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Abstract: Genetic engineering and directed evolution are effective methods to address the low yield 

and poor industrialization level of microbial target products. The current research focus is on how 

to efficiently and rapidly screen beneficial mutants from constructed large-scale mutation libraries. 

Traditional screening methods such as plate screening and well plate screening are severely limited 

in their development and application due to their low efficiency and high costs. In the past decade, 

microfluidic technology has become an important high-throughput screening technology due to its 

fast speed, low cost, high automation, and high screening throughput, and it has developed rapidly. 

Droplet-based microfluidic high-throughput screening has been widely used in various fields such 

as strain/enzyme activity screening, pathogen detection, single-cell analysis, drug discovery, and 

chemical synthesis, and has been widely applied in industries such as materials, food, chemicals, 

textiles, and biomedicine. In particular, in the field of enzyme research, droplet-based microfluidic 

high-throughput screening has shown excellent performance in discovering enzymes with new 

functions, improved catalytic efficiency or stability, acid-base tolerance, etc. Currently, droplet-

based microfluidic high-throughput screening technology has achieved high-throughput screening 

of enzymes such as glycosidase, lipase, peroxidase, protease, amylase, oxidase, and transaminase, 

as well as high-throughput detection of products such as riboflavin, coumarin, 3-dehydroquinate, 

lactic acid, and ethanol. This article reviews the application of droplet-based microfluidics in high-

throughput screening, with a focus on high-throughput screening strategies based on UV, visible, 

and fluorescence spectroscopy, including labeled optical signal detection screening, as well as label-

free electrochemical detection, mass spectrometry, Raman spectroscopy, nuclear magnetic 

resonance, etc. Furthermore, the research progress and development trends of droplet-based 

microfluidic technology in enzyme modification and strain screening are also introduced. 

Keywords: droplet-based microfluidics; high-throughput screening; ultraviolet spectrum; visible 

spectrum; fluorescence spectrum 

 

1. Introduction 

Natural microbial strains and enzymes often require evolution or modification. However, the 

probability of beneficial mutations is very low (<10-5), and conventional screening efficiency is limited 

by low screening throughput, resulting in high costs and long times for screening a large number of 

mutants (1). It is crucial to develop methods for rapid screening of microbial strains and enzyme 

mutants (2). With the development of automation equipment and rapid detection methods, various 

high-throughput screening (HTS) strategies have been established. Therefore, HTS strategies have 

been widely used in the isolation and screening of high-yielding microbial cell factories (3, 4). In the 

screening of industrial microbes, effective target recognition is a key factor, and high-throughput 

screening based on ultraviolet, visible, and fluorescence spectra in droplet-based microfluidics can 

greatly enhance target recognition (5-7). 
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Microfluidic technology has emerged as a response to the multidisciplinary convergence. It 

utilizes chemistry, fluid physics, microelectronic materials, nanotechnology, and biotechnology (8). 

By manipulating small amounts of fluids in channels at the micrometer or nanometer scale, it brings 

the screening process onto a chip, achieving automation and intelligence (9, 10). Moreover, 

microfluidics combined with fluorescence-activated cell sorting (FACS) systems equipped with flow 

cytometers (FC) overcome the limitations of traditional FACS. This integration is known as 

microfluidic FACS (11). Droplet microfluidics (DM) technology utilizes droplets as microreactor 

units, performing formation, manipulation, reactions, analysis, and screening operations using 

microchannels or microstructures. This technology has been widely applied in fields such as drug 

screening, protein crystallization, evolution, single-cell analysis, enzyme activity detection, and strain 

screening (12, 13). Its advantage lies in the ability to encapsulate single cells in droplets, where each 

droplet serves as an independent reaction system capable of culturing cells and producing 

metabolites or enzymes. This overcomes the limitations of traditional flow cytometry and 

fluorescence-activated cell sorting, which are restricted to detecting fluorescent signals directly 

associated with cells (14, 15). Fluorescence-activated droplet sorting (FADS) and absorbance-

activated droplet sorting (AADS) are typical droplet microfluidic technologies. Microfluidic high-

throughput screening technology involves detection, screening, small molecule reactions, and 

dynamic process analysis. Similar to the FACS principle, the FADS system has the advantage of being 

able to sort signals within cells, on cells, secreted outside of cells, and in cell-free systems. 

Additionally, due to its configuration of high-speed cameras, FADS enables visualization of sorting 

(14). 

Absorption spectroscopy is widely used in colorimetry, protein quantification, enzyme kinetics, 

and other areas (16). Compared to FADS, the challenge of AADS detection is that absorbance is 

directly proportional to the path length, which means that the small volume of droplets and the 

resulting short optical path length will affect the sensitivity of detection (17). However, absorption 

activated droplet sorting (AADS) is currently approximately 10 times slower than typical 

fluorescence-activated droplet sorting (FADS), which means that, compared to FADS due to 

throughput limitations, a larger proportion of the sequence space is not accessible. Elliot et al. (18) 

has improved AADS in order to achieve a sorting speed of kHz. This is primarily done by using 

refractive index matching oil and eliminating side scattering to enhance signal quality. Additionally, 

a sorting algorithm has been implemented to enable sorting at higher frequencies. It has been widely 

applied in industries such as materials, food, chemical, textile, and biopharmaceuticals (as shown in 

Figure 1). 

Droplet-based microfluidics plays an important role in directed evolution, enzyme activity 

detection, and strain screening. The throughput of the screening determines the size of the mutant 

library, thus determining the possibility of screening high-performance enzymes and strains from 

large mutant libraries. Through oil encapsulation, the adsorption in the flow channel can be reduced. 

Droplet encapsulation of individual bacteria allows for the synchronized directional evolution of 

enzymes during the screening process, making it widely applicable in enzyme directed evolution. In 

2009, Baret et al. (19) first reported the application of droplet-based microfluidics in high-throughput 

screening of enzymes, with a screening rate of up to 2000 droplets/s and completing the screening of 

a library with 108 mutants in only 10 h. In 2014, Wang et al. (20) developed a screening method for 

yeast strains with xylose consumption ability and E. coli strains for lactate secretion using droplet-

based microfluidics. Currently, FADS technology also has some drawbacks, such as the need to 

develop suitable fluorescent probes based on different enzyme molecules and catalytic reactions. For 

some enzyme molecules, rare cells, and target analytes that are small molecule drugs, there is a lack 

of applicable biomarkers and fluorescent probes, which limits its widespread application. To 

overcome these limitations, other types of droplet sorting technology, such as droplet sorting 

technology activated by different methods such as absorption, mass, and Raman, have been 

developed one after another. In 2016, Gielen et al. (21) proposed a droplet screening technology based 

on absorbance, with a screening rate of 300 droplets/s. High-throughput screening of different types 

of microorganisms such as E. coli, Bacillus subtilis, Gluconobacter cerinus, yeast, and lactobacillus for 
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endogenous enzymes or metabolic products has been achieved (22-28). This review aims to 

summarize the screening strategies constructed using ultraviolet, visible, and fluorescence 

spectroscopy, as well as the applications of these strategies in high-throughput screening using 

droplet-based microfluidics, particularly in enzyme engineering and strain screening. Table 1 lists 

the recent applications of droplet-based microfluidics in strain and enzyme screening. 

 

Figure 1. Application of microfluidic high-throughput screening. 

There are a total of 4 layers from the inside to the outside in Figure 1. The first layer represents 

microfluidic high-throughput screening. The second layer represents main functions of microfluidic 

high-throughput screening, including dynamic analysis, detection, screening, and small molecule 

reactions. The third layer represents the specific application fields of microfluidic high-throughput 

screening, mainly including food, biologic medicine, textile industry, and chemical industry. The 

fourth layer represents the specific applications of microfluidic high-throughput screening, mainly 

including chemical synthesis, nanomaterials, single-cell analysis, antibody screening, drug delivery, 

strain/enzyme screening, enzyme activity detection, and pathogenic bacteria. 
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2. Detection and screening based on ultraviolet spectroscopy 

Generally, the detection of inorganic and organic compounds is based on the Lambert-Beer law, 

which quantifies the target substance based on the absorption of ultraviolet/visible light due to the 

structural and color differences of the substance itself. For reactions with specific absorbance, the 

change in OD value is caused by the substance itself, enzyme-catalyzed reactions, or absorbent 

reagents in coupled assays. By measuring the absorbance, products with complex molecular 

structures such as avilamycin (29), cephalosporin C (30), lycopene (31), and ferulic acid (32) can be 

screened. In high-throughput screening of strains and enzymes, direct quantitative identification of 

metabolic products can be used to screen for beneficial mutants. Mendoza et al. (33) directly 

measured metabolites at a wavelength of 272 nm to identify enzyme activity in high-throughput 

screening of lipases with high sn-2 specificity, and validated the activity with human pancreatic 

lipase, LIP2 lipase from Candida antarctica, and lipase from Saccharomyces cerevisiae. For substances 

that do not have obvious absorbance characteristics, detection can be performed by adding pH 

indicators, metal ion chelators, enzyme reactions, or chemical reaction coupling methods. For 

example, some metabolites can hydrolyze under acid/alkaline conditions to produce derivatives with 

specific absorption, form complex compounds with metal ions to generate distinct absorbance 

features, or generate substances with significant absorbance after substrate enzyme reactions. Ye et 

al. (34) determined the absorbance of the metabolite cefaclor hydrolyzed to generate derivatives 

under alkaline conditions at 340 nm, and screened out α-amino acid ester hydrolase with increased 

activity by 40%. Tian et al. (35) developed a colorimetric method based on the reaction between 

diacetyl and o-phenylenediamine, with the target compound showing specific absorption at 335 nm, 

leading to the selection of lactobacillus strains with high diacetyl production. The detection and 

screening strategy based on ultraviolet spectroscopy is simple and effective, and when combined 

with a microfluidic droplet system, it becomes an important tool for high-throughput screening. 

Building on the ability of PMMA material to block stray light interference, Cao et al. (36) proposed 

the concept of a microfluidic ultraviolet detection system and established an ultraviolet detection-

microfluidic chip capillary electrophoresis analysis system. Ottevaere et al. (37) proposed a micro-

optical system for ultraviolet/visible light absorption detection in microfluidic channels constructed 

using optical couplers and characterized samples of coumarin dyes. 

3. Detection and screening based on visible light spectrum 

The combination of high-throughput screening strategies based on visible light spectrum and 

droplet microfluidic systems is closely related, mainly used for enzyme activity assay, screening of 

enzyme variants, and strain selection (38-40). Similar to the UV spectrum screening strategy, the 

absorbance of the target substance in the visible light range is used as the screening criterion, and it 

can be divided into direct measurement, addition of pH indicators, addition of metal ion chelating 

agents, and enzyme-catalyzed reactions. Gielen et al. (41) established a coupled droplet microfluidic 

system for enzyme-directed evolution by embedding optical fibers in the droplet channel. They 

conducted miniaturized coupled analysis of NAD+-dependent amino acid dehydrogenase and 

successfully enriched the phenylalanine dehydrogenase activity variant by 2800-fold and identified 

a mutant with 4.5 times increased activity in the lysate. Maceiczyk et al. (40) developed a droplet 

microfluidic system using differential detection opto-thermal interferometry. The substance resulting 

from the reaction of β-galactosidase with a specific substrate has high absorbance, enabling high-

throughput detection of enzyme activity. Ahmadi et al. (39) were the first to integrate a droplet-digital 

microfluidic system that can utilize both fluorescence signals and absorbance for screening. Yeast can 

be characterized by directly detecting absorbance at 595 nm to determine its growth status. Using 

this system, they studied the growth of mutant variants and wild types in an ionic liquid and 

successfully screened out mutants with excellent growth properties. 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 December 2023                   doi:10.20944/preprints202312.1887.v1

https://doi.org/10.20944/preprints202312.1887.v1


 5 

 

4. Detection and screening based on fluorescence spectroscopy 

4.1. Detection and screening based on conventional strategies of fluorescence spectroscopy 

Fluorescence analysis has the advantages of high selectivity, sensitivity, and easy integration 

with chips, making it the most widely used detection method in droplet microfluidic analysis, 

promoting the development of research fields such as genomics, molecular biology, and synthetic 

biology. Currently, various industrial microorganisms and enzymes have been screened using 

fluorescence spectroscopy-based screening strategies. By relying on the specific fluorescence signals 

of substrates or metabolites, direct screening can be conducted. Wagner et al. (42) screened for yeast 

strains with increased riboflavin production by correlating the secretion level of riboflavin with its 

yield. The target can emit fluorescence signals by adding fluorescent dyes or metal ion chelators. Kim 

et al. (43) screened for highly productive microalgae strains by directly measuring chlorophyll 

content and further increased lipid production by staining lipids using a dye, resulting in a 2.75-fold 

increase. Choi et al. (44) integrated ethidium bromide into a droplet-based microfluidic system, 

allowing high fluorescence signal emission from intact RNA substrates and low fluorescence signal 

when the RNA is degraded. This method enables nanoscale detection of ribonuclease hydrolytic 

activity. 

The majority of screening based on fluorescence spectroscopy relies on enzyme reactions. For 

direct screening using endogenous enzymes, fluorescence substrates serve as sensitive means to 

detect enzyme activity, as they do not possess significant fluorescence signals themselves, but the 

enzymatic reaction products exhibit strong fluorescence signals. Based on the change in fluorescence 

intensity before and after the reaction, enzyme activity can be quantitatively analyzed (Figure 2A). 

Currently, there are various commercially available fluorescence substrates for enzyme activity 

detection, including glycosidases (45), lipases (46), proteases (47), peroxidases (48), and so on. β-

Glucosidase can cleave the cellulose disaccharide formed by the endoglucanase hydrolysis of 

cellulose. It can be used in industry for the hydrolysis of cellulose and lactose (49, 50). Hardiman et 

al. (45) encapsulated the entire cell with enzyme substrates using random drift mutagenesis technique 

to create and screen a library of β-glucosidase mutants. Protease is an important enzyme in industry. 

Although many microorganisms are used for producing protease, only a few proteases are 

commercially applied and usually require extensive protein engineering, especially directed 

evolution. Tu et al. (47) were the first to use flow cytometry to screen protease and analyze its 

resistance improvement. In addition, it was found that the targeted evolution of protease can enhance 

its thermal stability and resistance to antioxidants. Ma et al. (46) developed a microfluidic chip to 

prepare homogeneous in vitro compartmentalized enzyme microreactors. They used high-

throughput screening with fluorescent substrates to identify E. coli strains with esterase activity and 

performed directed evolution on the thermostable esterase AFEST, resulting in mutants with more 

than 2-fold improvement in catalytic efficiency. Agresti et al. (48) utilized a high-throughput 

screening platform based on droplet microfluidics and obtained peroxidase mutants with catalytic 

efficiency improved by more than 10-fold. Huebner et al. (51) encapsulated individual E. coli cells 

with the substrate 3-O-methylfluorescein phosphate in droplets to screen for highly active target 

enzymes. 

Förster resonance energy transfer (FRET) is a special part of the enzymatic reaction strategy. 

After the substrate is catalyzed, the fluorescence is activated, and this substrate is usually used as a 

fluorescent probe. Varadarajan et al. (52) designed fluorescence probes and obtained peptide cleaving 

enzymes with high selectivity and high catalytic efficiency (Kcat/Km > 104 M-1s-1). Mizukami et al. (53) 

achieved specific fluorescence protein labeling screening by covalent modification of hydrolytic 

enzymes using designed fluorescence probes. Yang et al. (54) designed various FRET substrates and 

developed a high-throughput fluorescence screening method for lipases and esterases under alkaline 

conditions (pH 11.0). This method improved the sensitivity of fluorescence signals and allowed for 

dynamic analysis of enzyme activity. 

For methods that involve detecting and screening through non-enzymatic metabolism of small 

molecules, it has been observed that many important small molecule metabolites cannot be directly 
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detected through fluorescence, which becomes a bottleneck issue when using droplet microfluidic 

systems for metabolic pathway and microbial strain screening. The utilization of enzyme-coupled 

reaction strategies can indirectly convert these small molecules into fluorescent signals, providing an 

effective approach to address this issue (Figure 2B). A typical strategy involves the use of specific 

oxidoreductases for the target metabolite, which catalyze the oxidation reactions of the target 

metabolite to generate either H2O2 or NADH. These generated species are then converted into 

fluorescence signals by corresponding coupled enzymes and fluorescence probes, enabling the 

fluorescence coupling of the target metabolite. Currently, enzyme-coupled strategies have been 

employed for the quantitative detection of various metabolites such as lactate (55), ethanol (56), 

xylose (20), glucose (57), among others. Hammar et al. (55) utilized lactate dehydrogenase to oxidize 

lactate into pyruvate and simultaneously convert NAD+ to NADH. The NADH was then converted 

into a fluorescence signal by an NADH fluorescence coloring kit, enabling high-throughput single-

cell screening of lactate-producing bacteria. Abalde-Cela et al. (56) established a microfluidic 

platform for quantitative detection of ethanol, using ethanol oxidase to produce H2O2 and coupling 

it with a fluorescence signal. This platform was used for screening high-yield ethanol-producing 

cyanobacterial strains. Ostafe et al. (57) developed a detection technique for cellulase activity through 

multi-enzyme fluorescence coupling using microfluidic sorting. This technique concentrated active 

cells 300-fold with a purity exceeding 90%. With the discovery and utilization of more specific 

oxidoreductases, this strategy has the potential to expand to the quantitative analysis of various 

metabolites such as sugars, amino acids, lipids, and hormones, providing an effective screening 

approach for various important metabolic pathways and strain-directed evolution. 

4.2. Detection and screening based on fluorescence spectroscopy using biosensors 

Due to the limitations of direct or indirect staining or fluorescence reactions for the detection 

and screening of target products or key intermediates, high-throughput screening (HTS) of 

microorganisms is often challenging. As a complementary and alternative approach, screening 

strategies using microbial genetic regulatory mechanisms to sense metabolic products have been 

proposed (58). There are generally two types of biosensors: protein-based biosensors and nucleic 

acid-based biosensors. Most protein-based biosensors are based on transcription factors (TFs) and 

engineered fluorescent proteins (FPs). Sun et al. (59) divide transcription factor sensors into two 

categories: endogenous transcription factor biosensors and whole-cell transcription factor biosensors. 

Various types of TF-based biosensors have been developed, capable of responding to different types 

of effectors. These biosensors have been widely used in HTS of metabolic products, including amino 

acids, organic acids, flavonoids, sugars, and lipids (60, 61) (Figure 2C). Tu et al. (62) utilized TF-based 

biosensors to respond to 3-dehydroquinate and established a biosensor-based FADS screening 

strategy, resulting in the identification of mutant strains with a 24% increase in 3-dehydroquinate 

production. Siedler et al. (61) developed biosensors for two types of flavonoids and their metabolic 

intermediates, using the transcriptional activator FdeR from H. seropedicae and the repressor protein 

QdoR from B. subtilis, which respectively responded to naringenin and catechol. This enhanced the 

fluorescence signal of the fluorescent protein system by 7-fold. 

Nucleic acid-based biosensors mainly include RNA riboswitches, RNA spinach (63, 64), and 

structure-switching DNA biosensors (63, 65). RNA riboswitches targeting mRNA regulatory regions 

can detect various metabolites through RNA aptamer region, thereby regulating the transcription 

and translation of encoded proteins. Cheng et al. (66) used the competitive nature of arginine between 

arginase and arginine inhibitor to inhibit the expression of eGFP, a molecular sensor, and screened 

for arginine deimination enzyme mutants with increased activity and substrate affinity. With the rise 

and development of cell-free synthesis, researchers have found that the traditional genetic 

characteristics modified and optimized in active cells are no longer applicable to cell-free systems (67, 

68). For example, when transcription factors are used in cell-free systems, they can cause self-

transcription effects, response time delays, and increased translation burden. Ribosome switches 

have significant advantages, and their construction and screening are particularly important, with a 

close connection to high-throughput screening using droplet microfluidics (69, 70). Tabuchi et al. (71) 
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were the first to use a droplet microfluidic system to screen for cell-free riboswitches and successfully 

obtained two types of ribosome switches for histamine, where histamine can either open or close the 

ribosome switch. RNA Spinach is a newly discovered special structure that produces a stable signal 

when combined with fluorescent groups. Based on RNA Spinach, biosensors called RNA "drop-in 

oligonucleotide adaptors" have been developed for the detection of metabolites (Figure 2D). 

Structure-switching DNA biosensors are commonly used for high-throughput screening of DNA-

modifying enzymes. Vallejo et al. (72) established a droplet microfluidic high-throughput screening 

system for enzyme-directed evolution by adding fluorescent molecules and quenchers to the DNA 

strand. The screening frequency for enzymes involved in the synthesis and modification of artificial 

genetic polymers reached 108/h. 

 

Figure 2. The diagram of droplet microfluidic. 

In the screening system of droplet microfluidics, microdroplets of picoliter (pL) volume as 

reactors are used to encapsulate enzyme genes, artificially constructed metabolic pathways, gene 

expression products, etc., which are coloured using specific fluorescent probes (Figure 2 top row). 

Microfluidic detection/sorting chip for efficient analysis and sorting of these microdroplets (Figure 2 

bottom row). Figure 2A: Screening based on fluorescence spectroscopy is dependent on enzyme 

reactions. The enzymatic reaction products have a strong fluorescent signal, which is used to quantify 

the enzyme activity based on the change in fluorescence intensity before and after the reaction (45). 

Figure 2B: Small molecules can be indirectly converted to fluorescent signals using an enzyme 

coupling reaction strategy (56). Figure 2C: Assay screening based on transcription factors (TFs) (61). 

TFs-based biosensors, which can respond to different types of effectors, are widely used for HTS of 

metabolites, including amino acids, organic acids, flavonoids, sugars and lipids. Figure 2D: 

Biosensors based on RNA Spinach (53). RNA Spinach is a newly discovered special structure that 

generates stable signals when combined with fluorescent groups. 

5. Detection screening based on other technologies 

As the potential of droplet microfluidic high-throughput screening technology is being explored, 

researchers have applied it to the screening of more targets. However, they have discovered that 

some target screenings require the establishment of complex coupling reactions, which may not 

achieve simplicity and efficiency. Additionally, some target molecules are unable to generate 

detectable signals. In order to address these issues, label-free detection strategies associated with 
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other detection methods have been established. These methods involve using intrinsic physical or 

chemical biomarkers for sorting (73). This includes electrochemical detection (74), mass spectrometry 

(75), Raman spectroscopy, nuclear magnetic resonance (73), Fourier transform infrared spectroscopy 

(FTIR), and Fourier transform near-infrared spectroscopy (FTNIR) (76).  

Mass spectrometry is not only used for qualitative and quantitative analysis based on the charge-

to-mass ratio of the detected substances but can also detect various fragmented substances. This has 

attracted researchers to combine it with droplet microfluidic technology. However, there are 

significant barriers between microfluidics and electrospray ionization mass spectrometry. Similar to 

capillary electrophoresis, the main barrier lies in the interference of surfactants in the electrospray 

process, which can significantly inhibit ionization efficiency and contaminate the mass spectrometer 

(79). Surfactants are essential in droplet-based microfluidic systems. They facilitate droplet 

formation, stabilize droplets, and provide a more important role in creating a biocompatible 

environment for reactions within the droplets. Therefore, it is necessary to design and synthesize 

compatible novel surfactants (80). Heinemann et al. (81) combined the nanoscale initiator mass 

spectrometry technique with droplet microfluidics to achieve real-time monitoring of extracellular 

glycosidase activity. Holland-Moritz et al. (82) used Mass Activated Droplet Sorting (MADS) with an 

accuracy of 98% to screen nanoscale transaminase enzyme-catalyzed reactions. However, the 

throughput was only 2500 droplets/h, which was 1000 times slower than FADS. Nevertheless, this is 

still significantly more efficient than traditional screening and HPLC-MS methods. 

Raman spectroscopy is a detection method that relies on the Raman effect, offering advantages 

such as rapid and real-time analysis. The discovery of surface-enhanced Raman scattering (SERS) has 

significantly enhanced the sensitivity of Raman detection. Research has shown that droplet 

microfluidic technology can effectively overcome the limitations of SERS. Willner et al. (83) 

demonstrated the potential of SERS combined with microfluidics in high-throughput screening 

through single-cell analysis. Wang et al. (84) utilized Raman-activated droplet sorting (pDEP-RADS) 

based on positive dielectrophoresis to perform high-throughput screening of a yeast library of 

diacylglycerol acyltransferase, leading to the discovery of two unknown enzymes. In addition to 

Raman spectroscopy, Fourier-transform infrared spectroscopy (FTIR) and Fourier-transform near-

infrared spectroscopy (FTNIR) are also representative label-free spectral detection methods. 

Currently, only a few researchers have combined them with droplet microfluidic technology, and 

there have been no notable achievements in the screening of strains or enzymes. However, due to the 

non-destructive nature, rapid automation, and other advantages of FTIR and FTNIR, their 

combination with high automation capabilities of droplet microfluidic chips demonstrates significant 

potential (11). 

Nuclear magnetic resonance (NMR) is a technique for directly analyzing the structure of 

compounds, and its greatest advantage is its completely non-invasive nature. However, combining 

NMR with droplet microfluidics is more challenging due to several technical barriers. Unlike 

fluorescence, NMR detection is based on the principle of magnetic field detection, which requires a 

high level of uniformity and stability in the droplet samples. The sensitivity of conventional NMR is 

still insufficient for the microliter to picoliter-sized samples generated by droplet microfluidic chips 

(85). Swyer et al. (86) developed a method for analyzing chemical reactions using digital microfluidic 

chips in a high magnetic field environment, which addressed the issue of sample uniformity. This 

method allowed for the detection of the xylose-borate complexation and the catalytic process of 

glucose oxidase. Hale et al. (87) discovered that by utilizing structural homogenization and 

europium-based compounds, they could reduce the magnetic differences between the chip, oil phase, 

and liquid phase, resulting in improved sample uniformity. 
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Table 1. High throughput screening application of droplet microfluidic system. 

Spectrum Screening analysis strategies Screening target Specific applications References. 

Ultraviolet light Addition of metabolite dyes - 

A planar microfluidic spectroscopy detection system was proposed, which could 

continuously analyze and determine thymol blue of the staining at 180-890 nm, 

and realize high-throughput detection of the corresponding stained species 

(88) 

Ultraviolet light Enzymatic reaction  E. coli 
UV-Vis full-wavelength detection system to monitor E. coli growth at 280 nm and 

thiouric acid assay at 311 nm to identify strain expression ergothionease activity 
(17) 

Visible light Direct measurement of absorbance Yeast 
Integrated droplet-digital microfluidic system to measure the growth of mutant 

and wild-type yeasts in ionic liquids 
(39) 

Visible light Enzymatic reaction HL-60 Cell population 

Differential detection photothermal interferometry combined with droplet 

microfluidics, relying on electronic media and mitochondrial succinate-

tetrazolium reductase reaction to generate absorbance, high-throughput analysis 

of HL-60 cell population metabolic activity 

(40) 

Visible light Enzyme-coupled reaction Glucose oxidase 

Using the principle of enzyme colorimetry, glucose hydrolysis intermediate H2O2, 

4-aminoantipyrine and phenol generate red quinone imine, thereby continuously 

determining glucose oxidase activity with high throughput 

(38) 

Fluorescence 
Direct measurement of target 

metabolite 
Lactic acid bacteria 

Riboflavin has a natural fluorescent signal, and high-yield mutant strains are 

screened for use in milk fermentation, and riboflavin reaches 2.81 mg/L 
(89) 

Fluorescence Addition of metabolite dyes Microalgae strain 
The fluorescent stain BODIPY was added to stain the lipids, and microalgae strains

with a 2.75-fold increase in lipid yield were screened 
(90) 

Fluorescence Embedding metal chelating agents - 
Add EtBr to bind to RNA to determine ribonuclease activity, the higher the 

activity, the lower the fluorescence signal 
(44) 

Fluorescence Enzymatic reaction 
Environmental 

microorganisms 

Fluorescein dibutyrate was introduced as a fluorescent substrate, and 11 lipase-

producing strains were screened from environmental microorganisms by FADS 
(91) 

Fluorescence Enzymatic reaction E. coli 

A method was developed to rapidly form a large-scale droplet array using 

microcage array chips, which improved the operability of droplets and introduced 

fluorescent substrates to screen strains expressing esterase AFEST from mixed 

bacteria 

(92) 

Fluorescence Enzymatic reaction 
Viable bacteria in 

wastewater 

The fluorescent substrate diphenyl dibenzoate can be degraded by PETase to 

produce a fluorescent signal, which can screen for strains that express PETase 

efficiently 

(93) 
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Fluorescence Enzyme-coupled reaction Bacillus licheniformus 

According to the modified 3,5-dinitrosalicylic acid (DNS) method, starch 

substrates are decomposed into glucose, DNS and glucose undergo redox 

reactions to produce fluorescent substances, and strains with α-amylase expression 

increased by 67% were screened 

(94) 

Fluorescence Enzyme-coupled reaction Yeast 

The glucose in the microdroplets was decomposed by oxidase to produce H2O2, 

H2O2 reacted with vanadium bromoperoxidase to produce BrO-, and BrO- reacted 

with aminophenoxyfluorescein to produce strong fluorescence, and an enzyme 

coupling strategy was established to screen out glucose oxidase mutants 2.1 times 

higher than that of wild-type Kcat 

(95) 

Fluorescence Protein-based biosensors Candida glabrum 

A biosensor expressing pH-sensitive fluorescent protein was constructed, and the 

ankyrin gene was introduced for expression, so that the fluorescent protein was 

anchored on the surface of Candida glabricis, so as to show the accumulation of 

pyruvate, and the strain with a 73.6% increase in pyruvate yield, reaching 48.6 g/L, 

was screened 

(96) 

Fluorescence Transcription factor-based biosensors E. coli 

A biosensor in response to 3-dehydroshikimic acid (3-DHS) was constructed, and 

3-DHS was positively regulated, expressing fluorescent protein, and screening 

mutant strains with high yield of 3-DHS, with a yield of 2.46 g/L at 24 h 

(62) 

Fluorescence 
Nucleic acid-based biosensors 

(RNA Spinach) 
Saccharomyces cerevisiae 

Innovated on the basis of RNA Spinach, a universal sensing technology that 

provides small molecule metabolites by altering RNA sequences, and screened 

mutant strains with 28-fold and 3-fold higher yields of tyrosine and recombinant 

protein streptomycin, respectively 

(25) 

Non-spectral Coupled mass spectrometry analysis Transaminase 

Combined with droplet microfluidics, a high-throughput and stable droplet 

analysis system was constructed to detect the reaction products of intradroplet 

transaminases, quantify enzyme activity, and evaluate enzyme mutants 

(97) 

Non-spectral Coupled mass spectrometry analysis E. coli 

Transaminases can convert methyl 4-methyl-3-oxovalerate into the corresponding 

amine, and the amine is then spontaneously hydrolyzed to β-leucine, which is 

detected by the microfluidic-mass spectrometry analysis system and screened out 

a variety of mutants of transaminases 

(98) 

Raman 

spectroscopy 

Coupled surface-enhanced Raman 

scattering 

Prostate cancer cell 

population 

Surface-enhanced Raman scattering combined with microfluidic system improved 

the sensitivity of the detection system, and the glycan expression and cell 

variability of prostate cancer cells were analyzed at high throughput by wheat 

germ lectin-modified nanometal particles 

(83) 
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6. Conclusion 

In recent years, droplet microfluidics has gradually moved from the field of chemistry to 

biology. With the advancement of droplet microfluidic technology and the creation of various 

detection strategies, an important step has been taken towards the discovery of strains/enzymes with 

new or improved functions. Especially in the development of synthetic biology, the detection of 

natural bioactive compounds, directed evolution of strains/enzymes, and screening and 

identification of enzyme semi-rational or rational designs are intricately intertwined with droplet 

microfluidics. With its advantages of low cost, speed, high automation, and detection sensitivity, it 

has replaced traditional well plate screening and regular flow cytometry, becoming the preferred 

high-throughput screening technology in the field of synthetic biology. 

Among the high-throughput screening strategies based on UV, visible, and fluorescence spectra, 

fluorescence detection strategy has the widest application and is the most mature, serving as a crucial 

means for industrialization and commercialization of strain/enzyme screening. UV-visible light 

detection is known for its simplicity but has limitations and limited applications. Biosensors are an 

important branch of fluorescence detection. Their essence lies in enhancing fluorescence intensity or 

overcoming the difficulties of generating fluorescence signals, thus compensating for the 

shortcomings of conventional strategies. Other label-free detection strategies provide effective 

supplements to optical detection, such as electrochemistry, mass spectrometry, nuclear magnetic 

resonance, etc. 

Enzymes are the most important biocatalysts in nature and have been applied in various fields 

after thousands of years of natural evolution. However, natural enzymes often cannot meet the 

requirements of industry, making artificial selection and screening increasingly important. Directed 

evolution has been a key strategy for generating enzymes with desired characteristics such as high 

selectivity, but experimental barriers and the cost of analyzing large mutant libraries have limited 

these efforts. However, the biggest problem faced by directed evolution is that traditional microplate 

screening methods cannot meet the demands of high-capacity library screening. Meanwhile, the 

industrial and pharmaceutical sectors continue to have a fast-growing demand for novel and 

improved microbial catalysts. Therefore, directed evolution of enzymes and the discovery of new 

enzymes have directly benefited from the development of droplet microfluidics, which provide 

individual reaction environments and larger screening capacities for enzyme reactions. Enzymes that 

may require directed evolution in the future include esterases, cellulases, glucose dehydrogenases, 

and plastic-degrading enzymes. Carboxylesterases, for example, are detoxifying enzymes that can 

hydrolyze cocaine, chlorpyrifos, and other compounds. Cellulases find applications in the food and 

beverage industry where they can hydrolyze cell walls and lignocellulosic substrates. Glucose 

dehydrogenase converts glucose into gluconic acid. Plastic waste management has been one of the 

major ecological challenges in our society, and plastic-degrading enzymes can offer a solution to this 

problem. With the development of more new technologies, such as artificial intelligence and 

bioprinting, they will also provide more applications for microfluidic sorting devices. 
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