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Abstract

:

In this review, we present the current trends in photonic biosensors, focusing on devices based on lab-on-a-chip (LOC) systems capable of simultaneously detecting multiple real-life diseases on a single platform. The first section lists the advantages and challenges of building LOC platforms based on integrated optics. Some of the most popular materials for the fabrication of microfluidic cells are also shown. Then, a review of the latest developments in biosensors using the evanescent wave detection principle is provided; this includes interferometric biosensors, ring resonators, and photonic crystals, including a brief description of commercial solutions, if available. Then, a review of the latest advances in surface plasmon resonance (SPR) biosensors is presented, including localized-SPRs (LSPRs). A brief comparison between the benefits and required improvements on each kind of biosensor is discussed at the end of each section. Finally, prospects in the field of LOC biosensors based on integrated optics are glimpsed.
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1. Introduction


Biosensors are self-contained integrated devices capable of transforming biomolecular binding events between a biomarker of interest and bioreceptor into quantitative or semi-quantitative analytical information useful to the user, achieved through spatial contact with a transduction element. This involves a biochemical receptor and a transducer to convert the binding event into electrical signals for further processing into information. Hence, biosensors can be classified based on their transduction principles as electrochemical, optical, and mechanical; or based on their biorecognition element as immunochemical, non-enzymatic, enzymatic, whole-cell, or DNA [1].



The first and most emblematic biosensor is the electrochemical glucose monitor developed in the 1970s. Since then, thanks to the advances in nanotechnology, biotechnology, and information technologies, several applications of biosensors have been commercialized to detect pregnancy hormones, cancer biomarkers, SARS-CoV-2 and antigens, rare genetic diseases, pollutants in soil or water, industrial food processes, and other biomarkers of interest to the public. However, there are still challenges in the process of bringing more applications out of the research laboratories to the mass population, and the list of biological elements to detect just keeps growing.



The main fields of applications of biosensors are industries where the detection of biological elements is critical, such as clinical human health (military, diagnostics, and monitoring), agro-industrial (veterinary, crops, and food production), and finally, environmental applications (soils, water, air). One of the key requirements for the detection of biological elements in any of these fields is the simultaneous detection (i.e., multiplexing) of different biomarkers with the aim of obtaining a more reliable diagnosis. Moreover, a direct and simple readout is desirable, so the final user does not need to perform complicated tasks. Ideally, biosensors should be portable, with high sensitivity, label-free detections, and low fabrication costs. Additionally, it should be possible to integrate all the functionalities necessary to perform biological detections in a single device known as a lab-on-a-chip (LOC) platform [2]. These platforms include all the microfluidics necessary to deliver the sample of interest to the surface of the biosensor. One of the most popular materials for the fabrication of microfluidic cells is polydimethylsiloxane (PDMS) due to its transparency, easiness of fabrication methods, integration with valves and pumps, and the possibility of usage in several bioanalytical tests. Some of the newer materials employed are cyclo-olefin copolymers (COC) or perfluoropolyether (PFPE), offering low fabrication costs and light weight. Thermoplastics such as polymethyl methacrylate (PMMA) or polycarbonate (PC) are frequently used due to their mechanical stability, transparency, and low thermal conductivity. Newer materials such as COP or COC have been employed thanks to their optical properties. Paper can also be employed to build microchannels or surface patterns, normally after a hydrophobic or hydrophilic surface treatment designing the desired patterns [3]. For example, Klapperich et al. have developed a progesterone paper-based sensor using fluorescence of DNA strains with fluorescent IR dyes on the tip of them [4], and the detection of Escherichia coli was developed by Merkoçi et al. [5]. Some of the remaining challenges are the sealing and alignment between the microfluidic cell and the biosensor [6].



Thus, there is a growing demand for biosensors that provide the conditions for the simultaneous detection of multiple diseases on a single platform [7,8,9,10], preferably using non-invasive analytical processes [7] and avoiding the use of complex reagents (i.e., label-free). Traditional biosensors present difficulties in being integrated into devices with optimal performance and simultaneously meeting the requirements previously described. Biosensors like amperometric [7,11], colorimetric [8], and enzyme-linked immunosorbent assay (ELISA) [9] have shown excellent performance over the years, and even today, these technologies are used to develop commercial equipment, incorporating direct readout mechanisms, and multiplexing capabilities, if required.



On the other hand, integrated photonic biosensors offer advantages since their fabrication can be collectively performed, and multiplexing is relatively simple. Thus, the use of integrated optical biosensors has significantly increased in recent years due to their low production cost, high sensitivity, shielding to electromagnetic noise, real-time and label-free detection, easy interpretation of the measured data, and their ability to guarantee excellent biofunctionalization processes on the surface. However, due to the complexity of integration, optical-based technologies have slowly gained the expected acceptance [2]. Integrated photonics allows the creation of multiplexed biosensors within LOC platforms, where interferometers [12], resonant cavities [13], photonic crystals [14], and integrated plasmonic devices [15] have demonstrated excellent performance.



This review presents the last advances in multiplexed optical biosensors for the simultaneous and real-time detection of multiple pollutants, biomarkers, and diseases. Through studies conducted with new materials and optimized design and fabrication processes, it is possible to build highly sensitive and stable devices integrating all the required subsystems to perform the laboratory analysis on a chip.




2. Evanescent Waveguide-Based Biosensors


Most optical biosensors base their operating principle on the evanescent wave escaping a few nanometers on the surface of a waveguide where light propagates and its interaction with the external environment in the vicinity of the surface. Such interaction provides variations in the signal obtained at the output of the device, according to modifications on the exterior. Since the evanescent wave penetrates only a few nanometers, it is shielded from events occurring in the bulk of the sample, providing great sensitivity. Moreover, silicon surface biochemistry has been widely studied over decades providing reliable chemo and biofunctionalization processes for the surface. Devices based on the evanescent wave interactions for chemical or biological detections have been studied with interest for their potential for integration, multiplexing, and improvement of sensitivity, with the aim to obtain POC diagnostics systems with LOCs.



2.1. Interferometric Biosensors


The working principle of an interferometric device consists of the superposition of two waves. Depending on the phase difference between the two waves, a signal with a specific intensity will result. If a modification is made in one of the two waves, there will be a variation in the intensity or in the phase of the resulting signal, which can be quantified. The shift of the interferometric pattern will be directly related to the variation produced in one of the waves. For optical biosensors, one of the waves is used as a reference, and the other one is in contact with the analyte; hence the interferometric signal will be directly proportional to the modification made in the arm, which interacts with the analyte.



Interferometric sensors constitute the most sensitive method for biosensing applications, and there are many different configurations to conduct this principle of operation [16,17,18,19]. In this subsection, we focus on devices based on waveguides since they are the ones with the greatest projection for their integration and multiplexed operations. Therefore, interferometric sensors based on integrated optics are one of the best candidates for POC devices shortly [20,21,22,23].



The first interferometer waveguide-based biosensing application was reported in the early 1990s [24]. This interferometer was based on the Mach-Zehnder interferometer (MZI), in which the light is separated into two different arms, and after a certain distance, both signals are recombined using a Y-junction, as Figure 1a shows. In 1994, the first Young interferometer (YI) was proposed [25]. The first application of YI as a biosensor was reported in 2000, reaching a bulk sensitivity of 9 × 10−8 RIU 26]. In YI, a Y-junction is used to divide one optical path into two arms. Unlike the MZI, the interference pattern is produced out-chip because there is no recombination of the two arms, as Figure 1b shows.



Over the years, to improve the sensitivity, integration, and cost-efficiency of these sensors, new configurations have been developed by different research groups [26,27,28,29,30,31]. In recent years, the increase of people working in photonics has led to the advanced development of new high-performance interferometric devices. The integration of a ring resonator in one arm of an MZI could increase the sensitivity of the sensor 50 times [32]. This integration can increase the multiplexing capabilities of the sensor because the output signals in an MZI and ring resonator can be simultaneously obtained (see Figure 2a) [33]. As MZI sensors work using the evanescent field principle, the design of a waveguide with a high evanescent field can improve the sensitivity of the sensor, as demonstrated in 2021 [34]. However, the progress in the design of new structures has some limitations imposed by the fabrication capabilities of the manufacturers. Another alternative to increase the sensitivity is by making some improvements in the measurement setup: the reduction of the mechanical and electric noise could reduce the sensitivity by two orders of magnitude (see Figure 2b). As Leuermann, J. et al. demonstrated reaching a bulk sensitivity of 1.4 × 10−8 RIU, the lowest reported in an MZI until today [35].



Although interferometric sensors are the most sensitive devices proposed, the difficulties that can be caused by the ambiguity in interferometric signals are a problem to overcome. To implement a modulation in the MZI without complex fabrication and bulk electronic equipment, an all-optical modulated MZI was implemented and applied in an immunoreaction of the hGH and anti-hGH pair [36]. In addition, coherently detected sensors were demonstrated as an attractive alternative to overcome the limitation of the quadrature point [37,38]. This coherent scheme was applied in an MZI with a low-cost laser source, obtaining a sub-nanogram per milliliter LOD in C-reactive protein immunoassays [39]. Another alternative for a low-cost interferometric modulation is the use of a broadband laser at the input of the waveguide. After all the wavelengths travel through the MZI, a spectral filter was integrated before the grating output. In this way, an output for each wavelength was obtained using different grating couplers, as Figure 2c shows [40]. The analysis of the shift in each wavelength using a CCD camera was applied for the detection of tuberculosis in human urine samples, reaching an LOD of 475 pg/ML using a direct immunoassay [41].
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Figure 2. Improving sensitivity for interferometric sensors. (a) Scheme for the integration of a ring resonator in one arm of MZI. (b) Measured limit of detection of an integrated waveguide-based sensing system as different noise sources is addressed. (c) Scheme of an MZI sensor with an on-chip spectral filter integrated for linear readout. (a) Reprinted with permission from ref. [33], copyright 2022, The Optical Society; (b) reprinted with permission from ref [35], copyright 2019, MDPI; (c) reprinted with permission from ref [40], copyright 2018, the Royal Society of Chemistry. 
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More recently, a novel interferometer for biosensing applications was developed: the Bimodal Waveguide (BiMW) [42]. Compared with an MZI, on this device, the beam is not split into two different arms. The light excites two transversal modes with the same polarization on a common path. The interference between the two modes leads to a modal overlap, which will be modified if any perturbation is produced in the evanescent field of the bimodal section. The sensitivity reached by the BiMW is in the range of the better interferometric sensors thus far reported, 5 × 10−8 RIU [43]. To get a linear readout with a BiMW, an all-optical modulation was implemented [44] in 2015. Recently, as an update of this modulation, adding a subsequent trigonometry-based algorithm has been proposed and applied for the selective identification and quantification of the external spike (S) protein of the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) [45]. To improve the sensitivity or adapt to the current fabrication process for the mass production of common path interferometers, new configurations have been proposed: a bimodal interferometer with two lateral modes [46], trimodal waveguide (TriMW) [47], or a high-order multimode waveguide interferometer [48].



One of the greatest advantages offered by interferometric sensors is their integration and multiplexing capacities. At the beginning of the development of biosensing devices, most of the sensors were fabricated using the telecommunications structures in silicon, which needed expensive equipment because they work using the infrared wavelength range. Recently, the use of the SiN-on-silica platform opened the door to new structures which could operate in the visible range, which makes possible the implementation of low-cost POC devices with multiplexed capabilities [23,49]. In the last decade, the monolithic integration of label-free optical immunosensors was demonstrated [50]. Recently, a laser diode has been integrated into a silicon nitride MZI biosensor with a complete microfluidic cartridge to measure the concentration-dependent binding of streptavidin on a polyethyleneimine-biotin [51] (see Figure 3a). On the other hand, the necessity of microfluidic and flow delivery systems complicates the integration; to overcome that, a directly immersible MZI immunosensor has been developed, as Figure 3b shows [52]. The potential of this immersible sensor was demonstrated with the detection of antibodies against SARS-CoV-2 in human serum samples reaching an LOD of 20 ng/mL.



Regarding multiplexing capabilities, in the last five years, MZIs have been employed for many applications due to the easiness of in-out-couple the light using a fiber array unit (FAU). The use of a grating coupler and Y-junctions for on-chip beam splits led to the possibility of performing 4, 8, 16, 32, etc. measures at the same time, as Figure 3c,d show [53]. This kind of multiplexed integration has been used for aflatoxin M1 (AFM1) detection, reaching 16.8 pg/mL in purified and concentrated milk [54]. The detection of periostin (POSTN) and transforming growth factor beta-induced protein (TGFBI) is achieved in cancer patient serum with the use of these multiplexed MZIs [55]. Sensitive detection of anti-SARS-CoV-2 antibodies in human plasma that targets one or more viral antigens was demonstrated in [56]. Protein [57] or water pollutants [53] were detected using this multiplexed platform as well.



In addition to the applications previously mentioned for multiplexed devices, during 2022, MZIs have been used for the detection of acetone in the gaseous form, reaching an LOD of 0.76 ppm, making it feasible to be used for the diagnosis of diabetes and the prognosis of heart failure [58]. Also, simultaneous detection of Salmonella typhimurium and Escherichia coli O15:H7 in drinking water and milk was demonstrated in [59] with an LOD of 40 CFU/mL and 110 CFU/mL, respectively. Finally, we mention other biosensing applications carried out by BiMW, which prove the great capabilities of interferometric-based biosensors for the near future: monitoring of Irgarol 1051 [60] and fenitrothion [61] in water with an LOD of 3 ng/L and 0.29 ng/mL, respectively; detection of bacteria associated with nosocomial infection such as Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus (MRSA), which achieved an LOD of 800 CFU/mL for both bacteria [62]; quantitative detection of Bacillus cereus in a buffer medium and Escherichia coli in undiluted ascitic fluid from cirrhotic patients, reaching an LOD of few bacteria per milliliter [63]; and the direct detection and quantification of miR-181a at attomolar concentrations (LOD = 23 aM) in human urine samples of bladder cancer patients with no need for prior sample purification or amplification steps [64].




2.2. Ring Resonator Biosensors


Photonic ring resonance refers to light being trapped in a resonant structure, continuously circulating, generating an evanescent field on the surface, and resulting in the removal of a specific wavelength among the ones contained in the light source (i.e., the resonance frequency ω) [65]. Thus, the presence of the analyte can be related to the resonance frequency shift Δω caused by the increase in the diameter of the resonant structure because of the binding event on the surface of the assembly [66]. Several geometries have been developed through decades (see Figure 4): microspheres, domes, micro disks, toroidal shapes, and ovals or racetracks [67,68]. A novel geometry is the design of sub-wavelength structures to enhance the sensitivity of ring resonators using e-beam lithography on silicon-on-insulator for its fabrication [69]. A unique suggestion is the creation of a ring cavity by Kwon in 2017, where the ring resonator was etched as a plasmonic cavity in the substrate [70].



The most common fabrication methods are CMOS standard processes such as photolithography, and wet etching in silicon oxide, silicon nitride, or silicon-on-insulator (SOI) [71]. Moreover, it is possible to acquire commercial designs from fabricants such as FBK8 or AIM photonics [72,73], among others. Further researchers have fabricated whispering gallery mode (WGM) resonators on the tip of fiber optics using home-built setups to melt the glass fiber into spheres with a CO2 laser [74]. Sometimes gold nanoparticles or quantum dots (QD) can be integrated into the surface of the resonant structure to improve the limit of detection of the system [74].
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Figure 4. (a) Illustration of an optical resonance in a glass microsphere. The binding of a protein to the microsphere surface increases the whispering gallery mode (WGM) path length by Δl, producing a resonance frequency shift Δω. (b) Optical image of the microbubble resonator and (c) scanning electron micrograph (SEM) of as-fabricated microtoroid. (a) Reprinted with permission from [66], copyright 2012, De Gruyter. (b) Reprinted with permission from [75], copyright 2022, PNAS. (c) Reprinted with permission from [76], copyright 2010, MDPI. 
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All the geometries previously described can be configured alone, in a cascade [77] or in a series [78], and using an end-fire coupling, grating couplers, or a waveguide to couple the light into the resonant structure.



The advantages of using ring resonators for biological sensing include high sensitivity, multiplexed, label-free, and real-time detection, as well as low-cost and good integration and miniaturization capabilities thanks to the constant advances in standard CMOS fabrication techniques. However, the source coupling and readout integration into a smaller and simpler device remain a challenge, as well as the repeatability of the chip fabrications [79]. Even if efforts have been made to provide a portable system [79] or a complete packed LOC setup [80], only a few commercial solutions are currently available. Among the most notable commercial solutions is the Maverick® Diagnostic System (MDS) from Genalyte®, which uses silicon photonic ring resonators as the basis for their immunoassay analysis [65]. They can detect SARS-CoV-2 as well as 32 IgG and IgM antibody targets. With a small volume of blood in serum, it can deliver results in 20 min [81,82].



Due to the pandemic emergency announced by the World Health Organization (WHO) in 2020, several research teams have worked on a fast track to provide tools for label-free and real-time detection of the SARS-CoV-2 virus, and photonic ring resonator systems provided a valuable resource [81,83]. For example, Cognetti et al. were able to monitor the spike proteins S1 and S2 of the SARS-CoV-2 using two ring resonators coupled in a series to a Si3N4 waveguide, obtaining promising results in the understanding of the molecular interactions of such proteins. Figure 5 depicts an example of LOC used for such studies [73].



On the other hand, cancer detection has always been of main interest to society, and the advantages of ring resonator systems are remarkable [84]. Ali et al. proposed an optical ring resonator biosensor in 2020, including the theoretical analysis and simulations of the interactions with different types of carcinogenic cells [85].



Bacteria pathogens have also been studied for clinical, veterinary, and environmental purposes. For example, Figure 6 shows the LOC used for the detection of PCV2 viruses affecting swine livestock, which was achieved by Griol et al. obtaining limits of detection of 4.2 µg/mL by using two ring resonators coupled to a Si3N4 waveguide [86]. Another example is the detection of E. coli K12 in water using Si3N4 slot waveguide cascade ring resonators, obtaining a sensitivity of −80–461 nm/RIU and LOD of 1.33 × 10−5 by Sanati et al. [77].



Subramanian et al. showed, in 2021, the monitoring of single enzyme kinetics with a sub-ms time resolution using gold nanoparticles attached to a microsphere fabricated on the tip of a fiber optic [74].



Even single-strain DNA structures have been monitored and studied by employing ring resonators. In 2017, Jose Juan-Colas added an electrophotonic biosensor to a system of cascade racetracks resonators to study the conformational dynamics of DNA hairpins in real-time [87].



As part of future applications, microlasers directly built inside the cells are proposed for biosensing. This is a novel approach because there is no need to include bulky laser sources since the light source itself is built within the WGM resonator [88]. On the other hand, quantic sensing applications, as shown by Xavier et al., are under study [89]. In this case, instead of using the perturbance of the dipole moments of the light wave field due to the presence of single molecules, the author proposed to use the electric dipole transitions between two electronic states and include the quantum effects. This way, it could be possible to detect a biomolecule or photon added or removed from the system, giving rise to quantum sensing.




2.3. Photonic Crystal Biosensors


Apart from the above-mentioned multiplexed optical biosensing methods, photonic crystals (PhCs) are an attractive technology for integration into biosensors devices. Currently, PhC devices have been employed for monitoring a variety of biomolecules, such as proteins, bacteria, cells, and nucleic acids, showing enormous potential in healthcare and precision medicine. PhCs consist of low-loss dielectric periodic dielectric materials in two or three directions that interact with light [90]. The logic behind this phenomenon was to facilitate an enhanced interaction between photons and the material medium in a controlled way, allowing the monitoring of food and water quality [91] and the identification of multiple molecules and bacteria in a single platform [92]. PhC is a material with its refractive index periodically modulated where the periodicity is expected to be comparable to the desired wavelength of light in the material [93]. This, in turn, makes it useful for sensing purposes due to the interaction of a target of interest with PhC changes in the local refractive index.



PhCs can be fabricated in many geometries, including slabs [94], microcavities [95], porous geometries [96], Bragg reflectors [97], and colloids [98] (see Figure 7). Photonic crystal nanostructures are fabricated using several techniques, including self-assembly methods and lithography. For instance, microparticles and colloids are transferred from a medium and self-assembled onto a surface via spin-coating or sedimentation to build a PhC structure with an iridescent color [99]. Regardless of the material surface, the standard process of fabrication is similar for almost all semiconductor photonic crystals. The patterns are primarily written using top-down approaches, including electron beam lithography (e-beam), electrochemical etching, nano-imprint lithography, and thin film deposition. The most common technique used for PhCs pattern exposure is e-beam, despite its relatively high cost and slow speed because of its versatility in the prototyping process (no masks required) [99]. Photolithography is a method that can be employed for pattern making. In this process, the pattern is firstly defined using a photomask. UV light is shone on the surface, and the light interacts with the photoresist to create the desired patterns. The PhC patterns are transferred from the resist layer to the device surface using a dry chemical etches process such as reactive ion etching (RIE) or inductively coupled plasma (ICP). In some PhC sensor designs, the dry etch used to transfer the patterns to the material layer is followed by a wet etch to take off the layer underneath and leave the suspended layer.



In recent years, scientists have dedicated their knowledge to the development of POC platforms based on PhCs, and several devices have been developed. For example, Liu et al. proposed a POC using PhCs to detect urinary tract infections [105]. The biosensor chip comprised magnetic nanoparticles and luminescent ZGO: Mn NPs to be employed as an optical signal amplifier. As a result, limits of detection as low as 103 CFU/mL in human urine have been probed. Benelarbi et al. proposed a biosensor platform based on microcavities coupled to an optical waveguide and highlighted its sensitivity: around 97 nm/RIU and LOD of 0.0055 fg [106]. Biswas et al. [107] proposed a PhC-waveguide-based gas sensor for the monitoring of volatile organic compounds. The gas sensor comprised a micro-gas chromatography with a 2D PhC silicon slab. This gas sensor integration employed the advantages of an optical sensor, such as high sensitivity and rapid response time, and compensates for the lack of specificity that the label-free photonic sensors suffer. It has been demonstrated a fast separation and detection and a low limit of detection (ng).



With advances in nanofabrication, microfluidics, and smart materials, POC has seen tremendous advancements and promising portable platforms in biosensing applications. However, the integration of PhCs into a multiplexed platform is a challenge and limits the detection of several biomolecules in a single device. Here, we provide a broad perspective using PhCs to detect multiple biomolecules in a single biosensing device using different structures. In recent years, 1D PhC configuration has been commonly used to develop a multi-target detection biosensor. One-dimensional configurations are structures with a high refractive index layer over a periodically arranged low refractive index grating layer, confining an electromagnetic field to the interface between the grating layer and the external medium under examination [108]. SiO2, Ta2O5, and TiO2 are typical materials used to fabricate 1D PhCs because they can combine label-free and fluorescence modes. Petrova et al. [109] (Figure 8) reported a real-time 1D PhC biosensor to monitor multiple ovarian cancer biomarkers, such as antigen 125, HER2, and antigen 15-3 in body-fluid samples. Three antibodies were immobilized onto the surface to create a capturing multiplexing array. The LOD estimated for HER2 was 0.62 pg/mL with linearity up to 50 pg/mL. A similar 1D PhC implementation was employed to monitor the Hepatitis B virus [110]. In particular, the antibody was used to detect surface antigen (HBsAg-ayw) and reached an LOD of 460 pg. This 1D-PhC biosensor was employed (Figure 8) as an imaging microarray platform (Like SPRi) and could interrogate hundreds of antigens. By using the same configuration, Rostova et al. [111] evaluated the binding kinetics of monoclonal antibodies to E. coli. (Figure 8). The bacteria were attached to PhC surfaces, and the interaction with the specific antibody was measured at concentrations ranging from 1.25 to 10 ug/mL.



Other classes of PhCs are those based on 2D and 3D structures, which can be designed using different types of symmetries. These sensors are notable for their small size, extraordinary sensitivity, and compatibility with standard microelectronic fabrication [112]. Zhou et al. designed single-slot photonic crystal nanobeam cavities on a silicon platform (Figure 9a). This design has demonstrated a high sensitivity of 244/RIU, which will be a promising candidate for future biosensor applications [113]. Yan et al. employed silicon bandpass filters for the multiplexing of high-sensitivity PhC microcavity biosensors (Figure 9b). This concept was demonstrated with a 2-channel microcavity PhC array containing PhC waveguide filters [114]. However, bio-applications with biofluids would be a big challenge for this technology. The last improvements in micro- and nanofabrication have allowed the designing of 3D-PhC configurations for optical biosensing. The most common 3D structures employed for biosensing are colloidal suspension of silica (SiO2), polystyrene nano- and microspheres, or polymethyl-methacrylate spheres. Zhao and colleagues reported a biosensing methodology to detect bladder cancer using PhC barcodes as a transducer. These microspheres were functionalized with miRNA as probes to monitor multiple miRNA associated with bladder cancer. This methodology had an LOD of 1 nM in real fluids (Figure 9c) [115]. The Zhao group [116] recently reported the integration of a microneedle array with PhC barcodes which could be inserted into the skin and employed for the non-invasive detection of multiple biomarkers in skin fluids (Figure 9d). Gao et al. reported one of the most promising biosensors using PhCs, where a flexible, freestanding paper with a micropillar and nanocrystal was developed. This configuration could potentially develop multiplexing platforms and detect several cancer biomarkers [117].





3. Plasmonic-Based Biosensors


Surface plasmon resonance (SPR) is electron oscillations that occur at the interface between two materials, one with positive permittivity and the other with negative permittivity, thanks to the presence of an electric field generated by an incident light beam [118]. This physical phenomenon has been implemented since the 1960s, and although its implementation in biosensors was reported for the first time in the 1980s [119], it was not until the 1990s that this type of transducer was popularization, generating several works where theoretical analyzes and experimental tests were demonstrated [120,121] with excellent academic and commercial results.



As previously said, the plasmonic resonances in a conductive surface are collective oscillations of electrons, which are the result of the induced interaction between the surface and an applied electric field. This type of system requires the incident light beam not to be perpendicular to the surface but to have an angle of incidence because according to the wavelength of the incident light beam, the thickness of the conductive layer, and the material that constitutes it. The specific angle at which the plasmonic resonance is observed can vary [122], as seen in Figure 10a,b. In addition, the specific resonance angle is affected by structural variations external to the conductive layer, for example, biological recognitions on its surface, which represent specific cases of biosensors based on SPRs.



The implementation of metallic nanoparticles for the generation of localized surface plasmon resonances (LSPRs) [124] in bio-detection processes is a little more recent [125], and thanks to this, it was possible to obtain multiple detections in a single measurement process as shown in [126,127]. In addition, a significant increase in the sensitivity of the devices was also observed, reaching sensitivities in the order of a few μg/mL.



Like the process described for biosensor devices based on the surface plasmon resonance, the principle of operation is based on the measurement of light absorption as a function of the variation of the wavelength of incident light. In this type of transducer, the size and distribution of the nanoparticles have a significant impact on the intensity and wavelength of absorption, as can be seen in Figure 10c,d. In Figure 10d, the wavelength of the absorption peak on the right side is red-shifted. This shift is quantified and reports the analyte’s presence in a single sample. Equation (1) depicts the quantification of the peak shift,


  Δ λ ≈ m  (   n a  −  n m   )   (  1 −  e   (  2 d /  l d   )     )   



(1)




where m is a sensitivity factor in nm/RIU, na and nm are the respective refractive indices of the biological layer, the aqueous medium d is the effective thickness of the biological layer, and ld is the evanescent field decay length. It is important to keep in mind that by having multiple nanoparticles in an aqueous medium in constant interaction due to the electric field generated as a result of the incident light beam, it is necessary to keep all the nanoparticles together, guaranteeing plasmonic coupling between identical nanoparticles (Figure 10e), that is, all the nanoparticles behave as a single element, because the separation between them is less than the diameter of the nanoparticles used [128].



Multiple LSPR devices have been proposed to improve the performance of widely known and commercial SPR systems. However, most of the applications for disease detection in patient groups have been demonstrated in LSPR systems such as nanospheres [129] and nanorods [130], in which biochemical processes are developed, allowing serological differentiation of diseases such as dengue, zika, yellow fever virus (YFV), and Saint Louis encephalitis virus (SLEV), as demonstrated by [128,130], where it was also shown that detection processes with concentrations less than 4 μg/mL presented a greater error. This type of development, which has shown great potential, has led the scientific community to continue working on this technology, which has led to the development of devices with the most diverse configurations, considering materials, shapes, and distribution on the surface, aiming to get high-performance chips, which can be used to detect early-stage complex diseases.



LSPR devices have been regularly implemented in the form of nanospheres and nanorods, and when talking about devices fixed on surfaces in the form of nanodiscs [126] or nanocubes [123]. However, we have been able to observe more complex devices which use advanced manufacturing techniques, such as those demonstrated in suspended metal nanocylinders (685 nm/RIU) [131] or gold nanomushrooms (1010 nm/RIU) [132], which represent sensitivities three- and four-times higher than the sensitivities reached by conventional LSPR, respectively, that is, of the order of 200 nm/RIU approximately. All these attempts aim to increase the intensity of the resonant electric field in this type of device. In this sense, the work developed by Zhang et al. becomes highly relevant due to the theoretical and practical development, in which it is demonstrated how triangular nanoparticles or those in the form of crescent nanodiscs have a higher absorption peak intensity compared to nanocubes or filled nanodiscs, and all this, thanks to the angle formed in the vertices of the nanoparticle, demonstrates the importance of the vertices in nanoplasmonic devices, whose highest intensity was observed at a waist width of 70 nm (see Figure 11) [133].



All the previously mentioned developments and technologies are produced thanks to the research conducted in this area, and it suggests that performing multiplexed biosensing for the real-time, simultaneous detection of multiple diseases using LSPR would provide greater stability and precision in the biosensing processes compared to other technologies conceptually demonstrated so far [134,135]. In this sense, the experiences demonstrated to date are very few, but they provide excellent preliminary results. Chen et al. demonstrated, in 2015, nanoplasmonic microarrays based on nanorods fixed on the substrate. Through microfluidic channels, it is possible to perform multiplexed analysis of cytokines from sampled human blood [136]. Similarly, it is possible to observe the detection of extracellular vesicles through imaging-based spectrometer-less optofluidic biosensors, which through well-defined microfluidic channels, simultaneously perform multiple detections [134].



In Figure 11, devices with configurations different from those previously mentioned can be observed. For example, there are integrated devices formed by plasmo-photoelectronic nanostructures [137] and devices based on a system of metallic nanoantennas with a gap of 3 nm, which allows them to obtain an electric field strong enough to reach a few-molecule detection range [138]. Other developments are devices in which metasurfaces based on dielectric nanometric structures integrable with CMOS are implemented, having plasmonic interaction as the operating principle [134,139]. This effect was first demonstrated in dielectric materials by Yavas et al. [135].
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Figure 11. Examples of LSPR-based biosensors on-chip. (a) Multiplexed biosensor based on all-dielectric nanoresonator [135]. (b) Nanoplasmonic microarray for multiple and real-time detection of serum cytokine immunoassay [136]. (c) Photograph of the experimental LSPR setup [140]. (d) Schematic overview of the integration of the islet-on-a-chip (IOC) device with the on-chip LSPR sensing platform [141]. (a) Reprinted with permission from [135], copyright 2017, the American Chemical Society. (b) Reprinted with permission from [136], copyright 2015, the American Chemical Society. (c) Reprinted with permission from [140], copyright 2020, MDPI. (d) Reprinted with permission from [141], copyright 2021, MDPI. 
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Despite the excellent results obtained with on-chip LSPRs, it is necessary to improve developing manufacturing methods and ways of manipulating plasmonic effects to enhance its sensitivity. To date, most results observed in the literature continue to be proofs of concept where it is possible to appreciate an excellent performance as a biosensor, but without the demonstration when analyzing specific diseases with real samples of human blood. This is one of the main challenges to be met by this type of device to consolidate itself as cutting-edge technology in biosensors.




4. Future Perspectives


It is remarkable the effort made by the scientific community to develop a multiplexed photonic biosensor. Devices with high sensitivity and excellent biochemical performance were enlisted. The development of complex systems based on sophisticated and novel manufacturing techniques and exploitation of physical phenomena to improve existing technologies were shown. It is expected that photonic biosensor platforms will become important, impacting the fields of clinical research, biodefense, drug discovery, healthcare, and food safety. However, a major weakness in the massification of photonic biosensors is the lack of clinical studies where the performance of these technologies is studied. This is mainly due to the complexity of in- and out-coupling systems; however, current technological developments provide the solution to these weaknesses. Furthermore, the design of bioreceptors that specifically match the analyte of interest and the design of universal functionalization surfaces with antifouling properties are crucial for developing photonic biosensors with high sensitivity and specificity.



Despite the benefits provided by LOC photonic biosensors, many challenges remain in the progression toward industrialization and commercialization of complete LOC platforms. Each disease and the conditions where the analysis and diagnosis take place will require the selection of the proper tool among the toolbox of LOCs previously shown. Considering constraints such as power availability, the reuse of the LOC cartridges, prices, reagents involved in the analysis, and so on, becomes a critical decision. Due to the interdisciplinary nature of the endeavor, the joint work of biotechnologists, chemists, electronics and photonics engineers, software developers, physicists, clean room technicians, medical doctors, physicians, and even patients is required. The correct orchestration of all the players involved and the planning of the technological development of the solutions become crucial as well.



Additionally, it should be noted that the emergence of highly infectious diseases such as SARS-CoV-2 has shown the importance of sensitive biosensors that allow diseases to be detected at an early stage and that are easy to manipulate; that is, it is essential to obtain POC systems that guarantee the real-time detection of multiple diseases simultaneously, through manipulation by end-users. This is a line of development that will be on the rise in the next few years.



The rise of wearables, the massive use of mobile smartphones, and the current hyperconnectivity will likely increase the demand for LOC systems. Smaller devices, seamlessly integrated into unimaginable places and devices as part of the rise of the Internet of things revolution, could become a reality. As shown, biosensors based on integrated photonics may have a key role in such technological evolution to unite the silica and the biological realms. In the distant future, it might even be possible to witness the birth and rise of quantic sensors, perhaps in quantic systems with quantic processors. Thus, several concepts relating to photonic biosensor platforms are being continuously applied. These can lead to the successful development of a highly sensitive, accurate, multiplexed, and fully integrated device for the diagnosis for a range of bioapplications.
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Figure 1. Interferometric biosensors. (a) Scheme of a standard Mach-Zehnder interferometer. The light is split into two arms and recombined at the output by on-chip Y-junctions. (b) Scheme of a standard Young interferometer. Rather than using Y-junctions to merge the split beams, the light is projected from two closely spaced secondary sources onto a display device. 
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Figure 3. Integration of MZIs for multiplexed measures. (a) SiNOH laser integration in a photonic chip inside a microfluidic cartridge for biosensing applications. (b) Directly immersible MZI immunosensor without the need for a microfluidic cartridge and flow delivery system. (c) Overview of a multiplexed sensor, showing the full integration of light in- and out-coupling and the fluid stream for the measures of four MZIs at the same time. (d) Microscope photograph of MZI chip with hybrid integration of vertical-cavity surface-emitting laser (VCSEL) and photodiodes for multiplexed measures. (a) Reprinted with permission from ref. [51], copyright 2022, Elsevier; (b) reprinted with permission from ref. [52], copyright 2022, Elsevier; (c) reprinted with permission from ref. [53], copyright 2019, Elsevier; (d) reprinted with permission from [54], copyright 2019, MDPI. 
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Figure 5. Disposable photonic assay platform. (a) Functionalization schematic. (b) GDS (graphic design system) and laser confocal image of the 1 × 4 mm photonic chips. (c) Image of antibody and antigen solutions spotted on chips with a Scienion SX microarrayer. (d) Image of the full microfluidic and photonic chip assembly. (e) Side view of the custom optical hub. Infrared light from a tunable laser is coupled vertically into and out of the photonic chip from below. Reprinted with permission from [73], copyright 2021, MDPI. 
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Figure 6. Fabricated PIC biosensor with ring resonators for the detection of PCV2 viruses on swine livestock. Reprinted with permission from [86], copyright 2019, MDPI. 
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Figure 7. Photonic Crystals. (a) SEM image of a fabricated 2D PhC slab. (b) A representative SEM image of the nanohole PhC arrays (D = 350 nm). (c) Cross-sectional image of the LN thin film and the metallic multilayers (Bragg reflector). (d) Scanning electron micrographs of inverse opal I. (e) SEM of colloidal PhCs. (a) Reprinted with permission from [100], copyright 2019, Wiley; (b) reprinted with permission from [101], copyright 2022, Degruyter; (c) reprinted with permission from [102], copyright 2020, AIP; (d) reprinted with permission from [103], copyright 2009, IPS; (e) reprinted with permission from [104], copyright 2021, Elsevier. 
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Figure 8. One-dimensional PhC biosensors: (a) Biosensor based on angle interrogation of a photonic crystal surface mode. (b) Schematic of the PhC SMi biosensor. Typical spectra of light as it passes from the LED to the color camera are shown. (c) A photograph of the flow cell and the photonic crystal behind it is attached to the prism via a refractive index matching oil and a topography atomic force microscopy (AFM) image of E. coli with flagella attached to the photonic crystal chip. (a) Reprinted with permission from [105], copyright 2019, Nature; (b) reprinted with permission from [109], copyright 2020, Elsevier; (c) reprinted with permission from [111], copyright 2016, MDPI. 
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Figure 9. Two- and three-dimensional PhCs: (a) Schematic of the PhC’s parallel integrated sensor array on the monolithic substrate. (b) Scanning electron microscope images of the waveguide crossings and PhCs microcavities. (c) SEM image of the surface of the PhC microsphere and the ordered hexagonal arrangement of monodisperse silica nanoparticles. (d) Optical and SEM images of the one-barcode-loaded microneedle array. (a) Reprinted with permission from [113], copyright 2016, MDPI. (b) Reprinted with permission from [114], copyright 2016, SPIE. (c) Reprinted with permission from [115], copyright 2020, the American Chemical Society. (d) Reprinted with permission from [116], copyright 2019, Wiley. 
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Figure 10. (a) Scheme of a traditional SPR system. (b) Behavioral description of the reflectance angle as a function of time and the Reflectance curve as a function of the variation baseline-antibody PSA (association)-antibody PSA (dissociation). The figures in (c,d) show the behavior of the resonance curve of a localized surface plasmon resonance (LSPR) system before and after achieving the biological recognition, respectively [123]. (e) Schematic demonstration of plasmonic coupling. (f) Resonance scheme in non-homogeneous nanoparticles, in this specific case, nanorods. 
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