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Droplet microfluidics has evolved into a promising platform for high-throughput screening (HTS), allowing for rapid and precise analysis of thousands of samples encapsulated within droplets. Droplet microfluidic platform offers versatility, high-throughput, and the ability to compartmentalize reactions for a wide range of applications including pharmaceutics, cell analysis, and combinatorial chemical analysis. While droplet-based microfluidics has made considerable advances in automating basic laboratory tasks, for instance, manipulation, storage, and analysis, there has been comparatively little advancement toward HTS applications. The complexity of the technology, the lack of standardization, and the challenges associated with screening large numbers of samples are all factors that have contributed to the limited adoption of droplet-based microfluidics in HTS. In this perspective, we provide a comprehensive overview of the progress of droplet microfluidics as a potential platform for next-generation HTS, specifically in the domain of droplet separation and library generation. We hope that this perspective will inspire further research in relevant academic fields and contribute to the development of innovative HTS strategies based on droplet microfluidic technologies.
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1 INTRODUCTION
In the past, researchers have proposed that two-phase lab-on-a-chip devices, particularly digital microfluidic devices, have the potential to revolutionize high-throughput screening (HTS) technology. HTS platform refers to a system or technology that enables the rapid analysis and screening of a large number of individual samples. HTS is widely employed in early drug screening studies conducted by pharmaceutical companies, involving empirical testing of disease-associated targets (such as cells and proteins). In general, the majority of the HTS methods incorporated robotics to handle droplets, sensitive detectors to capture data, and software for data processing and control (Du et al., 2016). These days, there has been observed a paradigm shift in the adoption of microfluidic techniques within the field of HTS platforms (Sesen et al., 2017). Microfluidics platform enables easy generation of droplets with a wide range of volume, composition, and throughputs, often reaching speeds in the range of thousands or millions of droplets per second (Payne et al., 2020). The use of carrier fluid in the microfluidic platform grants a unique advantage by providing a protective shield for each droplet, addressing commonly faced issues such as absorption onto solid surfaces and contamination. Additional advantages of droplet microfluidic as a HTS platforms include the ability to perform large-scale screening experiments with minimal sample consumption and reduced experimental time.
Multiple functionalities are associated with droplet microfluidic platform, for instance, droplet separation, splitting, merging, incubation, composition control, etc. These features enhance the efficiency and versatility of droplet-based microfluidic platforms. This perspective provides a comprehensive overview of the advancement of droplet microfluidics as a promising platform for next-generation HTS in the domains of droplet separation for encapsulated sample analysis and droplet library generation with chemical concentration control as shown in Figure 1. Our aim is to inspire further research in relevant academic disciplines and contribute to the development of innovative HTS strategies based on droplet microfluidic technologies. This overview will serve as a reference for important considerations and potential applications of droplet microfluidics in HTS, while also highlighting the significant progress the field has achieved in the past decade.
[image: Figure 1]FIGURE 1 | Schematic representation of a high-throughput screening process for generating droplet libraries and separating the droplets containing the desired samples.
2 PRODUCTION OF DROPLET LIBRARIES WITH CHEMICAL CONCENTRATION CONTROL
Microfluidic devices enable the generation of uniform droplets ranging from nanoliters to microliters in an immiscible carrier liquid, facilitating comprehensive and rapid studies to be conducted successively. In a droplet-based microfluidic device, the initial step is the precise and consistent production of a stream of uniformly sized droplets. Typically, droplet formation is accomplished using passive techniques that leverage the flow dynamics to deform the interface and facilitate the natural growth of interfacial instabilities. Widely used passive approaches for droplet production are T-junctions, flow focusing devices and co-flowing devices. Additionally, there are active techniques available for droplet formation, whereby the production of droplets can be initiated, and the volume of the produced droplets can be dynamically adjusted according to specific requirements (Zhu and Wang, 2017). Generally, the formation of droplets in microfluidic devices is primarily driven by fluid instabilities that arise when an immiscible dispersed fluid is introduced into a continuous fluid.
The strength of HTS platform lies in its capacity to simultaneously screen multiple targets employing a droplet library with different compositions. Henceforward, an accurate on-chip control of chemical concentration within droplets is crucial in various applications that rely on droplet-based systems, including combinatorial chemistry in drug discovery (Liu et al., 2017), high-throughput drug screening (Tu et al., 2021), and particle and hydrogel synthesis (Marre and Jensen, 2010). Researchers can manipulate the composition of droplets by incorporating different compounds, samples, or analytes of interest. The platform allows for the precise introduction of specific reagents, chemicals, or biomolecules into droplets, tailoring their composition to match the experimental requirements. Several droplet microfluidic techniques have been developed to modulate the chemical concentration of individual droplets. Initially, these techniques involve mixing desired chemical species in a solution prior to introduction in the dispersed phase of the microfluidic device. Few passive approaches are available which rely on controlling fluid flow rates and microchannel geometries. For instance, complex microchannels such as tree-shape (Dertinger et al., 2001), Y-shape (Holden et al., 2003), and counter-flow (Atencia et al., 2009), along with controlled flow rates, can be employed to mix the sample liquids before droplet production. But these methods have certain limitations such as long processing times up to several minutes and dynamic control over droplet concentration. Alternatively, active approaches, including the use of a peristaltic pump (Cai et al., 2012), a pneumatic valve (Zeng et al., 2009), or a compartment-on-demand platform (Gielen et al., 2013), can overcome the limitations of passive techniques. Nevertheless, these active methods necessitate large and intricate off-chip systems that are incompatible with other microfluidic platforms for integration and miniaturization. Most recently, few versatile approaches have been reported to achieve droplets with adjustable chemical concentration. One approach involves utilizing induced charge electroosmosis to regulate the chemical concentration within the droplets, resulting in the generation of droplet libraries with varying concentrations (Wu et al., 2022). Yet, this method has limitations in terms of throughput, range of chemical concentrations, and high amplitude. Another method utilizes surface acoustic waves (SAW) to induce acoustic streaming flow, allowing precise control of the chemical concentration in the dispersed phase liquid (Park et al., 2020). However, this method is highly limited by low throughput and irreversible bonding between the substrate and the microchannel. Most recently, a parallel-type acoustofluidic device was introduced to address the limitations of aforementioned technique offering high throughput and reusable substrate/microchannel (Kim et al., 2023). This SAW-based mixing enables the creation of droplet libraries with diverse chemical concentrations with high throughput. Chemical composition control opens up a wide range of possibilities for studying various biological, chemical, or biochemical processes in a droplet-based format.
3 DROPLET SEPARATION
The capability to selectively separate droplets plays a vital role in the development of lab-on-a-chip devices used in screening studies such as single cell analysis (Li et al., 2023), cell sequencing (Kang et al., 2018), disease diagnosis (Sun et al., 2022) and cell biology (Fan et al., 2019), enabling the removal of undesired droplets or the collection of desired ones into a specific outlet. Manipulating droplets within microfluidic systems can be accomplished through various microchannel designs that utilize hydrodynamic forces. Some widely used passive techniques include deterministic lateral displacement (Hochstetter et al., 2020) and pinched flow fractionation (Maenaka et al., 2008) which rely on microchannel geometry and droplet size. But, in addition to the formation of unwanted by-products, few limitations are obvious in these approaches, such as the dependance on fluid properties and flow conditions. Alternatively, external forces such as acoustic, electric, or magnetic fields can be applied to precisely control droplet locations in microfluidic systems. Table 1 provides a comprehensive comparison of essential characteristics, such as throughput, implementation simplicity, and required input power, while also highlighting the limitations associated with these techniques.
TABLE 1 | Comparison of key features and limitations of various techniques for droplet library generation and droplet separation.
[image: Table 1]Typically, the differentiation between desired and undesired droplets is accomplished through droplet sensing and/or labeling step. Droplet microfluidic platforms widely incorporate optical detection methods, such as fluorescence or absorbance measurements, to analyze the droplets and extract relevant information. Fluorescence Activated Droplet Sorting (FADS) (Baret et al., 2009) is a typical example of this category and has significantly advanced the field due to its ability to manipulate samples at the droplet level rather than sorting individual cells. The technique depends on the light scattering or fluorescent properties, offering a high throughput. Despite high sensitivity and impressive readouts, the significant dependence on fluorescence tagging on a target droplet restricts the applicability of FADS in ranges of applications, particularly in cases where labeling with fluorescence is challenging (Toseland, 2013). Furthermore, droplets have the capability to be labeled with magnetic beads or ferrofluid, causing them to exhibit a response to magnetic fields generated within microfluidic devices due to their magnetic properties (Buryk-Iggers et al., 2019). Nevertheless, the process of labeling can alter cell behavior or even be toxic thereby undermining their potential clinical utility in biomedical applications (Frey et al., 2020). While there have been notable advancements in HTS platform using aforementioned approaches ensuring high throughput, ongoing research is currently dedicated to addressing a common limitation associated with these approaches by introducing label-free techniques for droplet separation. Several label-free methods includes, image-activated droplet sorting (Sesen and Whyte, 2020), electrical-impedance based separation (Zhong et al., 2023), mass spectrometry (Holland-Moritz et al., 2020), and acoustic impedance-based technique for droplet separation (Ali and Park, 2023). By avoiding the use of labels, these techniques aid direct analysis of samples, preserving their inherent properties and reducing potential artifacts introduced by labeling. These label-free methods aim to expand the range of applications and provide more flexibility in droplet separation.
4 CONCLUSION AND FUTURE PROSPECTS
In recent years, there have been notable advancements in droplet microfluidic technology, which have proven highly effective addressing numerous challenges encountered in biological research. Areas where these advancements have been particularly impactful are single-cell analysis and combinatorial chemistry. This perspective presents a thorough overview of the progress of droplet microfluidics as a highly promising next-generation HTS platform in two key areas: droplet separation for encapsulated sample analysis and droplet library generation with precise control over chemical concentrations. Table 1 shows the summary of key features and limitations of various techniques for droplet library generation and droplet separation.
The formation of droplet libraries requires precise control over the chemical content and surface topography in specific spatial patterns. This challenge is effectively resolved by the droplet microfluidic platform, which enables the generation of droplets on a chip while controlling their chemical content. Another common issue when dealing with microscale liquid volume using droplet array is that as the droplet size decreases, they become more prone to evaporation (Berthier et al., 2008). For instance, a 10 nL droplet can evaporate within 10–30 s, and a picoliter droplet can evaporate in less than 1 s under ambient conditions (Jackman et al., 1998). To address this issue, sophisticated and miniaturized technology is required, potentially including a platform that safeguards droplets from local humidity and atmospheric conditions. One approach involves covering the droplets with oil, which helps reduce the rate of evaporation. Another alternative way involves placing the droplet array in a closed environment with controlled humidity and introducing a sacrificial liquid layer around the desired droplets.
Considering the design and fabrication of microfluidic chips, polydimethylsiloxane and soft lithography are commonly used for experimental findings, there is a need for more affordable and stable materials and simplified chip manufacturing processes for commercial and clinical applications. In addition, since droplet microfluidics generates a microscale droplet with high speed and high throughput, it is also challenging to achieve rapid sensing and analysis of numerous microdroplets. While fluorescence currently serves as the predominant screening signal, there are still numerous compounds that cannot be detected using fluorescence-based methods. Therefore, there is a need to explore and develop alternative high-efficiency screening signals. Moreover, the potential of droplet analysis using Raman and Nuclear magnetic resonance spectroscopy as a versatile label-free detection technique exists. However, there is a need to overcome challenges related to detecting droplets in complex samples and addressing issues related to optical and magnetic interrogation. Techniques offered in the field of acoustophoresis have a great potential to manipulate droplets without the need of labeling and detection. However, these techniques are still in the early stages of development and have yet to achieve widespread commercial availability.
Droplet-based microfluidic systems have proven to be highly successful in diverse fields, finding widespread practical applications. Nevertheless, in order to obtain consistent and reproducible data, researchers face the task of continuously monitoring and adjusting parameters throughout their experiments to maintain stable conditions. Furthermore, conducting parametric analysis can be cumbersome since droplets are sensitive to environmental conditions, which is a key hindrance in becoming a droplet microfluidic a robust platform. Another issue while using droplet microfluidic is related to handling large amounts of multiplex data. To address these issues, artificial intelligence (AI) offers a broad range of capabilities, with regression analysis, image recognition, and classification being the most commonly applied functions in the context of droplet microfluidics. The comprehensive overview of the adaptation of AI in the fiend of droplet microfluidics can be found elsewhere (Liu et al., 2023).
Droplet-based microfluidic systems have proven to be highly successful in diverse fields, finding widespread practical applications. As a potential future application, droplet microfluidics can also be utilized for single cell immunology (Chattopadhyay et al., 2014), single cell profiles of transcriptome (Klein et al., 2015), and probably also for proteome (Albayrak et al., 2016). At last, it is important to highlight that the key to effectively utilizing microfluidics to address real-world biological and medical challenges lies in fostering strong collaboration among biologists, chemists, engineers, and clinicians. In addition to fluorescence-based droplet and cell sorting techniques, the collaboration between researchers in the fields of microfluidics, cell biology, clinical diagnostics, and microfabrication has led to the development of droplet microfluidic platforms for single-cell RNA sequencing and digital PCR. Furthermore, the collaboration of microfluidics engineers and synthetic biologists have also successfully created droplet-based platforms for synthetic biology applications. These platforms allow for the compartmentalization of biological reactions within discrete droplets, enabling the investigation of genetic circuits, protein engineering, and the construction of artificial cells. Moreover, droplet microfluidic devices have found utility in producing micro- and nanoscale particles, which are extensively used in various industries such as bio-pharmaceuticals, drug delivery, cosmetics, and the food industry.
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