of 200 μm. As shown in Figure 16, when different concentrations of IL-6 were dropped on two locations of the fiber, different intensities of fluorescence can be observed, which indicated that the fiber could discriminate between different concentrations at different locations. In 2016, Chang et al. demonstrated a liposome-based total internal reflection fluorescence fiber-optic biosensor [221]. Liposomes act as signal amplifiers. Each liposome contained more than 1 × 105 molecules of fluorescent tags, which significantly enhanced the intensity of the emitted fluorescence signal. Their system realized 0.2 pg/mL of IgG detection.



In comparison with the label-free technique, the fluorescent label technique suffers from inconveniences. It is necessary to pay attention to the potential loss of activity of the biomolecules as it is chemically conjugated with fluorescent tags. The performance of the fluorescence-based biosensor is mainly affected by the evanescent field intensity, fluorescent tags, and the number of bound antigens on the fiber surface. Hence the number of studies is not as high as for label-free biosensors in recent years. However, the better specific detection capability makes it more suitable for complex environments. Some important fluorescence-based fiber biosensors for protein dection are summerized in Table 5.





3. Summary


As shown in Figure 17, fiber biosensor based on the above four sensing mechanisms have various structures, which possess their own advantages and disadvantages. In general, absorption- and fluorescence-based biosensors are usually labelled detection and are less susceptible to interference from non-specific binding, but the operation process is more cumbersome. Label-free biosensors based on phase-modulation are more widely used, and they have relatively higher sensitivity than intensity-modulated biosensors. Among them, SPR-based biosensors occupy a dominant position for their high sensitivity, simple fabrication, and real-time detection of biomolecular interactions. However, they not only require expensive equipment but also suffer instability issues. Although fiber grating-based sensors are not as sensitive as SPR sensors, they are more stable with temperature variation, and, due to their narrow signal bandwidth, it is possible to achieve multiplexing. Several methods have been developed to improve the sensitivity of grating fiber sensors. For FBG, they can be combined with SPR to manufacture a sensor that is sensitive to external RI and can be temperature-compensated. It is worth mentioning that the inherent biocompatibility of FBG makes it a powerful tool in medical biosensors [222]. For LPG, MT and TAP can be used to significantly improve their sensitivity in aqueous solutions. The structural design of the interferometric sensor is the most flexible with a wide variety of forms. They also have high sensitivity and can be further improved by the Vernier effect. Scattering-based biosensors do not require additional reflective signal components, but they are limited by transmission loss, scattering efficiency, and signal collection efficiency.




4. Challenges and Opportunities


In this paper, we have introduced various types of protein recognition-based optical fiber biosensors, in terms of the principles of evanescent wave absorption, phase-modulation, scattering, and fluorescence, and summarized some applications for the detection of disease- and virus-related proteins. Recently, benefiting from the development of micromachining technology and modification technology, optical fibers have resulted in many advances in the field of biological sensing. Compared with other types of biosensors, optical fiber-based biosensors exhibit high sensitivity, low LoD, and good stability. Besides, they are relatively flexible in actual biological applications, since the optical fiber sensors based on the responses of external RI changes can detect different analytes only by adjusting the functional modified materials and the receptors. To date, the development of optical fiber sensors combined with microfluidics has been witnessed [59,223], which provides more benefits for the quantification and compactness of biological analyte detection.



However, there still many problems to address before actual commercial application. Mass production is hard to implement due to the fabrication complexity of the optical fiber biosensors. The precise and tedious biological modification processes are difficult to complete automatically by machine. Moreover, this also limits the repeatability and standardization of the biosensors.



Another serious issue is how to achieve practical application in vivo. At present, most of the protein detection is performed in biological fluids, such as serum or urine. The reason that biosensing still remains in the laboratory stage is the complexity and the difficulty of accessing real biological samples. More importantly, it is necessary to ensure that the optical fiber has enough stiffness to penetrate into soft tissue, which is a huge challenge for silica fibers with a diameter of only micrometers. Nevertheless, some researchers have been working on reducing the influence of individual differences in human serum [224] for the purpose of in vivo detection [153,225].



So as to break through the dilemma, researchers have been exploring the integration of optical fiber sensor devices with multichannel optofluidic platforms [226]. Optical microarray biosensors are powerful tools for the high-throughput analysis of multiple analytes in low sample volumes. However, another problem occurs, which is the lack of portability. Therefore, the future opportunities in research on optical fiber biosensors will include studies on developing new integrated biosensors that are portable, easy to operate, capable of multiple automated analyses, and that have have good reproducibility.



In order to achieve commercialization, cost is an unavoidable issue. Although the optical fiber itself is cost-effective, some functional modification materials are expensive. As far as current interrogation systems is concerned, optical spectrum analyzers are complex and expensive [227]. The open challenge is to devolop the miniaturized interrogators and improve their performance. However, there have been some achievements that may promote the commercialization of optical fiber biosensors. On the one hand, the cost of optical fiber fabrication can be reduced by designing optical fiber structures that are easily standardized, such as a ball-resonator-interrogated optical backscatter reflectometer [228,229]. Moreover, Yang et al. demonstrated a cost effectively mass-produced technology, which plays a positive role in the promotion of marketization [230]. As for the optical interrogation, On the other hand, with the development of Internet of Things technology, the sensing platform of an integrated biochip makes the optical fiber biosensor more accessible [231]. It can be predicted that, after the above two challenges are further overcome, optical fiber biosensors will usher in explosive applications.
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Figure 1. Schematic diagram of the fabrication of optical fiber biosensors for protein detection. 
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Figure 2. The schematic diagram of (a) microfiber, (b) unclad fiber, (c) U-bent unclad fiber, and (d) gold-linked sandwich immunoassay. 
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Figure 3. The schematic diagram of (a) the optofluidic biosensor based on Fresnel reflection and (b) the fiber probe immersed in liquid. Reprinted with permission from [59]. 
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Figure 4. The schematic diagrams of SPR biosensors based on (a) MF, (b) unclad fiber, (c) D-shaped fiber, (d) U-bent fiber, (e) tilted fiber Bragg grating, and (f) long period grating and LMR biosensors based on (g) MF, (h) reflective unclad MMF, (i) D-shaped fiber, and (j) multimode-coreless-multimode (MCM) fiber structure. 
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Figure 5. (a) Schematic diagram of the PS-b-P4VP-modified LSPR sensor. SEM images of AuNPs templated by (b) APTMS, (c) LBL-ESA, and (d) a PS-b-P4VP brush layer. The diameter of AuNPs is normally distributed. (e) RI sensitivities of wavelength and intensity for the three deposition methods. (f) SEM image of the Au nanodisk array structure fabricated by the focused ion beam technique and its schematic view. Reprinted with permission from [82,83]. 
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Figure 6. The schematic diagrams of (a–g) the MZI sensors, (h,i) MI sensors, (j) FPI sensors, (k–m) SI sensors, and (n,o) OMC sensors. 
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Figure 7. Schematic diagrams of the (a) structure and (b) microfluidic path of twin-core hollow optical fiber. Reprinted with permission from [104]. 
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Figure 8. (a) Schematic diagram of tapered DCF structure and (b) SEM image of DCF. Reprinted with permission from [114]. 
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Figure 9. (a) The schematic diagram of an ECF-based SI biosensor system, and the (b) SEM image of ECF. Reprinted with permission from [124]. 
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Figure 10. The wavelength shifts comparison of x-polarization, y-polarization, and with the Vernier effect. Reprinted with permission from [129]. 
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Figure 11. The schematic diagrams of (a) FBG, (b) etched FBG, (c) tilted FBG, (d) LPG, and (e) tapered fiber grating. 
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Figure 12. The schematic diagram of a MT-LPG biosensor with W-shaped RI profile. Reprinted with permission from [178]. 
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Figure 13. Transmission spectra for TaOx-coated LPG at different avidin concentrations. Reprinted with permission from [185]. 
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Figure 14. (a) The schematic diagram of an etched MgO-based nanoparticle-doped fiber sensor coated by Au film. (b) The typical scattering traces with backscattered power before etching and after etching. Reprinted with permission from [205]. 
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Figure 15. (a) The schematic diagram of fluorescent label detection and (b) a tapered fiber probe. 






Figure 15. (a) The schematic diagram of fluorescent label detection and (b) a tapered fiber probe.



[image: Photonics 09 00987 g015]







[image: Photonics 09 00987 g016 550] 





Figure 16. Localized determination of IL-6 by dropping two different concentrations of IL-6 on the fiber surface. Reprinted with permission from [220]. 
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Figure 17. The structures of fiber biosensors and the modification methods. 
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Table 1. Intensity-based fiber biosensors for protein detection.
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	Fiber Sensor Configuration
	Detection Target
	Functionalization Method
	Sensitivity
	Limit of Detection
	Ref





	Unclad Fiber
	GaHIgG
	Antigen
	-
	0.1 μg/mL
	[51]



	Tapered fiber
	BSA
	Antibody
	-
	~10 fg/mL
	[52]



	Unclad fiber
	BSA
	Amphiphilic block copolymers
	-
	~0.025% w/v
	[53]



	Tapered fiber
	AFP
	AuNPs absorption + antibody
	-
	0.2 ng/mL
	[54]



	U-bent unclad fiber
	HIgG
	AuNPs absorption + antibody
	0.019 A530nm /log (fg/mL)
	0.3 ng/mL
	[55]



	U-bent unclad fiber
	HIgG
	Silver enhanced AuNPs absorption + antibody
	0.281 A530nm /log (fg/mL)
	1 fg/mL
	[56]



	Unclad fiber
	PCT
	AuNPs absorption + antibody
	-
	95 fg/mL
	[57]



	U-bent unclad fiber
	SARS-CoV-2 N-protein
	AuNPs absorption + antibody
	-
	~2.5 ng/mL
	[58]



	Optofluidic SMFC
	S-RBD
	Antigen
	-
	0.005 ng/mL
	[59]
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Table 2. EMR-based fiber biosensors for protein detection.
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	Fiber Sensor Configuration
	Detection Target
	Functionalization Method
	Sensitivity
	Limit of Detection
	Ref





	D-shaped plastic optical fiber (POF)
	S-RBD
	Au film/streptavidin coating + antibody
	-
	37 nM
	[64]



	Unclad PCS fiber
	HIgG
	ELP Au film/PDA/antibody
	0.41 nm/(μg/mL)
	~2 μg/mL
	[27]



	TFBG
	HIgG
	Au film/GO/SPA + antibody
	0.096 dB/(μg/mL)
	0.5 μg/mL
	[33]



	Unclad fiber
	BSA
	Ag film/multi-walled carbon nanotube + MIP
	0.862 nm/(ng/L)
	0.386 ng/L
	[36]



	Unclad PCS fiber
	HIgG
	Ag film/GO + antibody
	0.4985 nm/(μg/mL)
	0.04 μg/mL
	[74]



	Tapered fiber
	SV
	AuNPs/PAH/SiO2 + biotin
	-
	271 PM
	[63]



	PCS fiber
	HIgG
	PS-b-P4VP block copolymer /AuNPs + antibody
	0.036 nm/(ng/cm2)
	1.2 nM
	[82]



	MMF
	PSA
	FIB milled nanopatterned AuNPs + antibody
	-
	0.1 pg/mL
	[83]



	D-shaped fiber
	HIgG
	PDA/Au-nanoshells + antibody
	1.84 nm/(μg/mL)
	0.20 μg/mL
	[86]



	Reflective unclad MMF
	IgG
	PAH/PSS + antibody
	-
	~50 μg/mL
	[96]



	Tapered SMF
	AGA
	PAH/PSS + antigen
	-
	~5 μg/mL
	[97]



	D-shaped SMF
	CRP
	ITO/PAH/PSS + antibody
	-
	0.0625 mg/L
	[26]



	D-shaped SMF
	IgG
	Eudragit L100/SnO2 + antibody
	-
	0.15 ng/L
	[23]



	MCM fiber structure
	Goat anti-mouse IgG
	Eudragit L100/SnO2 + antigen
	-
	0.6 mg/L
	[98]
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Table 3. Interferometer-based fiber biosensors for protein detection.
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Interferometric Type

	
Fiber Sensor Configuration

	
Detection Target

	
Functionalization Method

	
Sensitivity

	
Limit of Detection

	
Ref






	
MZI

	
SMF-thin core SMF-SMF

	
SV

	
PDDA/PSS + biotin

	
-

	
0.02 nM

	
[21]




	
Core offset SMF

	
HIgG

	
SPA + antibody

	
-

	
47 ng/mL

	
[99]




	
S-tapered SMF

	
HIgG

	
PDA/SPA + antibody

	
-

	
28 ng/mL

	
[103]




	
Microcavity

	
BSA

	
None

	
−38.9 nm/(mg/mL)

	
0.257 μg/mL

	
[101]




	
Twin-core hollow optical fiber

	
biotin

	
SV

	
16.9 nm/(mg/mL)

	
~10 μg/mL

	
[104]




	
SMF

	
CRP

	
PDA + MIP

	
0.881 nm/(lg ng/mL)

	
5.813 × 10−10 ng/mL

	
[107]




	
SMF-NCF-SMF

	
His-MccS

	
CS-Ni film

	
0.0308 nm/(ng/ml)

	
0.8368 ng/ml

	
[108]




	
Unclad MMF

	
CRP

	
TiO2/Ag/Al + antibody

	
-

	
10 ng/mL

	
[110]




	
MI

	
waist-enlarged fusion taper

	
Anti-IgG

	
CS/PSS + antigen

	
5.91 nm/(ng/mm2)

	
4.941 nM

	
[113]




	
Tapered dual-core all-fiber

	
Rabbit IgG

	
Antibody

	
-

	
~4 μg/mL

	
[114]




	
FPI

	
SMF + HCF

	
IgG

	
CS/polystyrene sulfonate membrane + antibody

	
0.033 μm/(pg/mm2)

	
0.005 nM

	
[118]




	
SMF+HCPCF+SMF

	
Rabbit IgG

	
Antibody

	
-

	
~0.1 μg/mL

	
[119]




	
Two cascaded C-shaped fibers

	
SV

	
PAH/PSS + biotin

	
-

	
61 μg/mL

	
[120]




	
SI

	
MF

	
BSA

	
GO

	
9.097 nm/(mg/mL)

	
-

	
[123]




	
Photonic crystal fiber

	
cTnT

	
Antibody

	
-

	
1 ng/mL

	
[22]




	
Exposed core fiber

	
SV

	
PAS/PSS + biotin

	
-

	
~0.2 mg/mL

	
[124]




	
OMC

	
Coupled SMF

	
Anti-fibrinogen

	
Antigen

	
-

	
~25 μg/mL

	
[127]




	
Coupled SMF

	
cTnI

	
PDDA/PAA + antibody

	
-

	
2 fg/mL

	
[128]




	
Coupled SMF

	
cTnT

	
PAA + antibody

	
-

	
1 ng/mL

	
[129]




	
Coupled SNS fiber

	
S. aureus

	
Pig IgG antibody

	
-

	
3.1 CFU/mL

	
[130]
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Table 4. Fiber grating-based fiber biosensors for protein detection.
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	Fiber Sensor Configuration
	Detection Target
	Functionalization Method
	Sensitivity
	Limit of Detection
	Ref





	eFBG
	CRP
	GO + antibody
	-
	0.01 mg/mL
	[138]



	eFBG
	Thrombin
	Aptamer
	-
	10 nM
	[139]



	eFBG
	CRP
	Aptamer
	-
	0.82 pg/L
	[140]



	Ex-TFG
	NT-proBNP
	SPA + antibody
	45.967 pm/(ng/mL)
	0.5 ng/mL
	[13]



	TFBG
	HIgG
	Au film/GO/SPA + antibody
	0.096 dB/(μg/mL)
	0.5 μg/mL
	[33]



	TFBG
	Thrombin
	AuNPs + aptamer
	-
	1 nM
	[157]



	etched TFBG
	Thrombin
	Aptamer
	3.3 pm/nM
	0.075 nM
	[160]



	PS-mFBG
	cTnI
	Polyelectrolyte + antibody
	-
	0.03 ng/mL
	[162]



	harmonic mFBG
	cTnI
	Antibody
	-
	13.5 ng/mL
	[163]



	LPG
	Anti-IgG
	Eudragit L100 + antigen
	-
	500 ng/mL
	[167]



	U-bent LPG
	HIgG
	GO + antibody
	-
	23 ng/mL
	[172]



	Micro-tapered LPG
	Hemoglobin
	GO + antibody
	0.73 nm/(mg/mL)
	0.02 mg/mL
	[173]



	MT-LPG
	bBSA
	PC/GO + SV
	-
	0.2 aM
	[177]



	Double cladding MT- LPG
	CRP
	GO + antibody
	−19.22 nm/(μg/mL)
	0.15 ng/mL
	[178]



	TAP-LPG
	Anti-IgG
	GO + antigen
	-
	7 ng/mL
	[19]



	TAP-LPG
	HIgM
	PAH/gold coated SiNPs + antibody
	11 nm/(ng/mm2)
	15 pg/ mm2
	[183]



	Etch TAP-LPG
	Anti-IgG
	Eudragit L100 + antigen
	-
	0.16 ng/ml
	[184]



	MT and TAP LPG
	avidin
	TaOx + biotin
	10.21 nm/log(ng/ml)
	-
	[185]



	PS-LPG
	SARS-CoV-2 spike protein
	antibody
	-
	100 pg/mL
	[186]







NT-proBNP: N-terminal pro-B-type natriuretic peptide.













[image: Table] 





Table 5. Fluorescence-based fiber biosensors for protein detection.
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	Fiber Sensor Configuration
	Detection Target
	Functionalization Method
	Sensitivity
	Limit of Detection
	Ref





	Tapered fiber probe
	serum protein
	None
	-
	20 μg/mL
	[213]



	Tapered fiber probe
	IL-6
	Antibody based sandwich immunoassay
	-
	0.12 ng/mL
	[214]



	Fabry-Perot cavity
	Rabbit IgG
	Ag/Al
	-
	500 ng/mL
	[216]



	Unclad POF
	Mouse IgG
	Sandwich immunoassay + AuNPs
	-
	1 pg/mL
	[25]



	Unclad POF
	AFP
	Sandwich immunoassay + AuNPs
	-
	2 ng/mL
	[217]



	Unclad POF
	SARS-CoV-2 N-protein
	Sandwich immunoassay + AuNPs
	-
	1 pg/mL
	[218]



	Unclad fiber
	IL-6
	Au + sandwich immunoassay
	-
	1 pg/mL
	[219]



	Unclad fiber
	IL-6
	Biotin-SV coupling + sandwich immunoassay
	-
	0.1 pg/mL
	[220]



	Unclad POF
	Mouse IgG
	Sandwich immunoassay + liposome
	-
	2 pg/mL
	[221]
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