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Abstract 

Infectious diseases caused by pathogenic microbes have posed a major health issue for the public, such as 

the ongoing COVID-19 global pandemic. In recent years, wastewater-based epidemiology (WBE) is emerg-

ing as an effective and unbiased method for monitoring public health. Despite its increasing importance, 

the advancement of WBE requires more competent and streamlined analytical platforms. Herein we dis-

cuss the interactions between WBE and droplet microfluidics and focus on the analysis of pathogens in 

droplets, which is hard to be tackled by traditional analytical routines. We highlight research works from 

three aspects, namely, quantitation of pathogen biomarkers in droplets, single-cell analysis in droplets, and 

living cell biosensors in droplets, with the aim of providing future perspectives on the synergy between 

WBE and droplet microfluidics.  
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1. Introduction  

Tracking population-level public health has been an effective method to identify and assess diseases 

circulating in the communities, providing early warnings and therefore mitigating their further spreading. 

Although a number of public health surveillance routes have been established, most of them lack objectivity 

and are subject to the availability and sophistication of local health services[1]. To this end, wastewater-

based epidemiology (WBE) is proposed, an emerging analytical approach that evaluates community-wide 

public health based on wastewater, to afford comprehensive and unbiased data derived from a given pop-

ulation[2]. WBE is usually carried out upon the extracts from sewage, followed by chemical analysis and 

data interpretation. The information obtained from wastewater has proved to be useful in the surveil-

lance of infectious diseases, especially in the context of the ongoing COVID-19 global pandemic, where 

the SARS-CoV-2 RNA was monitored to track community-level infection dynamics[3]. Moreover, WBE 

was used to study genetic population biomarkers[4], illicit drug consumption[5], propagation of anti-

biotic resistance[6], holding promises not only in epidemic research but also in providing socioeco-

nomic insights to influence local policy.  

In light of its complex compositions, a variety of clinically relevant biomarkers are available for inves-

tigation in wastewater, including genetic materials, peptides and proteins, and other chemical or biochem-

ical compounds of interest, which are reviewed elsewhere[1,7]. Microorganism, together with numerous 

aforementioned molecular markers, is also considered as an important health indicator in the field of 

WBE[7]. For example, Rengaraj et al.[8] addressed the problem of bacterial contamination in wastewater 

by employing a paper-based biosensor to quantitate the abundance of microbes thereof, where the interac-

tions between the Concanavalin A-modified carbon electrode and bacterial cells are reflected by the change 

in electrochemical signals. Furthermore, the profiling of wastewater metagenomics could serve as a pow-

erful tool to monitor infectious diseases[9–11], study the antimicrobial resistance in populations[12,13], 

track human microbiomes[14], and map the dynamics of bacterial communities[15].    

The rapid advancement and the widened availability of analytical methods for WBE have enabled the 

monitoring of a broad range of biomarkers in wastewater. Paper-based microfluidics, a well-developed an-

alytical tool known for its diagnostic applications[16], therefore attracts attention in WBE mainly due to its 

capacity for fast and on-site testing, ease of use, and cost-effectiveness. As a result, paper-based biosensors 

account for the lion’s share of the reported analytical devices for WBE, which has been intensively discussed 

by Mao and colleagues[7,16]. Interestingly, in spite of its increasingly recognized reputation in analytical 

sciences[17], the droplet-based microfluidics for WBE research have remained largely an untapped area. 

Nevertheless, droplet microfluidics has in recent decades emerged as a versatile toolkit in many areas, with 

one of its most pioneering applications being in cell-related research[17]. Consequently, droplet microflu-

idics should unsurprisingly have great opportunities to be practically utilized to study wastewater, espe-

cially in terms of investigating waterborne microorganisms.  

In this review, we present the idea of utilizing droplet microfluidics as an analytical platform to inves-

tigate WBE, with a specific focus on the analysis of pathogenic microbes. Basics of droplet microfluidics are 

briefly introduced first to provide a scientific background, followed by discussions on its three different 

applications, namely, the quantification of biomarkers in droplets, the analysis of microbes in droplets, and 

living cell-incorporated droplet sensors amid highlighting relevant research works. At last, this review 
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discusses the practical challenges that might impede the applicability of droplets to wastewater surveillance, 

aiming to provide insights for WBE researchers to adopt new analytical tools in the future.  

 

2. Basics of Droplet Microfluidics  

Microfluidics refers to fluid-handling techniques that manipulate fluids of extremely small volumes, 

usually ranging from microliters to attoliters[18]. A typical microfluidic experiment is carried out upon a 

palm-sized chip and uses syringe pump or other pressure-driven systems to displace and control the flow 

in microchannels, and therefore microfluidics is alternatively recognized as the “lab-on-a-chip” technology. 

There are two major branches of this science, i.e., continuous-flow microfluidics and droplet microfluidics. 

The main difference is that the former mostly only involves one phase (continuous phase) whereas droplet 

microfluidics is at least biphasic with a dispersed phase and a continuous phase in the form of highly mon-

odispersed microdroplets. Regardless of this dissimilarity, scaling laws apply to both systems; as a result, 

due to the small scale, fluidics are dominated by the viscous force instead of the inertia force, and body 

forces such as gravity become negligible, thus entering the low Reynolds flow regime[19]. Therefore, fluidics 

are characterized by laminar flows of which the behaviors are predictable, giving rise to the capacity for 

precise control and manipulation of fluids.  

In the field of droplet microfluidics, droplets can be manipulated either discretely on an array of elec-

trodes or continuously in enclosed microchannels. The former is defined as the “digital microfluidics” which 

will not be specifically discussed in this review, and one can find more technical details with relevant appli-

cations in these reviews[20]. When fluids are operated in the droplet mode in microchannels, droplet for-

mation is fundamentally the result of the interfacial tension between two phases seeking to minimize the 

interfacial area[19]. Despite many microfluidic device materials[21] and channel geometries[22] that have 

been explored, the underlying mechanism of droplet generation is intersecting one fluid by another immis-

cible fluid that acts as the continuous phase (or termed the carrier phase), which leads to the periodic 

breakup of fluid threads into droplets[22] (Fig. 1). As phase separation is thermodynamically more favora-

ble than dispersion in a liquid-liquid two-phase system, surfactants are usually added as an energy barrier 

to prevent droplet fusion. From a kinetic point of view, the breaking of capillary instability, also known as 

the Plateau-Rayleigh instability, directly results in the formation of droplets. When two immiscible fluids 

meet at the channel junction, the interface deforms under the influence of the viscous and inertia force, 

while the interfacial tension counteracts to defy this deformation. At some point a force balance is achieved 

at the interface, and the droplet is formed subsequently. The dynamics of droplet generation in microchan-

nels is reviewed comprehensively elsewhere[19,22]. In droplet microfluidics, key parameters that affect the 

process of droplet-making include the overall physical properties of fluids (viscosity, density, etc.), flow 

rates, and channel geometry and surface chemistry, which in turn can be utilized to tailor the droplet size, 

generation frequency, droplet compositions, etc.  

The greatest advantage that microfluidics has over other analytical platforms is its ability to spatially 

and temporally manipulate the concentration of molecules amid a substantially reduced consumption of 

samples and reagents[18]. Furthermore, droplet microfluidics affords another dimension of control via 

compartmentalization, which brings opportunities unparalleled by its bulk counterparts. For instance, the 

ability to carry out chemical/biochemical reactions in a massive array of droplets simultaneously is highly 
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prized in the field of analytical chemistry, as it offers better detecting sensitivity and data accuracy owing to 

the greatly increased number of technical replicates[23]. Another research area that typically exemplifies 

the inevitability of droplet microfluidics is the emerging single-cell study. Droplet microfluidics has an ab-

solute predominance in this field because it enables the robust encapsulation of cells inside droplets down 

to single-cell resolution, along with the fine-tuning of droplet compositions for a variety of applications, 

which is otherwise extremely hard to be achieved. With the advancement in both lab-on-a-chip technology 

and analytical sciences in the recent decade, it is now possible to execute more complex experimental pro-

tocols in microfluidic chips beyond droplet formation, including droplet trapping[24,25], droplet splitting 

and merging[26], droplet sorting[27], injection of additional reagents into droplets[28], among nearly in-

finite possibilities.  

 

3. Quantification of pathogen biomarkers in wastewater using droplets  

In WBE, detecting pathogen-related biomarkers is vital to identify the diseases circulating within the 

population[1]. In this regard, probing genetic materials, i.e., pathogenic DNA/RNA residues, has undoubt-

edly become the focus, as they afford pathogen-wise specificity. Nucleic acid testing in wastewater has been 

practically used in the surveillance of infectious viral diseases, the examples of which are summarized 

here[29]. Along with the identification of specific pathogens that cause communicable diseases, nucleic 

acids in wastewater are able to provide other health information such as carcinogenesis (by quantifying 

mitochondrial DNA[4,30]) and antimicrobial resistance (by profiling ARGs[12,13]) inflicted on populations.  

Another reason why nucleic acid as a biomarker has received considerable attention in WBE is that 

there are well-established protocols for detecting and quantitating them, and these techniques are readily 

accessible. Thus far, polymerases chain reaction (PCR) is considered as the golden procedure for the detec-

tion of DNA presented in various types of samples, which is ascribed to its capacity for rapidly amplifying 

the target gene, for example, a pathogen-specific DNA sequence. To investigate the abundance of a specific 

gene in samples, real-time PCR (rtPCR) was invented. The working principle of rtPCR is to compare the 

cycle threshold (Ct) of the sample tested with a series of standard samples of known DNA concentrations 

and hence the DNA concentration in the test sample can be deducted[31]. However, in the case of 

wastewater, due to its complex contents, many PCR inhibitors presented in the raw sample, e.g., fats, pro-

teins, humic and fulvic acids, etc., might adversely affect PCR results and therefore the accuracy of rtPCR 

can vary widely[1]. Alternatively, digital PCR (dPCR) has emerged as a better approach for DNA quantifi-

cation in this situation, which involves molecule partitioning and stochastic mathematical modeling for the 

absolute measurement of DNA without referring to standard curves[32]. Owing to the partitioning in dPCR, 

this technique shows higher resilience to those PCR inhibitory substances in environmental samples[33], 

which makes it more suitable for investigating wastewater in real-life scenarios.  

The advent of droplet microfluidic has further revolutionized the dPCR technique and directly gave 

birth to droplet digital PCR (ddPCR). Essentially, the dPCR method works by first partitioning the reaction 

mixture into up to thousands of tiny confinements of equal volume, and in ddPCR, this number can go up 

to tens of thousands or even higher. The DNA molecules in the sample are randomly delivered into each 

confinement, which is governed by the Poisson distribution below,  

�(� = �) =
�����

�!
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where P stands for the theoretical probability of finding k copies of DNA inside one confinement (droplet), 

and � represents the average number of DNA copies. These tiny reactors are subsequently subject to ther-

mal cycles similar to the standard PCR procedure until endpoint. Due to the presence of fluorescence 

probes in the reaction mixture, droplets that contain the target DNA copies fluoresce whereas those devoid 

of the target DNA do not. Next these samples are checked by a fluorescence detector with a binary readout 

of positive and negative, and the fraction of positive reactors is recorded. When there is no copy of target 

DNA in the confinement, that is, k equals 0 in the Poisson mathematical model, the probability of finding 

at least one DNA copy is given by 

�(� > 0) = 1 − �(� = 0) = 1 − ��� 

Usually, a series of dilution is performed on the initial sample prior to partitioning. For different dilution 

factors d, the probability can be further described as 

�(� > 0) = 1 − ��
�
� 

At last, by applying linear regression to the fraction (probability P) of positive results as the function of the 

dilution factor d at logarithmic scale, the absolute number of copies in the original sample can be obtained.  

The unique feature droplet microfluidics possesses that distinguishes it from other partitioning ap-

proaches, such as chamber-based techniques, is that it can generate miniaturized reactors at ultra-high 

throughput and of low variances in size[23]. Pinheiro et al.[34] examined a nascently commercialized 

ddPCR platform (Bio-Rad, 2015) whilst comparing the analytical performance with a cdPCR (chamber dig-

ital PCR) instrument that had already existed in the market (Fig. 2A). The authors first demonstrated that 

the ddPCR platform could achieve a linear dynamic range spanning across 4 orders of magnitude for the 

absolute measurement of DNA copy numbers. Although the total reaction volume was larger (20 micro-

liters versus 10 microliters), the ddPCR was able to partition the reaction mixture into 20,000 droplets, 

around 25 times higher than the capacity of cdPCR. The droplet size variance of ddPCR was also found 

smaller than that of cdPCR, which could reduce the inaccuracy of the measurement[23]. The lower uncer-

tainty in partition volume together with the increase in the number of reactions analyzed improved the 

overall analytical performance of the ddPCR platform, as the relative expanded uncertainties was fewer 

than 5% while over 10% for cdPCR.  

ddPCR has been successfully applied to detect and quantify the presence of genetic materials from 

various sorts of sample, especially when external calibrants are inaccessible. One of the maturest applica-

tions is the diagnostics of infectious diseases in clinical samples[35,36], and ddPCR demonstrates versality 

in investigating different pathogenic species including viruses, bacteria, and parasites. Other environmen-

tal samples are also reported, for example, quantifying the viable lactic acid bacteria DNA from fecal sam-

ples to study the health effects of ingested probiotics[37], and the environmental DNA from aquatic eco-

systems to estimate the fish abundance and biomass[38]. Some recent research works also highlight the 

utility of ddPCR in analyzing wastewater. Jahne et al.[39]  for the first time conducted quantitative research 

on the viral enteric pathogens, namely, norovirus and adenovirus, from on-site collected decentralized 

wastewaters, providing empirical date to validate their previously reported epidemiology-based simula-

tion[40] and to lend support to further quantitative microbial risk assessment of decentralized water reuse. 

In the very recent COVID-19 global pandemic, ddPCR has also contributed to the study of population-wide 

SARS-CoV-2 infection based on WBE in the U.S.[9] and Canada[10], underscoring the ability of WBE to 
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predict municipal disease outbreak before its occurrence. In addition, ddPCR was also employed to detect 

SARS-CoV-2 RNA in low abundance wastewater samples such as aircraft wastewater[11] and non-

wastewater ones such as clinical samples[41]. 

As the underpinning principle of ddPCR — the Poisson stochasticity — is not unique, it has enlightened 

some other field. For instance, Pfammatter et al.[42] developed a droplet microfluidics-based platform, 

termed as d-AQuA (digital Amyloid Quantitative Assay), for the absolute quantification of aggregation-

prone proteins. The self-assembly of proteins into pathogenic amyloid fibrils displays a certain level of sim-

ilarity to DNA replication, such as the requirement of monomers (soluble proteins), the ability to be de-

tected by fluorescence dye (Thioflavin T, ThT), and the reaction kinetics (exponential growth)[43]. These 

features underlie the mechanism behind d-AQuA. In this work, samples containing “propagons”, defined 

as all the protein species able to seed and catalyze the conversion of monomeric proteins into higher amy-

loid structures, are partitioned stochastically into microdroplets along with ThT dyes and the correspond-

ing monomeric proteins. Droplets containing at least one propagon are detected by ThT fluorescence after 

the propagation. Likewise, the absolute number of propagons presented in the original sample can be esti-

mated. Given that many proteins are found inclined to form amyloid fibrils that share a universal structure 

irrespective of the initial protein sequence[43], d-AQuA might represent a promising approach in the future 

to monitor pathogenic protein-associated diseases in environmental samples, for example, prion proteins 

in wastewater[44]. 

   

4. Analysis and monitoring of microorganisms in droplets  

It is worth noting that the data derived from most of the analytical methods including ddPCR in the 

wastewater research reflects only the collective information to which the whole area contributes. However, 

wastewaters are highly complex and heterogeneous and consist of many different types of microorganisms 

whose behaviors and genomics are poorly researched. It is therefore necessary to further exploit the 

wastewater and extract more in-depth information from these waterborne microbes directly and individu-

ally. To this end, droplet microfluidics has also offered an excellent solution with regard to the cell-based 

studies.  

Droplets afford a confined space where cells can be encapsulated in a semi-defined manner. In practice, 

cells are supplied from the reservoir, pushed through the microchannels, and randomly partitioned into 

the droplets at the channel junction. This process is again governed by the Poisson process[45] and there-

fore variances in cell number can be observed in droplets. Although the arbitrary controlling of cell distri-

bution is unlikely due to stochasticity, it is feasible to reversely apply the Poisson model for the optimized 

cell occupancy in droplets[46]. In single cell encapsulation, cell mixtures are usually very diluted to ensure 

that each cell-containing droplet only has one cell. There are some efforts made to actively bypass the Pois-

son encapsulation, for example, through hydrodynamic manipulation[47] and through supramolecular 

crosslinking[48]. These methods are not very suited to analytical applications as they require special design 

either of the device[47] or of the polymer system and cell pretreatment[48]. One satisfactory solution is to 

utilize fluorescence activated droplet sorting after cell encapsulation, which is able to enrich cell-containing 

droplets from the droplet pool. Droplet microfluidics not only greatly advances the cell encapsulation 
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technique to an unprecedented single-cell level, but also provides an arsenal of experimental tools intended 

for an extremely wide spectrum of applications.  

 

4.1 Identification of single cells in droplets 

Identification of pathogens in wastewater is of paramount importance. As described above, ddPCR is 

able to detect and quantitate pathogen DNA/RNA residues using the power of statistics, and therefore this 

method has been expectedly used in a similar way to measure the abundance of a specific microbe both in 

monocultures and in consortia[49] and of antimicrobial-resistant bacterial cells in blood samples[36] (Fig. 

2B). PCR is routinely used in droplet-assisted single-cell analysis, especially for biological profiling[50]; but 

for only identification purpose, many other non-PCR-based methods have been established. For example, 

isothermal amplification has emerged as an alternative option other than PCR, because it does not require 

delicate temperature cycling to amplify DNA/RNA molecules, which represents a major advantage over 

PCR-based methods. Rakszewska et al.[51] reported DNA-functionalized hydrogel beads to capture mRNA 

from lysed single cells (Fig. 3A-a). These functional beads contain immobilized primers in the polymeric 

backbone, which hybridize to the mRNA of interest and are subject to reverse transcription to generate 

cDNA. Upon hybridization a padlock probe is attached to the cDNA, followed by isothermal rolling circle 

amplification to yield a long DNA concatemer that can be marked by fluorescent detection oligonucleotides. 

This work demonstrates that two transcripts from one cell can be detected, and their relative abundance is 

assessed facilely by counting fluorescent dots. Amplification-free methods have been introduced for single-

cell genetic detection in droplets as well. The nucleic acid hybridization lies at the center of these detection 

routines, where nucleic acid, which serves as the recognition moiety, is flanked by a fluorophore and a 

quencher at either end. At its natural state, the probe folds and hence little to no fluorescence due to the 

close vicinity between the fluorophore and quencher. Upon the binding to the target sequence, the quencher 

is displaced, allowing the probe to fluoresce. Based on this concept, Guo et al.[52] presented a single-cell 

miRNA detection method in droplets (Fig. 3A-b). In this work, miRNA released after cell lysis catalyzes a 

hybridization chain reaction between two hairpin DNA (H1 and H2). Subsequently the H1-H2 complex 

frees the fluorophore from its quencher and hence the increase in fluorescence intensity. The presence of 

miRNA can be detected within 20 minutes and the customized photomultiplier enables a detection 

throughput of 300-500 cells per minute. Alternatively, Rane et al.[53] developed a peptide nucleic acid 

(PNA) beacon to detect 16S rRNA present in single pathogenic cells encapsulated in droplets. More recently, 

Mach et al.[54] designed an optimized double strand PNA (dsPNA) probe with better sensitivity for identi-

fying bacterial pathogens at single-cell level in droplets (Fig. 3A-c).  

To analyze a complex environmental sample of unknown contents, the capacity for accurate and mul-

tiplexed detection is highly desired. In order to address this challenge, Xiao et al.[55] developed a droplet-

based analytical tool for single bacterial cell detection in a rapid, super-multiplex, and high-throughput 

fashion (Fig. 3B). This platform works by incorporating stochastic DNA walkers and oligonucleotide-func-

tionalized gold nanoparticles inside droplets alongside single cells. Upon the binding of the target bacterial 

cell to the aptamer, DNA walkers are released and then trigger a cascade of reactions that leads to the am-

plified fluorescent signal in the droplets. The super-multiplexed detection capacity arises from two dimen-

sions, i.e., by using different fluorophores (AMCA, FAM, and TR) and by precisely controlling the number 
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of DNA walkers to adjust the fluorescence intensity (8 intensity levels achieved per fluorophore). Therefore, 

this method theoretically can barcode 511 (83-1) different bacterial combinations and the coding capacity 

can increase exponentially. The author shows the workability of this platform by analyzing standard sam-

ples containing 9 types of bacteria and practical samples, and other advantages including high selectivity 

to the target cell as well as excellent sensitivity and high throughput which are afforded by droplet micro-

fluidics.  

Nucleic acid-based routines are often considered as the first choice for identification as they provide 

well-defined and highly specific interactions. Aside from DNA/RNA, different types of substances that are 

able to mark pathogens have been exploited for detecting pathogens in droplet microfluidic settings. For 

example, Kang et al.[56] managed to identify single E. coli cells from unprocessed blood samples in droplets 

by using a bacteria-specific DNAzyme sensor that emits fluorescence when interacting with E. coli lysates 

(Fig. 3C-a). This work was underpinned by a previous research by Ali and colleagues[57], where they con-

ducted in vitro evolution on an RNA-cleaving fluorescent DNAzyme system to obtain this highly selective 

E. coli-targeting DNAzyme probe. According to the results they failed to elucidate the mechanism then but 

provided substantive evidence that it had involved a protein weighing 30,000 to 50,000 Daltons[57]. An-

other strategy is to detect secretomics from single cells. Specifically, a work by Lyu et al.[58] demonstrated 

the detection of Mycobacterium tuberculosis (Mtb) in droplets via employing a fluorescent dye that can be 

digested and activated by secreted BlaC, a highly conserved protein found across all Mtb clinical isolates 

(Fig. 3C-b). This method showed a high sensitivity and specificity towards the BlaC in droplets over its close 

class A homologue TEM-1 Bla even in the presence of other bacterial cells of 1 million times more concen-

trated. Non-fluorescence methods have been developed as well, for instance, by measuring the turbidity 

arising from single-cell culture in droplets[59]. Zhang et al.[60] innovatively invented a Janus droplet-

based approach for the identification of E. coli, where the specific interactions between the lectin on cell 

surface and the mannose immobilized in surfactants are translated into the morphological change in Janus 

emulsions and the following agglutination. More recently, this method is further advanced by the same 

research group[61] (Fig. 3C-c). In this work, the boronic acid-modified surfactants form reversible covalent 

bonds with carbohydrates; when the pathogenic microbes are in presence, dynamics among boronic acids, 

carbohydrates, and bacterial cells are established, which can be reflected optically because of the altered 

emission light intensity by varied droplet morphologies. 

 

4.2 Genotypic profiling of single cells in droplets 

One of the most game-changing applications of droplet microfluidics is single-cell profiling. Cell biol-

ogy studies for a long time have been limited by cell population-based techniques and therefore only aver-

age properties of cells can be measured. However, cell-to-cell variances are observed constantly in many 

biological systems[62], let alone an environmental sample that contains different microbial communities. 

Single-cell studies have been hampered by the lack of techniques capable of effectively isolating individual 

cells until recent years when droplet microfluidics introduced a revolutionary way of physically separating 

and confining single cells in tiny micro-reactors, and it soon became the most frequently employed method 

for single-cell studies[17].  
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Genomic sequencing by whole-genome amplification (WGA) at single-cell resolution is of particular 

importance because environmental microbes could exhibit notable genetic heterogeneity even in isogenic 

populations[62]. Routinely used methods for WGA are always challenged by the inability to obtain a com-

plete genome from single bacterial cells. This problem has been well-addressed by droplet microfluidics. 

Dichosa and coworkers detailed in this protocol[63] the original work of using gel microdroplets (GMD) to 

culture single bacterial cells into clonal microcolonies for WGA, from which they managed to obtain near-

complete genomes from a microbiome in different environmental samples[64]. Hosokawa et al.[65] 

adopted a non-culture-based droplet method for single cell WGA, where single cell lysates were passively 

fused with droplets containing reagents for multiple displacement amplification (MDA). Positive droplets 

were selectively collected and subject to a second round of MDA to re-amplify the genetic information (Fig. 

4A). Both bacterial cells and mammalian cells were compatible with this platform, and the author also 

showed its applicability in assessing environmental samples. As an alternative, an amplification-free 

method for single bacterial cell genomic profiling was reported by Lan and colleagues[66] . The workflow 

includes the generation of three types of droplet pools of different functions, namely, agarose microgels 

containing fragmented and tagmented genomic DNAs from lysed single cells, droplets containing identical 

short barcode sequences, and droplets containing PCR reagents. The former two droplets are engulfed by 

the other one consecutively in the microdroplet maker, and subsequently genomic DNA fragments from a 

single cell are labeled by the same barcode sequences to allow for pooled sequencing and sorting in silico. 

This pipeline enables genomic profiling of more 50,000 cells per experimental run. In practice, a marine 

sample from San Francisco coastline was analyzed in this work to profile the antibiotic resistance genes, 

virulence factors, and phage sequences thereof. Furthermore, Fu[67] et al. took the single-cell WGA in a 

different direction, in which single cell lysates, instead of the cell itself, were compartmentalized into drop-

lets and genetically amplified by MDA (Fig. 4B). This work displayed a significantly reduced amplification 

bias as well as improved genomic recovery. Aside from WGA, other single-cell genome-wide profiling works 

were reported based on droplet microfluidic platform. For example, Thibault et al.[68] coupled single-cell 

transposon-insertion sequencing (Tn-Seq) with droplet microfluidics, which helped deciphering compli-

cated single-cell phenotypes while obviating the population effects on individual cells. Spencer and cowork-

ers[69] described an epicPCR methodology (emulsion, paired isolation, and concatenation PCR) to profile 

the target functional gene and associate it with a phylogenetic marker at the same time in a high throughput 

manner (Fig. 4C).  

Transcriptomic profiling of single cells is arguably the most transformative application since the ad-

vent of droplet microfluidics. This field gained enormous popularity after the breakthrough made in 2015, 

where the seminal works of high-throughput inDrop and Drop-Seq were originally developed[70,71] (Fig. 

5A and 5B). In these works, single cells from dissociated biological tissues are isolated in droplets individ-

ually together with a microbead marked by a droplet-specific barcode with a large number of unique mo-

lecular identifier (UMI) for mRNA counts. After the cell is lysed, the released mRNAs are captured by the 

bead and reverse-transcribed into cDNAs. Then, droplets are demulsified, and the cDNA library is se-

quenced to generate the transcriptomics of a single cell. As such, the cellular heterogeneity can be mapped 

by a detailed portray of gene expression status from single-cell resolution. Droplet single-cell RNA sequenc-

ing (droplet scRNA-seq) has been successful in characterizing single mammalian cells, such as identifying 

subpopulations in mammalian organ systems[70–72], constructing temporal dynamics of gene expression 
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during cell differentiation[73–75], and dissecting cellular responses to environmental stress[76,77], with 

many other more exciting sciences yet to be discovered.  

Despite the huge success of scRNA-seq for profiling transcriptomics in eukaryotes, these methods, in-

cluding droplet scRNA-seq, has not been widely adapted for microbes[78]. To be specific, bacterial mRNA 

is not polyadenylated, which affects the capture efficiency by beads and separation from ribosomal RNA. 

Moreover, microbes have much lower mRNA availability than human cells and the cell wall poses challenge 

for lysis[78]. A straightforward protocol for bacterial mRNA polyadenylation is to employ E. coli poly(A) 

polymerase I (PAP) that adds the 3’ polyadenine tail to mRNA, which was demonstrated in a recent work 

by Kuchina et al.[79], where the mRNA was markedly enriched after reverse-transcribed with primers con-

taining barcoded poly-T to generate cDNA library (Fig. 5C). To circumvent the need for polyadenylation in 

bacterial mRNA sequencing, Imdahl and coworkers[80] applied the multiple annealing and dC-tailing-

based quantitative scRNA-seq methodology (MATQ-seq), a derivative of MALBAC (multiple annealing and 

looping-based amplification cycles) method that covers the whole RNA region[81] (Fig. 5D), to profile the 

transcriptomics of Salmonella under different growth conditions. Although this work used FACS for single 

cell isolation, the author did envisage a droplet microfluidics-enabled platform for the throughput scaling-

up and cost reduction in the future. Another problem associated with microbial scRNA-seq is the low con-

tents of mRNA that is reported to be around two orders of less than the human cells[78]. The challenge was 

tackled by culturing single cells inside cytocompatible microgels[82] before lysis and scRNA-seq, which 

resembles the aforementioned GMD method for WGA[63]. Using the standardized Drop-Seq approach[70], 

they managed to map the heterogeneity in gene expressions from a protein mutagenesis library in over 

1,000 engineered Saccharomyces cerevisiae single cells (Fig. 5E).   

 

4.3 Phenotypic testing of single cells in droplets  

Single-cell genotypic profiling indeed provides a wealth of deep genetic information; however, bioin-

formatics cannot always predict functions[83] and transcription status is not the sole factor dictating pro-

tein translation because of complex epigenetic regulations. Therefore, direct testing of phenotype is neces-

sary for investigating protein functions and for probing genotype-phenotype distinction. 

Droplet confinements allows for assessing cell behaviors in real time and in high throughput. For ex-

ample, Shim et al.[24] reported a microfluidic strategy to immobilize single cell-laden droplets that enables 

them to monitor the enzymatic activity of alkaline phosphatase (AP) secreted by single E. coli cell in drop-

lets (Fig. 6A). In addition, after normalizing the enzymatic performance by the co-expressed mRFP1, they 

discovered notable fluctuations in AP levels expressed from the same plasmid. Kehe and coworkers[25] 

introduced a sophisticated droplet platform, kChip, to precisely group and manipulate k droplets in mi-

crowells for monitoring and screening bacterial phenotypes. Through tailoring the droplet contents, they 

were able to characterize bacterial phenotypes across various environmental conditions, and more signifi-

cantly, to perform combinatory screening of multispecies communities (Fig. 6B). Furthermore, droplet mi-

crofluidics also enables large-scale testing of cellular responses to chemicals, from which emerges one of 

the most important applications of droplet microfluidics, namely, drug screening and drug discovery[84–

86] (Fig. 6C).  
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It is important to point out that droplet single-cell study has an intrinsic pitfall — the Poisson statistics. 

Under the most ideal condition, the highest single-cell occupancy (where � equals 1) is around 37% of all 

the droplets generated, leaving a large portion of droplets unwanted. Therefore, there has been an urgent 

need for an effective sorting method to recover the desired droplets for downstream processing. Since it has 

a technological importance for many other fields, single cell sorting has witnessed an array of enabling tools 

involving different mechanisms, such as electrokinetics, acoustophoresis, optics, mechanics, hydrodynam-

ics, and magnetophoretics, which are summarized and intensively discussed this review[87].  

As one of the major derivative techniques of droplet microfluidics, Fluorescence Activated Droplet 

Sorting (FADS) has emerged as a useful tool for single-cell sorting. Compared with the FACS that the cell 

fluorescence can only be detected either inside the cell or at the surface, the confinement of droplets brings 

the unique opportunity to examine not only the cell itself but also molecules secreted by the cell. Baret et 

al.[88] in 2009 for the first time reported the droplet system to sort bacterial cells on the basis of enzymatic 

activity at single cell-level (Fig. 7A). The system is first benchmarked by sorting droplets containing varying 

concentrations of fluorescein and then utilized to sort E. coli cells expressing active/inactive β-galactosidase. 

It should be noted that β-galactosidase is an intracellular enzyme catalyzing the formation of fluorescein 

from fluorogenic substrates in the droplets, so the fluorescence signal is raised from a minority of non-

viable cells in small clonal populations inside droplets. In order not to affect cell viability and/or other func-

tions, targeting cellular secretomics is a favored strategy. In this protocol[46] a type of antibody-secreting 

cell is exemplified. After incubation, antibodies produced by the single cell are captured by the co-encapsu-

lated microbead and then labeled by a fluorescent secondary antibody to facilitate sorting. Ostafe et al.[89] 

reported an approach to sort single yeast cells actively secreting cellulases, where the substrate, cellulose, 

is decomposed into monosaccharides that triggers a cascade of enzymatic reactions leading to fluorescence 

(Fig. 7B). Furthermore, Wang and colleagues[90] described a flexible sorting strategy by using two enzymes 

in tandem to convert the target metabolite into fluorescence signal. In this way they demonstrated its fea-

sibility to select both high producer and high consumer microbes using different combinations of substrate 

and enzymes. Notably, most of the reported works for sorting secretory phenotypes are built on a similar 

idea where the target metabolites are enzymatically converted into detectable fluorescence signal. However, 

not every target molecule can be easily coupled to a fluorescence assay, which undoubtedly hampers the 

generality of FADS. To tackle this issue Abatemarco et al.[91] presented a RAPID (RNA aptamer in droplets) 

method capable of responding to a range of target analytes including small molecules and proteins by ad-

justing aptamer sequence, providing a feasible routine to further expand the applicability of FADS for phe-

notype-based sorting (Fig. 7C). Besides secretomics, sorting can also be performed by label-free methods 

via intrinsic fluorescence, such as microalgae and cyanobacteria[92] and plant cells[93]. Other detection 

schemes, such as Raman-Activated Droplet Sorting (RADS)[94] and Absorbance-Activated Droplet Sorting 

(AADS)[95], have been proposed to provide more options.  

The ability of FADS to carry out high-throughput single-cell sorting based on cell phenotypes has trans-

cended the traditional screening techniques, with one of the most benefitted area being directed evolution 

(Fig. 7D). Screening a large mutant library is extremely labor-intensive, time-consuming, and costly via 

conventional plate-based protocols, with successful hits depending on the odds due to the limited through-

put. This situation has been completely transformed by FADS. The FADS-enabled directed evolution nor-

mally involves the iterative phenotype screening, largely based on a specific enzymatic activity, of single 
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microbial cells (typically E. coli or yeasts) transfected by a mutant library. Owing to the greatly enhanced 

screening throughput and single-cell manipulation, the likelihood of isolating mutants with desired pheno-

types has remarkably increased. Around one year after the first publication of FADS by the Weitz group[88], 

they applied this platform to screen a mutant library of horseradish peroxidase[96]  from which they iden-

tified novel mutants exhibiting an over 10-fold increase in enzymatic activity than their parent, with a cost 

decreased by a million-fold compared to the most advanced robotic screening system at that time. FADS 

has ever since been employed as a new tool for ultra-throughput engineering of various enzymes including 

hydrolases, aldolases, esterase, polymerases, oxidoreductase, etc., which are detailed in these reviews with 

their respective reaction mechanisms[97,98]. FADS has also facilitated the study of functional meta-

genomics (Fig. 7E). For example, Hosokawa et al.[99] used GMDs coupled with FADS to screen a meta-

genomic library constructed from soil samples containing 67,000 clones, leading to the uncovering a new 

lipolytic enzyme. Najah and coworkers[100] screened an environmental sample from a wheat bubble field 

using FADS with a fluorogenic cellobiose as the bait substrates, in which they isolated a bacterial population 

with 17- and 7-fold higher cellobiohydrolase and endoglucanase activity, respectively. A more prominent 

work by Colin et al.[83] showed that they managed to identify 14 new and rare hydrolases with promiscuous 

activities from a metagenomic library containing over 1 million clones constructed from soils and vanilla 

pods. These works perfectly epitomize the power of FADS as a new instrumental format for researching 

environmental genomics, which would otherwise be extremely challenging to address without the through-

put gains afforded by microfluidics.  

Another application of droplet microfluidics for single cell phenotype testing that might be of interest 

to wastewater researchers is investigating microbial antibiotic susceptibility, as wastewater is recognized as 

a breeding ground for antibiotic-resistant microbes[15]. Antimicrobial resistance has increasingly been a 

global concern, posing a major public health threat worldwide. Although profiling antimicrobial resistance 

genes, for example, mecA gene, through PCR-based methods could enable the identification of such species, 

not every antibiotic-resistant strain can be genetically marked[101]. Droplet single-cell microbial antibiotic 

susceptibility assay was introduced by Boedicker [101] et al. in 2008, where they portrayed the antibiotic 

sensitivity of a methicillin-resistant strain, Staphylococcus aureus, to 6 antibiotics as well as to different 

concentrations of cefoxitin to determine the minimal inhibitory concentration (MIC). The applicability of 

this method to environmental samples was validated by detecting bacteria in human blood plasma. Kaushik 

et al.[102] designed an integrated microfluidic chip where single bacterial cell encapsulation, incubation, 

and detection could all be performed in one chip, accelerating the assessment of bacterial growth and anti-

biotic susceptibility. As a demonstration, they tested the antimicrobial effect of gentamicin against E. coli 

within one hour with resazurin as the viability marker. By incorporating fluorescent bacterial viability in-

dicators, this platform is well compatible with FADS. For instance, Eun and colleagues[103] measured the 

MIC of rifampicin against singularly encapsulated E. coli cells in agarose microgels; using the expression 

of EGFP as a live/dead indicator in FADS, they isolated mutants that had developed resistance to rifampicin, 

and further DNA sequencing of such mutant bridged the space between this phenotype and its genotype. 

For environmental applications, Terekhov et al.[104] profiled the antimicrobial activity of microbiota com-

munities extracted from Siberian bears using droplet single-cell sorting, where they recovered a naturally 

sourced microbial killer Bacillus pumilus strain against Staphylococcus aureus. They later performed de-

tailed omics analysis on the Bacillus strain and elucidated the mechanism behind its antimicrobial effects. 
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Liu et al.[105] proposed a label-free FADS mechanism for identifying antibiotic-resistant bacteria, which is 

established on that because such strains have better resistance to antibiotics, they can proliferate in the 

droplets and hence more pronounced light scatter thereof. To prove this concept, they tested and isolated 

fusidic acid-resistant E. coli mutant populations, which the authors found to possess one or two mutated 

sites in their fusA gene in the later DNA sequencing. This approach promises to be a general routine for 

isolating mutant strains with higher resistance to environmental stress. Other physical principles exclusive 

of optics, although not routinely applied, also hold promises in investigating microbial sensitivity to antibi-

otics. For example, magnetism underlies a research work by Sinn et al.[106] in which an asynchronous 

magnetic bead rotation (AMBR) biosensor measures the bacterial growth under the influence of antibiotics. 

The growth kinetics of E. coli attached to the magnetic bead is translated into its rotational response, so the 

antimicrobial effects can be physically represented.    

 

5. Living cell biosensors incorporated with droplets  

Certainly, there are numerous sensor technologies created for analyzing wastewater[7], or in a larger 

context, for environmental monitoring[107]. To capture the temporal and spatial dynamics of the contam-

ination in the environment, miniaturized and portable devices are favored. In this respect, the concept of 

whole-cell biosensor is introduced for environmental applications[108]. The main rationale, besides appar-

ently smaller sizes, for deploying living cells/microorganisms in sensors is that they are able to elicit bio-

logical effects supposed to occur in living organisms exposed to the environment[109]. When properly de-

signed, these biological effects can be reflected by readable signals[108] (Fig. 8A). These microorganisms 

are therefore frequently referred to as “bioreporters”.  

Most of the bioreporters leverage specific gene circuits to convert target molecules into the expression 

of the reporter gene which is either directly fused to or associated with a promoter controlled by the tar-

get[108]. The outcome of such interaction is proportional to the abundance of the target molecule in the 

assayed sample, allowing for the establishment of standard curves from which the quantitative information 

can be extrapolated[109]. Compared with other analytical devices, microorganisms have several ad-

vantages: first, they can self-reproduce themselves rapidly and consequently the analytical ability can be 

passed on to the next generations; second, microbes provide a natural confinement isolating the reporter 

gene from the environment and therefore this functional part is more resilient to external disruptions; third, 

it is possible to detect other organisms via intercellular interactions that might not be well-characterized, 

potentially ushering in a new direction for detecting pathogenic microbes in environmental implementa-

tions. Many immobilization strategies have emerged to host the whole-cell biosensor whilst sustaining its 

viability and functionality. While Roggo et al.[109] reviewed some of the miniaturized and integrated de-

vices in this regard, in this paper, we will highlight the microorganism-incorporated droplet biosensors. 

The major incentive for utilizing droplets to accommodate the living-cell biosensor lies in the flexibility 

and controllability of droplet microfluidics that facilitate manipulation as well as enhanced sensitivity re-

sulted from miniaturization. For example, Buffi and coworkers[110] trapped agarose beads housing an ar-

senic bacterial bioreporter in a microfluidic cartridge, making it easy to handle and keep the analytical 

equipment for actual field applications. Gel droplet biosensors could be arrayed in a microchip, as demon-

strated by Ahn et al.[111], where they were able to perform toxicity detection and screening on genetically 
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engineered E. coli capable of sensing five environmental stresses (Fig. 8B). Moreover, droplet microfluidics 

enables facile co-encapsulation of different cells. Meyer and colleagues[112] co-confined the producer cells 

of B. subtilis, and the sensor cells of E. coli, into microdroplets. With microfluidics, the producer cells were 

isolated at single-cell level whilst surrounded by excessive sensor cells so that the authors managed to iden-

tify cells with high production efficiency from a large mutant library. Droplet living-cell biosensor can also 

be integrated with other functional microfluidic units such as FADS. For instance, Mahler et al.[113] em-

ployed microbial biosensors to detect the antibiotics synthesized by a variety of actinobacteria. The antimi-

crobial potential was indicated by the expression level of fluorescent protein GFP by reporter cells pico-

injected into the droplets. Based on this they were capable of identifying high antibiotic-producing actino-

bacteria using FADS. At last, to improve the stability of droplets and the living-cell biosensors within, hy-

drogel enhancement approaches were reported. Li et al.[114] encapsulated bacterial reporters in alginate-

methacrylate (alginate-MA) microgels for detecting quorum sensing-related molecules; after the first ionic 

crosslinking of the alginate-MA microgels upon the formation of cell-laden droplets, a secondary photo-

polymerizing was initiated to increase the crosslinking density and hence the reduced leakage of cells from 

microgels (Fig. 8C). Inspired by the naturally occurring biosilicification process, Zhao and coworkers[115] 

reported a strategy to enhance the microgel mechanical property by surface-coating a mesoscopic silica 

shell onto the microgel surface (Fig. 8D); in this way, the cell leaking problem was profoundly prevented. 

Furthermore, the silica shell also could serve as a machinery to control the permeability of molecules to the 

microgel. E coli biosensors were embedded in the mechanically enhanced microgels and responded to tar-

get molecules at physiologically relevant concentrations as well as to adjacent pathogens. 

 

6. Challenges  

6.1 Challenges of analyzing wastewater  

WBE has appeared as a relatively new tool for monitoring public health, with its important roles al-

ready validated in providing population-wide information on consumption of drugs[2] and more recently 

in surveilling infectious diseases[1]. As an increasing amount of attention has been drawn to WBE, it is 

anticipated that more valuable information would be extracted from wastewater and used as the basis for 

disease prevention and intervention in the future. However, analyzing wastewater poses challenges for 

WBE.  

First and foremost, the complexity of wastewater is a double-edged sword. On the one hand, it provides 

an extremely diverse availability of biomarkers to profile the health information derived from a popula-

tion[116]; on the other hand, the presence of other non-target molecules could interfere with the detection. 

For example, Morales-Belpaire et al.[44] studied the amyloid fibrils formed by lysozymes in wastewater 

and used ThT to qualitatively indicate the propagation. It transpired that in the presence of wastewater 

sludge flocs the ThT fluorescence decreased as the function of time, which they ascribed to the hydrolysis 

of fibrils by proteases in the sludge. Moreover, in a recently reported investigation of SARS-CoV-2 RNA 

from wastewater solids[10], the authors discovered that the inhibitory effects were found to be more nota-

ble on ddPCR than qPCR, in spite of that many other research works had claimed the opposite[37,39,41]. 

The actual cause was not fully studied in this work, which the authors presumed to be 1) the increased 

sensitivity of ddPCR to inhibition in wastewater samples due to partitioning when the concentration 
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approached to the limit of detection, and 2) differences in the reagents used for two assays. Although this 

might be an individual case, this study raises concerns with regard to using even well-established experi-

mental protocols to analyze wastewater samples and underscores the necessity of further optimizing these 

methods for environmental monitoring.  

Another challenge of analyzing wastewater is uncertainties associated with the dynamics of population, 

the local environment, and operation conditions[1], which confound the results. The standard approach for 

estimating population size is to measure the abundance of human endogenous markers in wastewater sam-

ples, known as the population markers, and they are then used as to normalize the population size[117]. 

However, there are problems estimating population size based on wastewater treatment plants catchments 

(WWTP), especially in small areas that are easily influenced by population fluctuations[1]. The local envi-

ronment around WWTP also contributes to data uncertainty, as other living non-human organisms might 

contaminate the sewage system. At last, uncertainties may also arise from prior to the analysis, such as the 

sampling, extraction, storage, shipment, and other operations[7].    

 

6.2 Limitations of droplet microfluidics 

The rapid advancement of WBE requires sophisticated analytical platforms. Paper-based sensor de-

vices provide on-site and nearly real-time detection of target molecules in wastewater, however, at the sac-

rifice of in-depth data and the capacity for handling microorganisms. Though not widely employed in 

wastewater research thus far (except for ddPCR), droplet microfluidics can represent a new direction in this 

field given that there have been numerous successful examples of analyzing other environmental samples, 

including soil[65,83,99,100,113], aquatic[9–11,38,39,77], animal [37,104], and clinical sam-

ples[35,36,41,55,56,58], across a wide range of applications.  

There is little doubt that droplet microfluidic platform has afforded elegant solutions to a range of 

challenges in different fields; nevertheless, it still has some practical and technical limitations[17]. First, 

droplet platform tends to give multiplexed and detailed analysis rather than simple detection and measure-

ment of target molecules; as a result, like many other traditional analytical techniques used in WBE includ-

ing mass spectroscopy, PCR, etc., droplet microfluidics cannot offer real-time results. This also indicates 

that experiments are unlikely to be performed on-site. Central laboratory facilities are required to conduct 

droplet microfluidic experiments and even more advanced equipment for complicated protocols such as 

optical measurements, ddPCR, FADS, and DNA sequencing. Second, not every assay can be performed in 

droplets. The nature of pre-defined confinements hardly allows for a total exchange of droplet contents 

with the environment, limiting its applications, e.g., where multi-step testing is required. Third, droplets 

are not perfectly stable even stabilized by surfactants when exposed to different situations. The complex 

composition of wastewater and external physical conditions such as high temperature in the PCR thermal 

cycles might disrupt droplet integrity. Fourth, there is still a lack of standardized protocol of droplet micro-

fluidic platforms for cost-effective, selective, sensitive, and multiplexed analysis of microorganisms in 

wastewater. Newly developed techniques can partially address this challenge from different angles, but they 

do not hold universality yet. Therefore, multidisciplinary efforts should be made to establish the guidelines 

for WBE in the future to avoid bias from the technological perspective. 



Trends in Analytical Chemistry 

 

 16

Alongside the technical limitations of the droplet platform, another challenge lies in the pretreatment 

of wastewater samples for microfluidic analysis. On the one hand, the bulk wastewater samples usually 

need preconcentrating before handled by droplet microfluidics because of low concentrations of target an-

alytes in collected wastewater with volume of tens of liters; on the other hand, effective and efficient analysis 

of microbes from wastewater necessitates a purification process prior to cell encapsulation in droplets. This 

challenge has been addressed microfluidically by integration of automated pretreatment modules onto the 

device which eliminates the labor-intensive operations and prevents the sample contamination or loss. Ex-

amples include the integration of capillary electrophoresis, micellar electrokinetic chromatography, solid 

phase extraction, etc.[118–120]. Those methods allow the microfluidic device for continuous concentration 

and capturing of microbes from collected wastewater; however, there is still a need for improving the cap-

ture rate and efficiency. 

 

7. Conclusion and Perspectives 

The last few decades have witnessed a rapid development of droplet microfluidics with an incredible 

speed of expansion in different areas. Now droplet microfluidics has mostly become an application-ori-

ented technique, steered by the end-users to a sea of unanswered science questions. Herein in this review, 

we proposed a new direction – wastewater-based epidemiology, which is yet to be addressed by droplet 

microfluidics.  

Droplet microfluidics engenders two brand new opportunities for WBE. First, the detection of patho-

gen biomarkers in a more accurate and sensitive manner by ddPCR, and second, the unprecedented high 

throughput single-cell analysis. Due to the commercialization of ddPCR, it has been recognized as a basic 

experimental tool and used in monitoring pathogens in wastewater. Single-cell analysis in the context of 

wastewater has remained conceptual, and there are currently not sufficient works for us to review here; 

however, in a broader research topic, in light of the fundamental changes that droplet microfluidics has 

brought to the single-cell studies, there are a number of research works involving the investigation of other 

environmental samples based on droplet single-cell platform, which we think can be mirrored in 

wastewater research in the foreseeable future. At last, we reviewed some strategies of utilizing the droplet 

as the vehicle to host microbial whole-cell biosensors, as we believe this might also provide insights for 

designing new sensor devices for wastewater surveillance. In conclusion, we are strongly convinced that 

droplet microfluidics can bridge the unfilled technological gap that are unable to be addressed by other 

techniques in WBE, holding promises to truly unfold the power of modern wastewater research.   
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Figures and captions  

 

Fig. 1. Common microchannel geometries for droplet generation. Three types of mostly used channel 

shapes, namely, T-junction, flow-focusing, and co-axial. In all three configurations, droplets are passively 

generated as the result of fluid instability.  
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Fig. 2. Droplet digital PCR (ddPCR) for quantification of DNA molecules and detection of pathogenic mi-

crobes. (A) Schematic diagram of the ddPCR workflow. (B) Schematic illustration of the Integrated Com-

prehensive Droplet Digital Detection (IC3D) platform for the detection of pathogenic microorganisms in 

human blood plasma: (a) single bacterial cells are encapsulated into the droplets and lysed before (b) PCR 

is performed to detect pathogen-specific genes. (c) A customized scanning platform for high-throughput 

data reading and (d) data processing. Fig. 2A and 2B are reproduced from the reference [34] and [36], with 

permissions from (A) American Chemical Society 2011 and (B) The Royal Society of Chemistry 2020.  
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Fig. 3. Identification of pathogenic microbes in droplets. (A) Non-PCR methods for genetic identification 

of microorganisms. (a) Illustration of an isothermal rolling circle amplification method for visualizing sin-

gle-cell mRNA in gel microdroplets. (b) Detecting miRNA in droplets. The target miRNA can catalyze the 

formation of hairpin1-hairpin2 complexes which further separate the TAMRA fluorophore from the 

quencher and hence the amplified signal in droplets. (c) Mechanism of peptide nucleic acid (PNA) probes. 

Red ribbon-shaped thread represents the target nucleic acid. Figures are reprinted from reference [51], [52], 

and [54], with permissions from (a) WILEY 2016 and (b) and (c) the Royal Society of Chemistry 2018 and 

2019, respectively. (B) A stochastic DNA walker sensor for multiplexed and high-throughput detection of 

bacterial pathogens in droplets. Fig. 3B is adopted from reference [55] with the permission from WILEY 

2019. (C) Biomarkers other than genetic materials for microbial identification. (a) Schematic showing the 

applicability of the DNAzyme probe to detect pathogens in blood sample. (b) Identification of pathogens by 

secretomics. (c) A Janus droplet strategy for detecting foodborne pathogens Salmonella enterica. Fig. 3C. 

are reprinted from reference [56], [58], and [61], with permissions from (b) American Institute of Physics 

2015, (c) American Chemical Society 2019, and (a) under a Creative Commons Attribution 4.0 Interna-

tional License (http://creativecommons.org/licenses/by/4.0/).  

 

http://creativecommons.org/licenses/by/4.0/
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Fig. 4. Genomic profiling of single cells for microbiology in droplets. (A) Two-step WGA of single bacterial 

cells in droplets. (B) Emulsion WGA sequencing (eWGA-seq) technique. (a) Single cell lysates are parti-

tioned into droplets. (b-c) Pictures of the droplet-maker (b, scale bar 300 µm) and generated emulsion (c, 

scale bar 100 µm). (C) Workflow of epicPCR (emulsion, paired isolation, and concatenation PCR). (a) Single 

cells are embedded in polyacrylamide microbeads and then lysed to expose the genomic DNAs. (b) Mi-

crobeads are re-emulsified into PCR-containing droplets for fusion PCR, where (c) 16S ribosomal RNA is 

fused with the functional gene to form the concatenated product. (d) Only when the given microbial cell 

possesses the target gene can the fused amplicons form. (e) Sequencing reveals the link between the phylo-

genic marker and the functional gene. Fig. 4A to 4C are adopted from reference [65], [67], and [69], with 

permissions from respectively, (B) National Academy of Sciences 2015, (A) and (C) under the a Creative 

Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).  
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Fig. 5. Transcriptomic profiling of single cells. (A-B) Drop-Seq (A) and inDrop (B) technique for single-cell 

transcriptomic analysis. Cells are dissociated and encapsulated either (A) with a barcode microbead or (B) 

in a barcode microgel. (C-D) Strategies for barcoding single prokaryotic cells. (C) MicroSPLiT workflow. 

Bacterial cells are fixed and permeabilized and mRNA is reverse-transcribed into cDNA inside cells. Then 

cells are pooled-and-split several rounds for barcoding single cells. (D) The Multiple Annealing and dC-

Tailing-based Quantitative single-cell RNA-seq (MATQ-seq) for single-cell transcriptomic profiling. (E) 

Schematic illustration of utilizing Drop-Seq to profile transcriptomics of yeast colonies from single-cell cul-

ture in agarose microgels. Fig 5A to 5C, and 5E are reproduced from reference [70], [71], [79], and [82] with 

permissions from (A) and (B) Cell Press 2015, (C) American Association for the Advancement of Science 

2021, and (D) the Royal Society of Chemistry 2019.  
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Fig. 6. Phenotypic testing in droplets. (A) An integrated microfluidic chip allowing for real-time and in situ 

monitoring of enzymatic activity. (a) Microscopic picture of entrapped droplets containing single cells. (b) 

Fluorescence image of mRFP1 expression in droplets, which is used to benchmark the AP expression. (c) 

Fluorescence image showing the accumulation of fluorescein, indicating the enzymatic activity of AP. (B) 

Schematic of the workflow of a droplet platform, kChip, for large-scale phenotypic characterizing and 

screening of synthetic microbial communities. Microorganisms are encapsulated in droplets and color-

coded before loaded into the kChip containing tens of thousands of microwells that enable the grouping of 

k droplets. Droplets in the same microwell are merged upon the short exposure to an alternating-current 

electric field. Optical measurements are then carried out to characterize phenotypes. By pooling and then 

randomly grouping droplets containing different microorganisms, multispecies communities phenotypic 

testing and screening can be performed in parallel. (C) Combinatory drug screening using droplets. (a) 

Schematic illustration of the workflow. (b) Microscopic and fluorescence images of the microfluidic chip 

and GFP expression from arrayed bacterial cells in merged droplets. Fig. 6A to 6C are reprinted from ref-

erence [24], [25], and [86], with permissions from (A) American Chemical Society 2009 and (B) and (C) 

National Academy of Sciences 2019 and 2018, respectively.  
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Fig. 7. Phenotype-based single-cell sorting in droplets. (A) A typical experimental protocol of fluorescence-

activated droplet sorting (FADS), including (a) droplet generation and cell encapsulation, (b) incubation 

allowing for phenotype to be tested, (c) re-injection of droplets into sorting device, and (d) phenotype de-

tection by fluorescence sensor and sorting. Scale bars are 100 µm except for (b), where it is 1 mm. (B-C) 

Different detection routines based on secretory phenotypes. (B) An enzymatic reaction cascade able to con-

vert bait substrates into fluorescein with the help of cellulase expressed by active yeast cells. (C) A RAPID 

(RNA-aptamers-in-droplets) strategy for sorting phenotypes that are hard to be coupled to fluorescence 

assays. Fig. 7A to 7C are reprinted from reference[88], [89], and [91] with permissions from (A) the Royal 

Society of Chemistry 2009, (B) American Institute of Physics 2014, and (C) under a Creative Commons 

Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). (D-E) Conceptual 

schematics of directed evolution and functional metagenomics in droplets. (D) Directed evolution of horse-

radish peroxidase (HRP) in droplets. (a) Plasmid encoding HRP with an Aga2 gene allowing for surface 

displace. (b) Mutant library is constructed by error prone PCR (epPCR) and (c) transformed into yeast cells. 

(d) Single-cell encapsulation with droplet microfluidics. (e-f) Incubation and phenotypic testing in droplets. 

In this case, active variants convert Amplex UltraRed (AUR, gray) into its fluorescent product (pink). (g) 

http://creativecommons.org/licenses/by/4.0/
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Droplets are screened by a microfluidics sorter. Brightest droplets are recovered and demulsified, with cells 

retrieved for another round of screening process. (E) Study of functional metagenomics in droplets. Fig. 7D 

and 7E are adopted from reference [96] and [99], with permissions from (D) National Academy of Sciences 

2017 and (E) Elsevier 2014.  

 

 

Fig. 8. Living cell biosensors in droplets. (A) Conceptual schematic of bioreporter for environmental mon-

itoring. Genetically engineered microbes are able to convert the target into detectable signals such as fluo-

rescence, bioluminescence, or electrochemistry. (B) A microarray chip capable of immobilizing biosensor-

containing alginate microgels. Different fluorophores are used to barcode the microgels. (C-D) Hydrogel 

enhancement strategies to accommodate bacterial biosensors in gel droplets. (C) Two-step crosslinking 

method: alginate-MA microbeads are first physically crosslinked by calcium ions and then chemically en-

hanced by UV radiation. (D) Silica coating method: crosslinked microgels are surface-coated with two lay-

ers of silica that prevent cell leakage while controlling the permeability of molecules to microgels. The mi-

crographs are TEM characterizations of the silica coating. Fig. 8A to 8D are adopted from reference [109], 

[111], [114], and [115], with permissions from (A) and (D) Elsevier 2017 and 2021, respectively, (B) the Royal 

Society of Chemistry 2010, (C) American Chemical Society 2017.  
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