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Abstract

:

Optofluidics represents the interaction of light and fluids on a chip that integrates microfluidics and optics, which provides a promising optical platform for manipulating and analyzing fluid samples. Recent years have witnessed a substantial growth in optofluidic devices, including the integration of optical and fluidic control units, the incorporation of diverse photonic nanostructures, and new applications. All these advancements have enabled the implementation of optofluidics with improved performance. In this review, the recent advances of fabrication techniques and cutting-edge applications of optofluidic devices are presented, with a special focus on the developments of imaging and sensing. Specifically, the optofluidic based imaging techniques and applications are summarized, including the high-throughput cytometry, biochemical analysis, and optofluidic nanoparticle manipulation. The optofluidic sensing section is categorized according to the modulation approaches and the transduction mechanisms, represented by absorption, reflection/refraction, scattering, and plasmonics. Perspectives on future developments and promising avenues in the fields of optofluidics are also provided.
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1. Introduction


Microfluidics represents a technique of manipulating fluids at a micrometer scale in an integrated and miniaturized platform [1]. As one of the most prominent small-size effects, the viscous force becomes significantly predominant in guiding the micro flow instead of the inertial force, and the Reynolds number (Re) is dramatically low, typically Re << 1 [2,3]. The fluid within microfluidics behaves as a laminar flow, so mixing is diffusion-limited [4,5,6]. Taking advantage of the miniaturized lab-on-a-chip design, the microfluidic device requires a low volume of analyte sample and reagents in biochemical analysis [5]. The excellent capability in analyzing continuous-flow samples is another advantage of the microfluidic device compared to conventional quantitative chemical analysis approaches, such as the well-based measurement [7]. In addition, rapid thermal transfer between the device and the contained fluid enables microfluidic devices for biochemical reactions under a well-controlled temperature [2]. Noticeably, the microfluidic device has been used as a powerful platform for analyzing micro- and nano-scale targets, e.g., cells [8,9], particles [10], and droplets [11], exhibiting outstanding capabilities in separating, sorting, and characterizing biochemical targets of interest. Despite the mentioned advantages, challenges remain to be resolved, mainly in manufacturing complex 3D fluidic structures, precise fluid processing, achieving multi-functionalities (e.g., fluid manipulation, optical manipulation, and sample detection), and miniaturizing the entire system.



Optical detection is an essential approach for biochemical analysis, which requires optical components such as the monochromatic or polychromatic light sources, waveguide, optical fiber, objective lens, photodetector, and spectrometer. The combination of optics and microfluidics has resulted in the advent of optofluidics, representing a new analytical field based on the interaction of light and fluid [12,13,14,15,16,17]. In recent years, micro-optics have received growing attention, involving the miniaturization of optical components, e.g., lens, reflecting mirror, prism, grating, and waveguide, down to micrometer scale [18]. The integration of miniaturized optics into a microfluidic platform, that is, constructing novel optofluidic systems, has remarkably contributed to the compaction of the entire system and the enhancement of the detection performance (e.g., sensitivity improvement in biochemical analysis, multi-analyte array-based detection and high-throughput flow-based chemical analysis).



The recent development of optofluidic fabrication techniques, the integration of novel optical elements, and the emergence of new applications have resulted in significant progress in the fields of analytical chemistry and biomedical engineering. This progress motivated us to summarize and discuss these novel advances in this review. First, the fabrication techniques for optofluidic devices are introduced in terms of the fabrication strategies, the functionalities of key components, and the characteristics of processing materials. Following this section, we provide a couple of recent research directions regarding optofluidic-based imaging applications. Then, optofluidic-based sensing applications are presented according to the transduction mechanisms, including absorption, refraction, scattering, and plasmonics. Finally, we conclude this review and provide our perspectives on optofluidic developments in the future. It should be noted that although we focus on novel optical elements (e.g., integrated optics) for optofluidic applications, some emerging studies using microfluidic devices and conventional optics are also mentioned; for instance, based on the advantages of microfluidics, novel optical detection functions can be realized even with a traditional optical analysis system.




2. Fabrication Techniques for Optofluidic Devices


In this section, we introduce the typical strategies and techniques for the fabrication of optofluidic devices (e.g., direct manufacture and mold replication), highlight the key integrated components (fluid control units, light manipulation structure, and signal transduction units), and briefly illustrate the commonly used materials for optofluidic devices.



2.1. Fabrication Strategy


2.1.1. Direct Manufacture


3D printing, micromilling, and direct laser writing have been employed for directly fabricating optofluidic channels, chambers, and cavities. Monaghan et al. used a 3D printed chip integrated with optical fibers for UV-Vis spectrum measurement [19], as shown in Figure 1a. The fiber was placed in the pre-aligned U-shape fiber groove for monitoring organic reactions online. As shown in Figure 1a, the printed nuts at the inlet and outlet ensured a connection using tubes without leakage. More examples of 3D printing for fabricating microfluidic chips can be found in earlier review papers [20,21]. Three-dimensional printing features the flexibility of fabricating microfluidic devices with built-in 3D structures at a low cost, despite the possible restrictions of material choices. Micromilling represents another fabrication approach using a subtractive manufacturing strategy. Micromilling works for both plastic and glass and has flexibility in fabricating customized structures [22,23]. For example, Ku et al. employed a commercial micromilling machine to prototype the glass substrate into a Y-shape microfluidic mixer [22], as shown in Figure 1b. The combined parameters of low cutting depth, high spindle speed, and low feed rate improved the surface roughness of fabricated structures. Guckenberger et al. reviewed the application of micromilling for fabricating plastic microfluidic devices. Despite its utility, insufficient resolution may hinder it for fabricating precise structures [23]. Direct laser writing has received rising attention in micro-fabrication. For example, Hu et al. directly used a femtosecond laser to fabricate an optofluidic chip in photosensitive glass, as shown in Figure 1c. The 3D microlens was simultaneously integrated in the chip, representing a high capability of direct laser writing in fabricating complicated structures [24]. However, such a direct fabrication of built-in high-resolution structures requires special photosensitive glass and a long processing time. Generally, despite the flexibility of direct manufacture, it may be difficult to strike a balance between resolution, efficiency, and limitation of material choices when scaling up applications.




2.1.2. Mold Replication


Mold replication has been recommended as a classical approach for prototyping optofluidic devices with excellent reproducibility and efficiency. Usually, molds can be prepared through micromilling [25], 3D printing [26,27], UV lithography [28], and two-photon stereolithography [7]. Despite the possible slow process of fabricating high-resolution structures, the mold can be sustainably used once prototyped. Mold structures can be replicated with a high level of fidelity and efficiency. Lin et al. reported a 3D printed metal mold, from which thermoplastic (poly(methyl methacrylate), PMMA) microfluidic devices were fabricated via hot embossing [27], as shown in Figure 2a. UV lithography is a widely used technique for fabricating molds with planar structures. SU-8 photoresist is often selectively cured as a mold according to the patterned mask. For example, Tang et al. fabricated planar structures for valve control and central supply of reagents using UV lithography [28], as shown in Figure 2b. Subsequently, structures in the mold were replicated by curing PDMS. By combining the thermal reflow process, UV lithography can also be used to fabricate structures with a curved surface [29,30]. The thermal reflow refers to reshaping the original structure into new surface profiles during a heating process [31]. For example, Holzner et al. used thermal reflow to change the pillar array to a microlens array on a glass substrate [30]. Compared to UV lithography, two-photon stereolithography represents a powerful technique to fabricate structures with a resolution down to sub-micrometer level and has excellent capability to fabricate the mold with high-resolution 3D structures [7,28,32,33,34]. For example, Tang et al. employed two-photo stereolithography to fabricate a mold incorporated with a cascaded 3D microlens for sensitivity-adjustable refractive index (RI) sensing [33]. After the PDMS casting, an optofluidic chip was prepared, as shown in Figure 2c. In another research work by Tang and coworkers, they directly used two-photo stereolithography to fabricate the rounded flow channel and the 3D spherical microlens, eliminating the thermal reflow required in UV lithography [28]. According to the importance of the different structures, two-photon stereolithography can be flexibly implemented with a hierarchical printing strategy by selecting appropriate parameters [28] or combining with UV lithography [35].



We provide a concise summary of a number of the aforementioned fabrication techniques in Table 1, in which their applications, advantages, and disadvantages are presented for a clear comparison.





2.2. Key Optofluidic Components


Key components, including micro-valves, hydraulic structures, optical fibers, microlenses, micro-mirrors, waveguides, and functional photonic nanostructures can be integrated in optofluidic chips for specific purposes. This section introduces these key optofluidic components based on their functionalities, i.e., the fluid control, light manipulation, and signal transduction.



2.2.1. Fluid Control


The incorporation of micro-valves represents substantial progress in the development of optofluidic or microfluidic chips [36,37]. The micro-valve usually consists of a control layer and a flow channel with a curved cross section. Through pneumatically controlling the thin elastic membrane of the control layer, the flow in a channel can be opened or closed in a programmable manner. Micro-valves have been employed in a number of application fields, e.g., droplet combination and dilution [38,39], optical switches [28], and cell analysis [40]. Hydraulic structures have also been configured in optofluidic chips for flow control. Simultaneously pumping sheath flows can confine the sample flow at the center of the microchannel for particle or cell detection [41]. The manipulation of fluid by a special hydraulic structure can also function as a waveguide. For example, Yang et al. presented a Dean flow by centrifugal effects in a curved channel for optofluidic dye lasers [42].




2.2.2. Light Manipulation


Optical waveguides, such as fiber optics, can be assembled in chips to guide light emissions and light collections for a variety of on-chip optical measurements [7,28,33,43] or sensing applications [44,45]. The optical fiber can be used as a bare type (typically 250 µm in diameter) or used after removing the coat layer (typically 125 µm in diameter for multi-mode optical fiber). Grooves on a chip are usually incorporated to place optical fibers. Advanced optical fibers with photonic structures are also employed in optofluidic chips for sensing applications [45], including photonic crystal fiber (PCF) [46], fiber Bragg grating (FBG) [47], and taped fibers [48]. The total internal reflection (TIR)-based waveguide consists of a free-propagating core and a boundary reflecting cladding element, representing an important optical component for light confinement in optofluidic chips [49]. Core/cladding configurations using liquid/liquid, solid/liquid, or solid/air all have been employed [1]. The microlens is another key component in optofluidic configurations for light tuning, e.g., enhancing the efficiency of light collection, light collimation, and focus shift. Optofluidic microlenses can be fabricated through direct laser writing [24], combined processing technique with UV lithography and thermal reflow [30], and two-photon stereolithography [7]. Both fixed and tunable microlenses have been incorporated in optofluidic devices. Microlens tunability originates from the convenient change in the medium (with different refractive index) filling the microlens cavity or outside of the microlens [33,50]. The micro-mirror is another optical component integrated into optofluidic chips for adjusting the direction of light transmission. Air mirrors and metal-coated mirrors represent the two typical reflecting configurations in the optofluidics. The incident angle at the surface of an air mirror has to meet the requirement of TIR, whereas the metal-coated mirror (i.e., gold or silver film) has little dependence on the incident angle. Dietvorst et al. designed a microfluidic-controlled optical router in which the light was totally reflected at the air filled chamber wall [51]. Cao et al. deposited a silver/gold layer as a micro-reflecting matrix on the surface of an integrated PDMS cavity to enhance the light collection efficiency [34].




2.2.3. Signal Transduction


In addition to optical components, functional photonic nanostructures have also been incorporated within optofluidic devices for the signal transduction in biochemical sensing. For example, Qiu et al. and Funari et al. coated the glass substrate with gold islands by dewetting [52,53,54] and gold nanospikes by electrodeposition [55], respectively. The glass slides were then bounded with Teflon or PDMS microfluidics, while the gold islands and nanospikes were further functionalized for localized surface plasmon resonance (LSPR)-based biosensing. In addition, Li et al. fabricated a gold nanohole array uniformly over an entire 4-inch diameter quartz wafer [56]. The wafer was then diced to 1 × 1 cm2 as a substrate and embedded in a PDMS chamber to be used as a sensor for real-time analysis of single-cell cytokine secretion. Nguyen et al. integrated a fiber in a microfluidic device for pathogen detection based on surface plasmon resonance (SPR) [57]. To generate the SPR effects, a bimetallic coating comprising a 36 nm silver layer and a 4 nm aluminum layer was asymmetrically added outside the fiber core. Table 2 presents the abovementioned optofluidic components and their possible functions.





2.3. Optofluidic Materials


The materials used for fabricating the optofluidic functional units, chambers, and fluidic channels are usually transparent, and mainly include polydimethylsiloxane (PDMS), plastics (e.g., PMMA, polystyrene), and glass, because light extinction must be prevented in a variety of optofluidic applications [5]. As the most-used material in research, PDMS has high transmittance of light and can be easily removed from a mold after being cured. The elasticity of PDMS makes it suitable for integrated on chip valve applications [58]. In addition, air permeability and biocompatibility represent another two striking features, enabling PDMS for optofluidic biological applications. Plastics represent another polymer material used for optofluidic devices. The chemical resistance of plastics is usually higher than that of PDMS and lower than that of glass. In addition, thermoplastic is easy to prototype by hot embossing or mold injection, making it possible for industrial mass production. Other plastics can be shaped using the micromilling technique. Glass is a type of inorganic substrate and has unique advantages in optofluidic biochemical analysis due to the high level of chemical resistance, transmittance, and hardness. Glass also serves as the most-used substrate for bonding to a PDMS cover for a complete optofluidic chip. Photosensitive glass can be used in direct laser writing [24]. Under the exposure to laser according to the designed route, photosensitive glass will be selectively denatured. Then, the denatured part is removed to form the optofluidic channel, chamber, and other structures. Generally, convenient fabrication, excellent chemical resistance, satisfying optical properties, and appropriate cost are the main concerns in optofluidic material selection.





3. Optofluidic for Imaging Applications


Optofluidic chips integrated with advanced light manipulation and regulation components, e.g., microlenses and nano-structures, have functioned as cutting-edge imaging platforms for micro- and nano-scale objects analysis. In this section, we review the recent development of optofluidic-based imaging technologies.



3.1. Imaging for High-Throughput Cytometry


High-throughput cytometry imaging has been ubiquitously applied for biochemical measurements in microfluidics. Micro-objects, including cells, extracellular vesicles, biological particles, and target-laden droplets, can be confined in the field of view through hydrodynamic or inertial focusing within microfluidics. Lei et al. provided a detailed protocol on the use of optofluidic time-stretch microscopy for high-throughput cell imaging [59], as shown in Figure 3a. The optofluidic system was utilized for capturing the high-quality images of a single cell in a high-throughput manner at 10,000 cells/s, which is two orders of magnitude higher than the convectional imaging flow cytometry. This optofluidic technique builds on frequency-to-space conversion through light diffraction, so as to transform the spectrum into a temporal waveform for single-pixel based imaging construction. Although this detection system is a combination of conventional optics instead of integrated micro-optics, we presented this example due to the excellent methodology applied, which may inspire novel optofluidic imaging applications. Recently, microlenses have been integrated into optofluidic chips for improving the signal quality. For example, Holzner et al. fabricated an optofluidic system in which microlens arrays were integrated for parallel imaging flow cytometry [30], as shown in Figure 3b. The microlens array was formed on a 50 µm thick cover glass via a UV lithography and subsequent thermal reflow process. The microlens array enabled the improved recognition of cells without significant reductions of the field of view. Therefore, high throughput of cytometry up to 50,000 cells per second was demonstrated. In addition, Cao et al. manufactured a lens-mirror optofluidic system for ultrahigh throughput single droplet detection [34], as shown in Figure 3c. In this system, a spherical cavity was integrated with a flow channel and coated with silver and gold layers as a bottom mirror. On the top of the channel, a microlens was additionally fabricated using two-photon stereolithography and was aligned with the center of the bottom mirror. This mirror-lens system significantly enhanced the fluorescence signals emitted from the single droplet by over two orders of magnitude and thus enabled high-speed detection of up to 40,000 droplets per second. The presented examples clearly show the advantages of optofluidic devices, particularly the optical structure-integrated devices for high-throughput micro-object imaging. In addition to the improvement in throughput and signal quality, the capture of the 3D information of micro-objects represents another need in which novel optofluidic devices that integrate other functional optical structures, e.g., micromirrors to reflect the side view of micro-object, may play an important role.




3.2. Imaging for Biochemcial Analysis


In addition to cytometry, optofluidic systems have also been used for imaging-based biochemical sensing applications. Imaging represents a highly efficient approach for biochemical analysis because the information within an entire array can be simultaneously recorded. Bak et al. demonstrated a real-time SPR imaging system [60], as shown in Figure 4a. In this system, the wavelength of the laser was swept from 770 to 820 nm to illuminate the gold chip. During the wavelength scanning, the reflected light from the entire chip was captured by a complementary metal-oxide-semiconductor (CMOS) camera at a frequency faster than 12 Hz. The grey value of captured images indicated the dip position and dip shift of SPR spectra, which was validated by different concentrations of sodium chloride droplets. Intensity image reconstruction for time-resolved high-throughput detection of nanoscale targets of interest was also proposed in Jahani’s research work (as shown in Figure 4b). Specifically, the dielectric metasurface patterned as a 2D diatomic microarray in an optofluidic chip was used for single wavelength sensing and biomarker imaging applications. The binding of extracellular vesicles on the dielectric metasurfaces was reflected by the reconstructed spectral shift according to the optimal linear estimator algorithm and the time-resolved intensity images [61].




3.3. Imaging Optical Manipulation


Optical manipulation of micro- and nanoscale particles in an optofluidic device has received increasing interest. Optical tweezers and near-field plasmonic tweezers are promising techniques that can be used for manipulating targets of interest in microfluidic systems. In conventional optical tweezers using a focused laser, the linear momentum of irradiated light can be directly transferred to the interacting objects, which creates the gradient and scattering forces to manipulate the object. Direct particle manipulation with optical tweezers involves strict requirements on the intensity and geometrical parameters of the focused light. Moreover, the conventional optical tweezers have an intrinsic barrier to reach the nanoscale spatial resolution due to the diffraction limit. By employing the plasmonic nanostructure, the gradient force of the conventional optical tweezers can be significantly amplified and localized near the vicinity of the nanostructures. Therefore, this so-called plasmonic near-field optical tweezer technology has been integrated into the optofluidic system for advanced imaging applications in recent years. The process of particle manipulation, e.g., trapping, transporting, assembly, and relocating, can be characterized by optofluidic-based imaging. Lin et al. proposed a scheme for the reversible assembly of gold nanotriangles (AuNTs) by switching the laser on and off to control the plasmon-enhanced thermophoresis [62]. The AuNTs presenting an average side length of 150 nm were dispersed in an aqueous cetyltrimethylammonium chloride (CTAC) solution to generate a positive and hydrophilic surface. Gold nanoislands (AuNIs) were formed on the substrate through gold film annealing. Thermophoresis arose from the temperature gradient to activate the assembly of AuNTs in the vicinity of AuNIs when illuminating the AuNIs using a low-power laser beam. The process of AuNT assembly and disassembly was captured by successive optical imaging, as shown in Figure 5. Furthermore, the authors demonstrated the parallel and dynamic manipulation of nanoparticles and employed the nanoparticle assembly for molecule sensing based on surface-enhanced Raman scattering (SERS). Ertsgaard and coworkers also proposed a rapid and label-free chemical analysis platform using the optofluidic near-field manipulation and Raman spectroscopy imaging techniques [63]. In that work, a nanogap-based plasmonic optofluidic platform combined with sub-volt dielectrophoretic trapping was used for surface-enhanced Raman imaging of biological nanoparticles. In another research work, Kang and coauthors utilized the gold nanoisland substrate and generated microbubbles to entrap the colloidal particles onto the interface [64]. This study demonstrated that the particle aggregation induced by microbubbles can enhance the SERS signal for imaging, which indicates the potential applications in low-cost optofluidic detection of chemical and biological molecules.





4. Optofluidic for Sensing Applications


4.1. Absorption Based Optofluidic Sensing


Characteristic absorption described as Lambert–Beer’s law (Equation (1)) is a fundamental phenomenon for chemical quantification and has been ubiquitously used in environmental, clinical, and biochemical analyses. Compared to the conventional 1 cm cell or 96-well plate based assays, the implementation of absorbance measurement in microfluidics has clear advantages in saving sample and reagent consumption, system miniaturization and integration, suitability for continuous-flow monitoring, and improved measurement performance.


  A = ε b c  



(1)




where  A  is absorbance,  ε  is the molar absorption coefficient,  b  is the length of optical pathway,  c  is the concentration.



The high sensitivity of absorbance measurement has been realized in microfluidics using a couple of strategies. The extension of microchannels represents one direct approach to enhance the sensitivity. Tang et al. employed two-photon stereolithography to fabricate a 3D-microlens-incorporating microfluidic chip for highly sensitive absorbance measurement, as shown in Figure 6a, in which the optical pathway was approximately 60 mm in a 3 µL channel and the sensitivity was improved by an order of magnitude compared to the 96-well based assay [7]. The incorporation of microlenses can significantly reduce the optical loss and improve the signal-to-noise ratio. Yang et al. designed a narrow channel with a 26 µm width following a main channel with a 150 µm width to extend the optical path length for a sensitive measurement of droplet absorbance [65]. In addition to the direct extension of the detection channel, a scheme of multiple reflection within microfluidics has also been used for sensitivity improvement. For example, Jordi et al. extended the optical path for cultured cell measurement via confining the light transmission in a zigzag path inside the chip using air mirrors [66], as shown in Figure 6b. Zhu et al. developed a portable phosphate sensor using a Fabry–Pérot cavity, in which the optical length was improved four-fold by multiple reflection between the cavity mirrors [67]. Bajuszova et al. added a pair of mirrors on the top and bottom of a microtiter plate and achieved a two-fold improvement in sensitivity for immunoassay measurement [68]. As the third strategy for sensitivity improvement, an evanescent field in the vicinity outside the coiled optical fiber was used to intensify the absorption. According to Mei’s research, as shown in Figure 6c, a nanofiber in a optofluidic chip achieved a 10-fold improvement in sensitivity compared to the result from a standard 1 cm absorption cuvette [43].



Throughput represents another relevant parameter to indicate the sensor performance. Parallel configuration of the light source and the photodetector is a common approach to enhance throughput. For example, Sieben et al. incorporated four light source/detector pairs in a chip for multichannel application in monitoring the reaction process and reagent mixing [69]. In addition to parallel configuration, Tang et al. developed a multichannel colorimetric analysis using on-chip optical switches, in which the LED light was guided to four bare optical fibers and the spectrometer read the spectrum data from four detection channels in sequence [28], as shown in Figure 6d. Imaging represents a high-throughput method for absorption measurement. It should be noted that, despite the high throughput originating from the charge coupled device (CCD) image, the resolution for adsorption characterization may be not sufficient. Shi et al. incorporated nine green-light LEDs in an optofluidic chip for the determination of nitrite using differential colorimetry, as shown in Figure 6e. In this detection system, a CCD was placed close to the bottom of chip to capture the light signal simultaneously emitted from the nine detection channels [70]. Interestingly, the absorbance was determined by the optofluidic differential colorimetry, representing a direct approach with little dependence on the calibration curve. By setting up a microfluidic split network, the mixture ratio of nitrite and reagents in each channel was different, leading to a gradient of signal intensity. The final concentration of nitrite could be calculated with a mean error of 0.50–1.16% according to the ratio of the slope values of the curves depicting the relationship between the absorbance, the channel number, and the concentration of the reagent added.




4.2. Reflection and Refraction Based Optofluidic Sensing


The RI difference in two media causes light reflection and refraction at their interface. According to Snell’s law and Fresnel equations, light transmittance and reflectance are dependent on the RI value of the media, as described in Equations (2)–(6).


   n i  s i n  θ i  =  n t  s i n  θ t   



(2)






   r s  =    n i  c o s  θ i  −  n t  c o s  θ t     n i  c o s  θ i  +  n t  c o s  θ t     



(3)






   t s  =   2  n i  c o s  θ i     n i  c o s  θ i  +  n t  c o s  θ t     
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   r p  =    n t  c o s  θ i  −  n i  c o s  θ t     n t  c o s  θ i  +  n i  c o s  θ t     



(5)






   t p  =   2  n i  c o s  θ i     n t  c o s  θ i  +  n i  c o s  θ t     



(6)




where,    n i    and    n t    are the RI of medium 1 (incident light) and medium 2 (refracted light), and    θ i    and    θ t    are the incident angle and refracted angle, respectively.    r s   ,    t s   ,    r p   , and    t p    are the reflection and transmission coefficients for the s-polarized and p-polarized light, respectively. The medium is nonmagnetic.



This dependence lays the foundation for RI sensing and light manipulations in the optofluidic system. Because RI is a fundamental physical parameter closely related to the concentration or density of substances, as a non-invasive and label-free analysis approach, RI sensors have been used in industrial metrology [71,72], biochemical detection [12], and environmental analysis [73,74]. Compared to the RI sensors based on advanced interference and resonance structures, e.g., fiber Bragg grating (FBG) and photonic fiber crystal (PFC), reflection- and refraction-based RI sensors are usually based on intensity-modulation and have clear advantages in easy fabrication and low cost. For example, Zhang et al. provided a RI sensor with a low fabrication difficulty and a simple chip layout [75], as shown in Figure 7a. In the designed optofluidic chip, only fiber grooves and a flow channel were configured. As a response to the RI variations in the optofluidic channel, light intensity varied due to the change in the reflectance at the channel wall, and eventually received by the output optical fiber. Based on partial reflection, a wide dynamic range of 1.33–1.37 and a detection resolution 5 × 10−5 RIU (Refractive Index Unit) were achieved. Despite the wide dynamic range, the linearity of the calibration curve remained to be improved and the sensitivity decreased significantly at high RI values. Weber et al. employed a configuration similar to that of Zhang’s work, and the ratio of the reflected and transmitted light was used for characterizing the RI changes and the sample concentration [76]. The detection limit was approximately 5% phosphate. Barshilia et al. fabricated a planar waveguide-based optofluidic chip for low-cost RI sensing [77], as shown in Figure 7b. The core and the upper wall of the waveguide consisted of glass and samples, respectively. The alteration of sample RI changed the transmittance of light through the waveguide and caused a variation in light intensity. A limit of detection of approximately 1% (w/w) sodium chloride and a resolution of 5.7 × 10−4 RIU were realized. Although this prototype had a simple configuration and a low cost, the sensing performance remained to be improved. Tang et al. developed a 3D-microlens-cascade optofluidic chip (3DMCOC) for refractometry with adjustable sensitivity [33], as shown in Figure 7c. The convergence or divergence of the light bundle changed with the RI of the medium used to fill the 3D microlens cavity. The 3DMCOC achieved a resolution of 3.8 × 10−5 RIU using the seven-microlens configuration, and a wide dynamic range of 1.33–1.51 was realized using the single microlens configuration. Furthermore, the authors demonstrated the application of the 3DMCOC for the measurement of salinity and the specific gravity of urine. We provide a summary of reflection/refraction-based optofluidic RI sensors in terms of configuration and performance in Table 3. A resolution at 10−6–10−7 RIU using an intensity-modulation method remains a goal to achieve in the future. We envision the emergence of new optofluidic configurations to achieve this goal and sensitive applications of optofluidic RI sensors in more fields.




4.3. Scattering-Based Optofluidic Sensing


Scattering represents a forced deviation of light when passing through particles, and has been widely employed for cytometry and biochemical sensing in optofluidics [79,80,81]. Based on the forward scattering or the side scattering, properties of cells and particles can be captured. For example, Kunstnabb-Olsen et al. employed an integrated on-chip flow cytometer setup in which the splitting of nitrobenzene droplet at different hydrodynamic conditions in a microchannel was characterized by the scattered laser light [82]. Barat et al. designed a microfluidic cytometer based on simultaneous detection of scattered light, fluorescence, and impedance, in which a range of different sized polystyrene beads were used for system characterization [83]. Hengoju et al. designed an optofluidic detection setup to analyze microbiological samples in droplets in which three pairs of microlenses and optical fibers were incorporated to collect the signals of fluorescence, absorbance, and scattering [79], as shown in Figure 8a. In addition to scattering-based cytometry, SERS has been ubiquitously used as a sensitive sensing mechanism because the inelastic light scattering of the irradiated molecules can be significantly enhanced by the structured metal surface [84,85]. For example, Bai et al. fabricated 2D periodic copper–silver nanostructures inside a glass microfluidic chip for cadmium ion sensing with a limit of detection of 10 ppb [86], as shown in Figure 8b. Rickard et al. fabricated gold-coated nanopillars as the SERS-active substrate in an optofluidic chip for rapid biomarker detection of traumatic brain injury, with a detection limit at the picomolar level [80]. Choi et al. fabricated an integrated optofluidic SERS platform for the real-time characterization of airborne microorganisms [87], as shown in Figure 8c. In this system, the microorganisms in the air flow traveled across the liquid–gas phase boundary due to the inertial effect in the curved channel and were collected by the SERS-active fluid, which contained the colloidal silver nanoparticles. Then, the real-time SERS analysis was conducted on the sample optofluidic chip and the limit of detection was approximately 100 cfu (colony forming unit)/mL. Another recent study reported the use of micro-structured hollow fiber (MHF) for SERS-based adenine sensing and a limit of detection 10 fM was achieved [88].




4.4. Plasmonic Based Optofluidic Biosensing


LSPR represents an intense electromagnetic near-field coupling effect originating from noble-metal nanostructures. Such a coupling effect is related to the size, geometry, and materials of the nanostructures [89]. By optimizing these parameters, a strong electromagnetic near-field can be generated in the vicinity of the nanostructures. The susceptibility to the surrounding RI enables LSPR as a sensitive platform for monitoring biological binding events. LSPR-based biosensors using diverse materials and optical modulations have been increasingly reported. Liyanage et al. reported a tapered optical fiber (TOF)-based plasmonic biosensor in which gold triangular nanoprisms were coated as the transduction materials [90]. In human serum samples, microRNAs were successfully detected with a limit of detection at the fM scale. Kim et al. fabricated a 20 × 20 µm2 nanodisk array on the end face of the fiber core and employed it for LSPR-based prostate-specific antigen sensing, as shown in Figure 9a. [91] The nanostructured end-face was inserted into a microfluidic channel for real-time biosensing and the reported limit of detection was found to be 0.1 pg/mL. Qiu et al. proposed a strategy for the measurement of total bioaerosol-based LSPR [53], as shown in Figure 9b. The gold nanoislands were functionalized with succinimidyl ester, which can detect the bioaerosols by chemically reacting with the amine group. This strategy achieved a detection limit of approximately 1 cell/mL. The same system was further adapted to the quantification of the novel coronavirus during the COVID-19 pandemic. The optofluidic biosensing chip containing the 2D gold nanoisland array and microfluidic sensing chamber was employed for the sensitive detection of SARS-CoV-2 [52], as shown in Figure 9c. The gold nanoislands were functionalized with complementary DNA receptors to capture the selected virus sequence via nucleic acid hybridization. The hybridization caused a sensitive phase change for the target quantification. Above the optofluidic chip, an additional laser was set to stimulate the photothermal effect to regulate the nucleic acid hybridization and improve the detection sensitivity. A limit of detection 0.22 pM of the selected virus sequence was achieved. It is worthwhile to note that the optofluidic systems in Figure 9b,c are based on a common-path interferometric configuration. In fact, the interferometric configuration is a powerful approach to improve the sensitivity of optofluidics for biosensing and has attracted attention in other optofluidic sensing and imaging systems, e.g., optofluidic fiber optics [92]. Funari et al. employed a gold nanospike-coated glass as the detection substrate, as shown in Figure 9d. The gold nanospikes were functionalized by chemical crosslinking and immobilized with antigens as the target receptor. Each step of functionalization was validated by the change in the LSPR spectra in air. The LSPR spectra were recorded in a reflection mode with a sensitivity of 183 nm/RIU [55]. The detection limit of the antibody against the SARS-CoV-2 was as low as 0.5 pM. Other biosensing application cases using LSPR technology and optofluidic systems are summarized in Table 4, including the use of different optical modulation approaches such as wavelength, intensity, and phase for highly sensitive detection of disease biomarkers, extracellular vesicles, and the functionalities of bioactive macromolecules. Compared to the wavelength- and phase-based approaches, intensity modulation is a promising approach for low-cost LSPR biosensing devices despite a possible decrease in sensitivity. The development of novel optical materials and advanced nanofabrication technologies is driving the continuous innovation of plasmonic biosensing. By integrating with emerging microfluidic techniques, plasmonic-based optofluidic technologies will result in more breakthrough applications in the field of bioanalytical chemistry, biomedical engineering, and life science.





5. Conclusions and Perspectives


Optofluidic technologies, which integrate the novel development of photonic and microfluidic advances, have opened a new avenue for biochemical analysis. In order to better understand the current development in this direction, we reviewed the recent progress of optofluidic devices in fabrication techniques, imaging, and sensing applications. We hope the information in this concise review is useful for researchers working in optofluidic-related areas. From our perspective, a high-level integration of fluid controls (pump, valve, mixer, flow chamber, etc.), optical manipulation units (microlenses, micro waveguides, micromirrors, microprisms, photonic nanostructures, optical fibers, etc.), light sources (miniaturized LED, organic LED on a chip, etc.), and detectors (miniaturized spectrometer, photodiode, etc.) is still needed to make optofluidic chips compact and smart. These integrated optical and microfluidic controlling components can greatly improve the functionality of optofluidics. First, advanced optical and nanophotonic phenomena with different functions can be introduced into existing microfluidic systems, so as to improve the performance of existing optical biosensing and imaging devices; for instance, many optofluidic-based point-of-care (PoC) detection technologies developed during the current ongoing novel coronavirus (COVID-19) pandemic. The utilization of novel optofluidic technologies may greatly improve the performance of PoC detection. Second, the integration of microfluidics and micro-/nano-optics can be used to explore novel physical and chemical phenomena and applications; for example, in the micro-/nano-scale, the mechanical control exerted by light and fluid on the biosensing targets (bioanalytes) can be used for developing advanced optofluidic biosensing systems. In addition, a comprehensive improvement in resolution, throughput, and sensitivity by optimizing optical configuration, sensing materials, and data treatment will make a critical difference to the imaging and biosensing applications. Furthermore, programmable optofluidic system control, excellent compatibility between different optofluidic chips, and the multiplexing optofluidic sensing array, will result in a breakthrough for biochemical analysis.
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Figure 1. Direct manufacture of optofluidic devices using techniques: (a) 3D printing, (b) micromilling, (c) direct laser writing. (a) Reprinted with permission from ref [19], Copyright 2016, Royal Society of Chemistry; (b) Reprinted with permission from ref [22], Copyright 2018, Springer; (c) Reprinted with permission from ref [24], Copyright 2018. 
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Figure 2. Mold replication for fabricating optofluidic devices. (a) Metal 3D printing for mold fabrication and hot embossing for replicating mold structures. (b) UV lithography for mold fabrication. (c) Two-photon stereolithography for mold fabrication and PDMS casting for replicating mold structures. (a) Reprinted with permission from ref [27], Copyright 2017, Royal Society of Chemistry; (b) Reprinted with permission from ref [28] Copyright 2021, American Chemical Society; (c) Reprinted with permission from ref [33], Copyright 2021, Royal Society of Chemistry. 
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Figure 3. High-throughput cytometry imaging. (a) Optofluidic time-stretch microscopy for high-throughput cell imaging. (b) Microlens array-incorporated optofluidic chip for high-throughput imaging of cells. (c) Microlens array fabricated with two-photon stereolithography for high-throughput imaging of fluorescent droplets. (a) Reprinted with permission from ref [59], Copyright 2018, Nature Publishing Group; (b) reprinted with permission from ref [30], Copyright 2018, Royal Society of Chemistry; (c) reprinted with permission from ref [34], Copyright 2018, Wiley-VCH GmbH. 
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Figure 4. Optofluidic imaging of biochemical analysis. (a) Real-time SRP imaging using a wavelength-swept laser with a large area. (b) Biosensing according to the reconstructed spectral shift derived from the optimal linear estimator algorithm and the time-resolved intensity images. (a) Reprinted with permission from ref [60], Copyright 2018, OPTICA Publishing Group. (b) Reprinted with permission from ref [61], Copyright 2021, Nature Publishing Group. 
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Figure 5. Reversible assembly of plasmonic nanoparticles via optical manipulation. Reprinted with permission from ref [62], Copyright 2016, American Chemical Society. 
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Figure 6. Optofluidic devices for absorption applications. (a) Three-dimensional microlens incorporated in a chip with an extended optical pathway. (b) Multiple reflections in a channel. (c) Evanescent field-based absorption using a coiled fiber. (d) Optical-switch-enabled four-channel colorimetric analysis. (e) Differential colorimetry for the determination of nitrite concentration, eliminating the requirement of calibration curves. (a) Reprinted with permission from ref [7] Copyright 2020, Royal Society of Chemistry; (b) reprinted with permission from ref [66], Copyright 2011, Nature Publishing Group; (c) reprinted with permission from ref [43], Copyright 2019, American Chemical Society; (d) reprinted with permission from ref [28], Copyright 2021, American Chemical Society; (e) reprinted with permission from ref [70], Copyright 2018, Royal Society of Chemistry. 
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Figure 7. Optofluidic reflection and refraction for RI sensing. (a) TIR in a waveguide. (b) Reflection at the channel wall. (c) Refraction through a microlens or cascaded multiple microlenses. (a) Reprinted with permission from ref [75] Copyright 2017, Springer; (b) Reprinted with permission from ref [77], Copyright 2020, OSA Publishing; (c) Reprinted with permission from ref [33], Copyright 2021, Royal Society of Chemistry. 






Figure 7. Optofluidic reflection and refraction for RI sensing. (a) TIR in a waveguide. (b) Reflection at the channel wall. (c) Refraction through a microlens or cascaded multiple microlenses. (a) Reprinted with permission from ref [75] Copyright 2017, Springer; (b) Reprinted with permission from ref [77], Copyright 2020, OSA Publishing; (c) Reprinted with permission from ref [33], Copyright 2021, Royal Society of Chemistry.



[image: Chemosensors 10 00015 g007]







[image: Chemosensors 10 00015 g008 550] 





Figure 8. Optofluidic sensing based on light scattering. (a) Biological sample sensing in droplets in a cytometer. SERS-based sensing: (b) cadmium ion and (c) airborne microorganisms. (a) Reprinted with permission from ref [79] Copyright 2020, AIP publishing; (b) Reprinted with permission from ref [86], Copyright 2018, Wiley-VCH; (c) Reprinted with permission from ref [87], Copyright 2020, Elsevier. 
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Figure 9. Optofluidic LSPR for the determination of (a) prostate specific antigens, (b) total bioaerosols, (c) sequence of the COVID-19 virus, and (d) antibodies against SARS-CoV-2. (a) Reprinted with permission from ref [91] Copyright 2019, Elsevier; (b) reprinted with permission from ref [53], Copyright 2020, American Chemical Society; (c) reprinted with permission from ref [52], Copyright 2020, American Chemical Society; (d) reprinted with permission from ref [55], Copyright 2020, Elsevier. 
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Table 1. Techniques for microfluidic chip fabrication.
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	Ref.
	Techniques
	Applications
	Advantages
	Disadvantages





	[28]
	UV lithography
	Mold fabrication
	High efficiency

Large working area
	Normally for 2D planar structure



	[7,28,33]
	Two-photon

stereolithography
	Mold fabrication

Integrated optical

components
	High resolution

Complicated structures
	Low efficiency for

large optofluidic structures



	[19,27]
	3D printing
	Mold fabrication

Chip fabrication
	Complicated structures
	Limited choice

of material



	[22,23,25]
	Micromilling
	Mold fabrication

Chip fabrication
	Complicated structures

Optional material
	Low resolution



	[24]
	Direct laser writing
	Chip fabrication

Integrated optical

components
	High resolution

Complicated structures
	Low efficiency



	[27]
	Hot embossing
	Chip fabrication
	High efficiency
	Low resolution



	
	Mold injection
	Chip fabrication
	High efficiency
	Low resolution
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Table 2. Key components in optofluidic chips.
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	Optofluidic Components
	Functions
	Ref





	Valve
	Fluid control
	[28,36,37,38,39,40]



	Hydraulic structure
	Micro object focus; Optical reconfiguration
	[41,42]



	Optical fiber
	Light guidance; Sensing substrate
	[7,28,33,43,44,45]



	Microlens
	Light collection; Light collimation; Imaging
	[7,24,30,34]



	Micromirror
	Light collection; Modulation of light direction
	[34,51]



	Waveguide
	Light guidance; Optical reconfiguration
	[49]



	Photonic nanostructure
	Imaging; Sensing
	[52,53,54,55,56,57]
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Table 3. Comparison of the intensity-modulation-based optofluidic RI sensor in terms of configuration and performance.
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	Ref.
	Transduction Mechanism
	Limit of Detection
	Resolution
	Detection Range





	[78]
	Refraction through a prism
	Not mentioned
	5.0 × 10−3 RIU
	1.33–1.52



	[75]
	Reflection at the interface
	Not mentioned
	5.0 × 10−5 RIU
	1.33–1.37



	[77]
	TIR in a waveguide
	1% (w/w) NaCl
	5.7 × 10−4 RIU
	1.33–1.38



	[76]
	Reflection and refraction at the interface
	5% (w/w) phosphate
	1.6% phosphate
	1.33–1.44



	[33]
	Refraction through microlenses
	0.04% (w/w) NaCl
	3.8 × 10−5 RIU
	1.33–1.51
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Table 4. Comparison of LSPR configuration and sensing performance.
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	Ref.
	Nanostructure and Substrate
	Mode
	Modulation
	Limit of Detection





	[91]
	Gold nanodisks on fiber core
	Reflection
	Intensity
	Prostate specific antigen: 0.1 pg/ml



	[52,53,54]
	Gold nanoislands on glass
	TIR
	Phase
	Total bioaerosol: 0.5–1.7 cfu/mL

Virus sequence: 0.22 pM



	[55]
	Gold nanospikes on glass
	Transmission
	Wavelength
	Antibody: 0.5 pM



	[93]
	Mushroom-like gold

Nanoparticles on silicon wafer
	Reflection
	Wavelength
	Polymerase: 0.0625 U/mL



	[94]
	Gold nanoparticle

on Zeonor surface
	Reflection
	Wavelength
	Number of THP-1 cell for detecting TNF-α secretion: 533



	[95]
	Gold nanoparticle colloidals

in water
	Transmission
	Intensity
	β-2-microglobulin (B2M): 100 fg/mL



	[96]
	Gold nano-ellipsoid array

on quartz
	Transmission
	Wavelength
	Exosomes CD63 biomarker: 1 ng/mL
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