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Abstract 

Saccharomyces cerevisiae is the most successful eukaryotic organism acting as a cell 

factory for producing a wide range of value-added products in an economical and 

environmental-friendly manner. To acquire desirable phenotypes (e.g., high biomass and 

metabolite productivity, and high acid tolerance) for large-scale industrial production, directed 

evolution has been widely used, by mimicking the natural selection of rare variants from 

random mutant libraries. However, traditional directed evolution of variants is performed in 

bulk, obscuring cell-to-cell heterogeneity and slowing evolution efficiency. Fluorescence-

activated cell sorting (FACS) can perform high-throughput single-cell analyses; however, it 

can only analyse biomarkers that are intracellular or expressed on cell surface. 

The advent of droplet microfluidics opens avenues for the analysis of individual cells 

encapsulated within picoliter microdroplets, based on extracellular activities (e.g., secreted 

protein production). Particularly, water-in-oil-in-water (w/o/w) double emulsions (DEs) are 

compatible with commercial flow cytometric instruments, allowing the characterisation and 

selection of single cells exhibiting desirable properties. Although there exist a few studies on 

the use of the integrated DE and FACS approach for directed evolution of enzymes in 

microorganisms, several practical challenges have prevented its widespread adoption and 

applications. Therefore, the thesis aims to optimise DE-FACS methods in differing aspects, for 

a high-throughput directed evolution of enzymes in yeast.  

First, the use of a density-matching reagent, OptiPrepTM, for acquiring high-efficiency 

single-cell encapsulation in droplets has been quantitatively characterised. OptiPrepTM creates 

a neutral buoyance of cell suspension, making distribution of cell numbers in droplets fit 

closely to the Poisson distribution. In addition, there was no obvious decrease in cell viability 
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after 24 h cultivation when different concentrations of OptiPrepTM of different concentrations 

were used.  

To investigate yeast single-cell growth and physiological behaviours in droplets, yeast 

single cell cultures were compared with corresponding bulk cultures using different cell strains 

and environmental conditions. It was found that S. cerevisiae single cells in droplets have a 

similar growth rate to that of bulk cultures in the exponential phase and can reveal 

subpopulation behaviours obscured in bulk cultures. Moreover, the effect of acids on cell 

growth, and these effects of potassium ion and mutation on cell resistance to PA at the single-

cell level were studied, showing similar trends to bulk cultures.  

To achieve a rapid, simple, and inexpensive generation of monodisperse DEs, a method to 

prepare PDMS devices with local wettability has been developed. A convenient hand-held 

corona treater that can generate local corona discharge was used to render microchannels 

hydrophilic at target regions. In addition, a specific customised channel (i.e., a serpentine 

narrow channel as a plasma resistor) was designed to prevent the diffusion of corona discharge 

to unwanted regions. With this approach, I achieved the generation of DEs with multiple 

structures and morphologies. Furthermore, I demonstrated the abilities of generated DEs for 

microgel synthesis and yeast single cell culture and its downstream flow cytometric screening. 

Lastly, the improved DE-FACS platform technology was applied to screening and selection 

of extracellular enzymatic activities in yeast cells. As a proof of concept, an artificial library of 

wild type and cellulase-secreting mutant cells were mixed with a ratio of 1:1 and encapsulated 

in DEs. Mutant cells showing a high level of extracellular enzymatic activity were successfully 

selected by FACS, with an accuracy of up to 92%. 

In summary, this thesis has studied different approaches to improving the performance of 

integrated DE-FACS platform technology for single-cell analysis. These results have shown 

great potential for directed evolution of extracellular enzymes in yeast for industrial production. 
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Chapter 1. Introduction 

1.1 Background 

Baker’s yeast, Saccharomyces cerevisiae, has been traditionally used for the production of 

bread, alcohols, and bioethanol in biotechnological industries. Nowadays, S. cerevisiae has 

become the most popular eukaryotic organism as a cell factory for the production of a wide 

range of value-added biochemicals, e.g., lipids, organic acids, pharmaceutical proteins, natural 

enzymes, and so on1. Due to its versatile capacity of producing bio-products in an economical 

and eco-friendly manner, yeast cell factory has been widely used in manufacturing, 

pharmaceutical, cosmetic, food, textile, and chemical industries. Producing commercial 

products by a yeast cell factory avoids the processes of chemical synthesis or oil refining that 

require toxic solvent, complex reaction conditions, and mass generation of by-products.  

Although there exist a lot of host organisms suitable for the heterologous production of bio-

products, including Escherichia coli, microalgae, and plants, S. cerevisiae is the most popular 

with many advantages. S. cerevisiae is resistant to low pH, and high ethanol and sugar 

concentrations; can grow anaerobically or with inhibitors present in biomass hydrolysates 

during fermentation; and requires low-cost growth media2, 3. These properties reduce the risk 

of contamination and make the process convenient and robust in industrial fermentation. 

Besides, S. cerevisiae, which firstly has eukaryotic complete genome, hosts an extensive 

repertoire of genetic resources4. A large amount of data for S. cerevisiae genes, open reading 

frames, gene networks, and gene products can be found in several databases such as the General 

Repository of Interaction Datasets and the Comprehensive Yeast Genome Database2. 

Directed evolution strategy plays an important role in metabolic engineering5, intentionally 

redirecting the metabolic productivity (e.g., the amount and catalytic properties of enzymes)5 

in yeast strains for most industrial applications. In practise, directed evolution artificially 
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induces mutations in yeast cells, by mimicking the process of natural selection through random 

mutagenesis to direct evolution at the protein level6, 7. After this, the cells exhibiting desired 

traits are isolated and an iterative process is undertaken including several rounds of directed 

evolution of metabolic fluxes to generate the final novel variants. The screening and selection 

of potential variants are performed on the phenotypes, while the evolutionary information is 

included in the genotypes. Therefore, the identification of novel genes or metabolic pathways 

associated with desired traits normally requires a compartment to establish a linkage between 

the phenotype and genotype6. When the desired cells are sorted from a phenotypic screening, 

downstream analysis, e.g., tandem genomic, transcriptomic, and metabolomic analyses, can act 

on the same target or clusters, revealing genes or genetic pathways associated with the 

phenotypic functions. 

Apparently, the successful acquisition of the superior variants requires cell-to-cell screening 

and selection from large heterogenous populations or libraries. Traditional directed evolution 

approaches, e.g., adaptive laboratory evolution (ALE), for vast screening and selection for 

enzymatic activity are based on the assays of isolated cell cultures on agar plates or microtiter 

plates8. Unfortunately, the frequency typically falls in the range of 103–104, and rarely above 

105 with the help of the automated liquid handling systems9. Therefore, the process is lab-

intensive, which can take hundreds of generations and even several years until desired strains 

are selected. Flow cytometric instruments (e.g., Fluorescence-activated cell sorting (FACS)) 

has been developed as powerful single-cell research tools, allowing a high-throughput 

screening and selection (i.e., over 107 events per hour) using fluorescence intensity as an 

indicator of metabolic activity levels10.  Although a cell links genotype and phenotype for 

intracellular or cell surface products, many other properties cannot be interrogated by single-

cell FACS: these include extracellular metabolites, catalytic properties of enzymes that are 

generally measured by surrounding substrates, and cell concentrations reflecting the growth 



Chapter 1 

3 

rate of producers11. This calls for a high-throughput platform technology that can screen and 

isolate on S. cerevisiae single cells based on extracellular enzymatic activities, which will open 

avenues for next-generation applications in fundamental biological research, food industry, and 

metabolic engineering, and so on. In recent decades, the development of miniaturised screening 

systems substantially circumvents this issue by creating millions of man-made compartments12, 

i.e., aqueous droplets, suitable for single-cell encapsulation, long-term cell culture, and 

screening of biochemical reactions. The aqueous phase of a droplet is generally encapsulated 

within an oil phase, preventing the efflux or diffusion of polar substances between 

neighbouring droplets. Therefore, droplets acting as bioreactors spatially and temporally 

separate the dynamics of biochemical activities of individual cells and provides the linkages of 

the phenotype and genotype. To date, microfluidic devices have been widely used for the 

generation of monodisperse single-cell laden droplets at a rate of up to several kHz, off-chip 

cell-laden droplet incubation, reinjection of droplets into a device integrated with 

functionalised electrodes for sorting13. Fluorescence-activated droplet sorting (FADS), first 

developed by Baret et al.14, enabled the sorting of water-in-oil droplets in a microfluidic device 

using dielectrophoresis (DEP), which has been adapted for successful evolution of variants6.  

Besides the water-in-oil droplet on-chip sorting, some forms of droplets can be screened 

and sorted off-chip, water-in-oil-in-water (w/o/w) double emulsions (DEs) and hydrogel 

droplets15. For simplicity, I refer to w/o/w DE as DE in the following discussions, as it is the 

most frequently used format of DEs to trap small molecules in droplets for single-cell analysis11, 

15, 16. Unlike the conventional water-in-oil droplets that are carried by an oil phase, the DEs can 

be suspended in an aqueous phase, which makes them compatible with commercial flow 

cytometry instruments. The integrated DE and FACS approach has many advantages for single-

cell assays compared with on-chip droplet sorting: 1) the state-of-the-art FACS enables the 

screening with a rate of at least an order of magnitude faster than on-chip sorting systems (≤
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2 kHz)6, 17; 2) commercial instruments avoid the manual adjustment and installation of complex 

DEP sorter and associated control modules, making the platform user-friendly to operators who 

do not have an engineering background. A few studies have demonstrated FACS screening of 

DEs as in vitro compartmentalisation for directed evolution of enzymes9, 18, 19. 

Despite the great promise, the integrated DE-FACS platform technology has not been as 

widely adopted as expected. A few key challenges below have inhibited potential broader 

applications: 

1) unreliable passive encapsulation of single cells. In general, the ratios of droplets 

containing different numbers of cells are dictated by Poisson distribution. Although the portion 

of single-cell droplets can be ideally acquired by adjusting the initial cell concentrations, the 

intrinsic cell sedimentation and aggregation affect the neutrally buoyant cell suspension in 

practise, resulting in an unreliable estimation of a portion of single-cell laden droplets.  

2) a correlation between cell culture in droplets and in bulk remains a gap. Although there 

are lots of investigations on cell culture in droplets, few studies have investigated the relation 

between single-cell culture in microdroplets and in bulk cell culture, especially under the 

effects of environmental factors. 

3) the lack of convenient methods for monodisperse DE generation. The process of DE 

generation is more complicated than that of single emulsions. Traditional bulk methods are 

straightforward but result in highly polydisperse DE. The emerging microfluidic devices can 

hierarchically generate monodisperse DEs, however, they always require complicated spatially 

patterning of wettability in devices for DE generation.  

4) it is unclear if the integrated DE-FACS approach can be used for yeast single-cell assays 

of β-glucosidases enzymatic activities. Even though S. cerevisiae has been considered as the 

most popular microorganism for directed evolution of enzymes, there are very few studies on 

using this platform for improved bio-product production by yeast. Particularly, the studies on 
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screening and sorting of cellulase production by yeast single cells using DE-FACS have not 

ever been reported.  

1.2 Objectives and structure of the thesis 

This thesis aims to develop an integrated platform technology, single-cell DEs combining 

with FACS, for a high-throughput directed evolution of enzymes in yeast. The specific 

objectives of the thesis are as below: 

(1) Improve the single-cell encapsulation efficiency in DEs,  

(2) Understand yeast single-cell behaviours in DEs,  

(3) Generate single-cell laden DEs in a simple and cost-effective manner,  

(4) Perform the screening and sorting of yeast single-cell assays of enzyme activity using an 

integrated DE and FACS approach.  

The thesis consists of the following sections: introduction (Chapter 1), literature review 

(Chapter 2), four research projects (Chapter 3-6), conclusions and future work (Chapter 7). 

Specifically, the thesis is organised as follows: 

Chapter 1 summarises the background, including the current methods for single-cell 

analysis, the importance of yeast research, the reasons for using the integrated DE-FACS 

approach, and the scope of the thesis.  

Chapter 2 gives a literature review on the importance of single-cell analysis, fundamentals 

of DEs, different methods for generating DEs, materials and chemicals used for DEs, 

applications of DEs in single-cell based applications, especially in a high-throughput analysis.  

Chapter 3 describes a quantitative characterisation of the effect of the density-matching 

reagent, OptiPrep™, on improving the efficiency and reliability of single-cell encapsulation in 

DEs. 
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Chapter 4 reports the investigation of the relation between yeast single-cell growth in 

droplet and cell growth in bulk. Two types of organic acids of different concentrations were 

added to microdroplets to compare the yeast cell resistance.  

Chapter 5 explores a method employing localised corona discharge in a customised-built 

microfluidic device to achieve spatially patterned wettability for generating monodisperse DEs.  

Chapter 6 presents the use of this integrated DE and FACS approach for high-throughput 

screening and sorting of S. cerevisiae single-cell cellulase activities. 

Chapter 7 summarises the major outcomes of the thesis, and discusses prospects and 

opportunities of improving this platform technology.  
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Chapter 2 Literature review 

2.1 Importance of single-cell analysis 

A cell is the most fundamental structural, functional, and physiological unit of all living 

organisms ranging from microbes to human beings. Cells synthesise genetic materials, proteins, 

and metabolites that are responsible for functions and activities of living organisms. The study 

of cells plays an essential role in many fields, e.g., cancer diagnosis and therapy, drug discovery 

and delivery, and metabolic engineering. To date, most of cellular studies are performed in 

bulk based on population-averaged assays, assuming that ensemble averages reflect the main 

mechanism of individual cells in a population.  

However, heterogeneity is inherent in a cell population. Cellular heterogeneities can be 

caused by different factors, such as intrinsic stochasticity in genes and proteins1,2 and extrinsic 

factors1-4. Cell genomes, especially microbial genomes, can change substantially within a short 

period of time. The stochasticity in gene expression and protein synthesis can account for the 

cell-to-cell variations in macromolecular composition or activity. The progression through the 

cell cycle or external stimuli can result in the differences in cell morphologies including size, 

shape, structure, and internal characteristics. These factors result in genetic, biochemical, and 

physiological heterogeneities as well as behavioural heterogeneities in a cell population. 

Unfortunately, these heterogeneities are normally obscured by conventional population-

averaged assays. This may result in the loss of important information originating from relevant 

subpopulations or rare events, particularly in cases where small subpopulations or rare events 

determine the behaviour of the whole population. Cell heterogeneity can lead to an 

evolutionary, positive characteristic in microbiology5. For example, some microbial 

populations can accommodate to new environment, survive and evolve stress resistance, when 

subjected to a rapid change in environmental factors (e.g., temperature, pH, antibiotics)5. In 
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addition, cell heterogeneities can cause the development of malfunction in organisms, since the 

high level of noise is likely to disable or reduce the efficiency of signalling in organisms. For 

instance, tumour microenvironment is heterogenous6, which consists of multiple intricate 

interactions between tumour cells and their neighbouring non-cancerous stromal cells7.  

Therefore, investigating the heterogeneity in a massive cell population via single-cell 

analysis can elucidate cellular functions and is subsequently essential for different applications 

in microbiology, medicine, pharmaceutical industry. Recent advances in single-cell analysis 

technologies have enabled the characterisation of phenotypes and profiling of the genome, 

transcriptome, epigenome, proteome, and metabolome, along with temporal and spatial 

information of individual cells8-11. 

2.2 Methods of single-cell isolation and analysis 

An upstream single-cell isolation step is crucial prior to the analysis for many analytical and 

bioinformatics tools that have been applied for the identification and quantitative analysis of 

single cells. Limiting dilution and light microscopy represent the original set of tools for single-

cell analysis, which remain the most available methods in biological laboratories for isolating 

monoclonal cell cultures8, 9. To achieve single-cell isolation by serial limiting dilution, a highly 

diluted cell suspension is seeded into separate micro-volume compartments by pipetting (see 

Fig. 2.1A). However, this method is costly, time-consuming, and inefficient, since the 

probability of achieving a single cell in an aliquot follows the Poisson distribution by which 

the cell suspension has to be strongly diluted. For example, the cell concentration of 1 cell/mL 

is needed if the aliquot volume is 100 µL, otherwise, the probability of multiple cells in an 

aliquot is relatively high. For example, the probability of ≥ 1 cells encapsulated in droplets is 

~4.0% when cell concentration is 3 cells/mL, decreasing the accuracy of single-cell analysis. 

Recent advances in imaging, optics, automation, chemistry, engineering, and computation 

technologies have driven the development of new tools for single-cell isolation and analysis, 
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significantly improving the efficiency, throughput, purity, and recovery rate of assays8-10. 

These single-cell analysis tools allow the observation of discrete and dynamic events occurring 

on or within living cells with high spatial and/or temporal resolution. As a result, scientists 

have been able to characterise cellular phenotypes and perform downstream omics studies, i.e., 

genomics, transcriptomics, epigenomics, proteomics, and metabolomics at the resolution of 

single cells5, 6, 11-14. The existing and commonly used single-cell isolation and analytical 

technologies include atomic force microscopy (AFM), laser capture microdissection (LCM) 

micromanipulation, cytometry, and microfluidics, which are listed and presented below. 

2.2.1 Atomic force microscopy  

AFM technologies have been recognised as a powerful tool to characterise biological 

materials, by investigating the structures and properties of native biological samples at the 

micro/nanoscale under near-physiological conditions at a single-cell resolution15 (see Fig. 

2.1B).  The main component of an AFM is a cantilever acting as an arm, which is attached with 

a very sharp probe. As the tip is scanned across a surface in the x-y plane, probe-sample direct 

or atomic force interactions cause z-plane deviations of the cantilever, which are detected and 

amplified by a laser. These deviations can reveal topographical details in the biological samples 

Figure 2.1 An overview of conventional and traditional approaches for single-cell analysis. A) 

Limiting dilution, B) Atomic force microscope (AFM). Reprinted from Ref.15 with permission 

of Future Medicine Ltd. C) Laser capture microdissection (LCM). D) Micromanipulation. E)

Fluorescence-activated cell sorting (FACS). Reprinted from Ref.14. 
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at atomic resolution. Although AFM is highly useful in revealing single-cell morphology, 

probing cellular mechanics, and performing cellular manipulation for physicochemical assays 

due to its high accuracy, the throughput of single-cell analysis is relatively low. 

2.2.2 Laser capture microdissection  

LCM is an advanced technique to rapidly and reliably isolate individual cells from a wide 

range of tissue samples via microscopic visualisation8, 9, 12, 16, 17 (see Fig. 2.1C). The LCM 

system consists of an inverted microscope, a solid-state near-infrared laser, a laser control unit, 

a joystick, a controllable microscope stage with a vacuum chuck, a charge-coupled device 

camera, and a color monitor. Cells of interest are visualised through an inverted microscope, 

then a fixed-position, short and focused laser pulse is delivered to melt the thin transparent 

thermoplastic film on a cap above the targeted cells. The film melts and fuses with the 

underlying cells of interest. When the film is removed, the target cells remain bound to the film 

while the rest of the tissue is left behind. Finally, cells are transferred to a microcentrifuge tube 

containing buffer solutions for downstream analysis. LCM has relatively high speed while 

maintaining its precision and versatility, but it requires highly trained researchers to identify 

cells of interest through visual microscopic inspection9, 18. Moreover, LCM has the potential to 

cause ultraviolet (UV) damage on cell integrity, depending on the degree of cell fixation and 

extraction18, 19. 

2.2.3 Micromanipulation 

Micromanipulation, or so-called manual cell picking, is a simple, convenient, and efficient 

physical method for isolating single cells7-9. This method has become more accurate and cost-

effective with the advent of automation and computation technologies as well as more sensitive 

methods for fluid aspiration and deposition (see Fig. 2.1D). Besides ultrathin glass capillaries 

coupled with an aspiration and dispensation unit for controlled cell separation, electrorotation, 

optical, acoustic, and magnetic forces can be used to trap, move, pull, twist, or cut individual 
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cells without any physical contact. Once a cell is immobilised in a field of view, its response 

to environmental changes, e.g., nutrients, antibiotics, or enzymes can be monitored with 

quantitative measurements. To date, many noncontact methods, such as patch-clamp, optical 

tweezer, magnetic tweezer, acoustic force spectroscopy, and dielectrophoresis (DEP) have 

been widely used for the accurate, non-invasive single-cell manipulation and analysis. 

However, the throughput remains limited and they always require highly skilled professionals 

to operate. Additionally, they cannot detect complex changes in properties and dynamics of 

single cells. 

2.2.4 Cytometry 

 “Cytometry” is a general term that may apply to any technology used to measure, count, 

compare, or characterise a wide range of cells. This general term is nearly synonymous with 

flow cytometry (FC), due to the popularity of FC technique20. Different forms of cytometry 

that have specialised advantages for single-cell studies and, along with FC, are discussed below. 

FC is a powerful diagnostic tool dependent on visible light scattering and fluorescence for 

rapid analysis of entire cell populations at single-cell resolution. Multiple traits, including cell 

number, cell size or structure, and responses to fluorescent probes are collected simultaneously 

by this method2, 9. Unlike the aforementioned static methods, i.e., AFM, LCM, and 

micromanipulation, a flow cytometer generally involves the hydrodynamic module to isolate 

fluorescently labelled individual cells suspending in a buffered saline solution. The information 

about cell morphologies and biomolecules of interest within or attached to cells are 

automatically collected in a high-throughput manner. Additionally, a specialised type of flow 

cytometer, FACS, incorporates an electrostatic deflection module to sort and collect desired 

cells for further analysis14 (see Fig. 2.1E).  

FC has been recognised as a gold standard for single-cell analysis because of its automation, 

massive throughput, cellular characterisation by fluorescent labelling, allowing a simple, rapid, 



Chapter 2 

13 

and quantitative determination of various proteins cell populations21. However, FC is not 

designed to observe the temporal and spatial dynamics of individual cells, because cells pass 

through the system only once2, 21, 22. Also, the single-cell detection by FC mainly relies on cell-

surface markers or intracellular information, lacking the ability to analyse extracellular 

molecules. Some modified forms of cytometry integrate with custom modules, e.g., optics, 

light microscopy, motorised control, and computational analytical tools to broaden the scope 

of single-cell analysis. Imaging flow cytometry (IFC) and laser scanning cytometry (LSC) are 

two main techniques that have been developed and used for single-cell analysis21, 23.  

IFC combines the advanced image analysis with the hydrodynamic module to obtain two-

dimensional images of individual cells in suspensions, resulting in real-time single-cell 

detection and sorting24, 25. Compared with FC, IFC enables high flexibility in data acquisition, 

data processing, and sorting. But similar to FC, it can only provide a one-time cellular 

measurement26. LSC is a solid-phase cytometric technology for collecting laser-excited 

fluorescence associated with immobilised cells17. LSC instruments allow rapid counting, 

quantification, and recording of the distribution of fluorescent events on a filter. Microscope-

based LSC instruments can provide visual information on both cell morphology and the spatial 

distribution of fluorescence within each cell. Unlike FC and IFC, they can also repeatedly 

interrogate the same cell over time. Despite its ability of continuous screening, the efficiency 

is relatively low, making it unsuitable for high-throughput analysis (i.e., screening millions of 

cells). Moreover, LSC may involve the exposure of the sample to the excitation source for a 

relatively long period. This may result in the photobleaching of fluorescent labels that could be 

problematic for some applications, particularly if multiple scans are required. 

2.2.5 Microfluidics 

Microfluidics technologies have many advantages over conventional approaches for single-

cell isolation and analysis, and have been widely applied to a number of research and industrial 
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fields. In detail, microfluidics-based methods offer the following advantages7, 12, 16, 21, 23, 27, 28: 

1) the miniaturised system can operate with picoliter to nanoliter liquid volumes and cells 

ranging from the sub-micron metre to millimetre level, which reduces sample loss and the cost 

of reagents while improving the sensitivity of biochemical assays, 2) they are highly 

automatable with the ability to perform multiplexed, high-throughput assays, enabling 

statistically significant single-cell analysis, and 3) a microfluidic system is highly flexible, and 

can be adjusted to fulfil the demands of diverse cell manipulation and analysis tasks. Different 

mechanical components, external fields (e.g., hydrodynamic, electrical, optical, magnetic, and 

acoustic fields), detection approaches (e.g., imaging-based microscopy, fluorescence 

microscopy, fluorometry, absorbance spectrophotometry, and mass spectroscopy) have been 

integrated with microfluidic devices to perform diversified tasks. These features make 

microfluidic device an ideal platform to analyse the heterogeneity of single cells. In recent 

years, a variety of microfluidic platforms have been developed for single-cell isolation and 

analysis, which can be classified into three main groups: 1) microstructure-based methods, 2) 

external force-based methods, and 3) droplet-based microfluidics. 

2.3.5.1 Methods based on microstructures 

Single-cell manipulation can be achieved by physical constrictions (e.g. microtraps, 

microwells and microvalves) that form individual cell traps when cell suspension passes 

through the microchannel. These microstructures have been widely used for single-cell in situ 

analysis, including proliferation, lysis, reaction, differentiation, metabolism, migration, pairing, 

and fusion12. 

The use of microtraps and microwells requires researchers to design microstructures having 

a similar size to a single cell. After injection into the microdevices, cells flowing along the 

streamlines of the laminar flow can be trapped by the shear force generated by microstructures. 

Di Carlo et al.22, for the first time, proposed a classical U-shaped microtrap array for capturing 
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Hela cells (see Fig. 2.2A). A high-density array of U-shaped traps was fabricated within a 

Polydimethylsiloxane (PDMS) based device by soft lithography, creating a high channel for 

flowing cell suspension and a low channel for cell capture. A hollow in the middle trap was 

introduced to direct fluid streamlines to facilitate the capture of single cells22. Based on the 

principles of this study,  multiple variant designs have been developed afterwards29-31, e.g., an 

asymmetrical microtrap designed to capture single cells more efficiently for genome 

sequencing31.  

A similar microstructure, an array of properly designed microwells, was also used for 

single-cell isolation and analysis in a microdevice 32-34. After flowing a cell suspension through 

the microdevice, single cells were retained inside the wells while the redundant cells can be 

flushed away, as demonstrated by Park et al.33 (see Fig. 2.2B). The roofless microwell structure 

allows rapid and direct sample retrieval, and capture and detection of metabolites or genetic 

materials34. In addition, the concave wells can be chemically modified to enhance the 

robustness and specificity of cell capture35, 36. Similarly, other types of surface-modified 

microstructures, e.g., microposts37 and herringbone patterns38, have been integrated within 

Figure 2.2 Microstructure based microfluidic approaches for single-cell isolation and analysis. 

A) Hydrodynamic microtraps. Reprinted from Ref.22. B) Microwells. Reprinted from Ref.33. 

C) Microvalves. Reprinted from Ref.40. 



Chapter 2 

16 

microfluidic chips for single-cell capture with high-yield and high-purity, due to the increased 

interactions between cells and modified surface38. 

Another type of microstructure, pressure-controlled on-off microvalves, is integrated with 

valve-based microfluidics for flow control. The microdevice containing these valves has at 

least two crossed layers, one as a main flow channel and the other as a valve-control channel, 

and a deformable film is inserted between two layers. When pressure is applied from the control 

channel, the film is deformed and blocks the flow in the main channel; while without pressure, 

the flow layer is open for flowing cell suspension. By controlling the timing of film 

deformation, isolation of single cells from the passing cell suspensions can be achieved. This 

approach was invented by Quake’s group21, 39 and has been upgraded and adapted for many 

purposes. For example, Hong et al.40 demonstrated automated single-cell isolation, lysis, 

nucleic acid purification using a valve-based microfluidic device (see Fig. 2.2C). 

These methods based on the physical properties of microdevices allow label-free single-cell 

isolation with high accuracy. However, these methods generally require complicated structure 

design and multi-step fabrication processes. Moreover, the number of traps, wells, or channels 

is highly restricted in a given limited space, resulting in low-throughput assays. 

2.3.5.2 Methods based on external forces 

Microfluidic microdevices can be integrated with various external fields (e.g., electrical, 

optical, magnetic, and acoustic fields) for advanced single-cell manipulation. Different 

methods based on external forces, such as DEP, optical traps, immunomagnetic beads and 

acoustic radiation force41, have been developed. The advantages and disadvantages of methods 

based on external fields have been summarised in previous review articles7, 21, 42, 43.  

DEP is regarded as the most popular electrical approach integrated with microfluidic 

systems for single-cell trapping, due to its label-free nature, low cell damage, and high 

specificity12, 21. DEP forces that are dependent on cell size, dielectric properties of cells and 
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surrounding medium, and the properties of electric fields, i.e., voltage, gradient, and frequency, 

are used to manipulate cells. Polarisable cells are directed toward higher or lower electric field 

regions with positive or negative DEP forces, respectively. Therefore, cells with the distinct 

Figure 2.3 Microfluidic approaches integrated with external fields for single-cell isolation and 

analysis. A) Dielectrophoretic (DEP) traps for single-cell isolation and nucleic acid analysis.

Reprinted from Ref.44. B) Optical scattering force and microwells for single-cell sorting. 

Reprinted from Ref.25. C) Surface acoustic waves for two-dimensional spatial patterning of 

single cells, which is dependent by acoustic wavelengths and cell diameters. Reprinted from 

Ref.45. D) Magnetic forces for immobilising single cells and superparamagnetic barcode beads 

in microchambers, enabling single-cell protein profiling.  Reprinted from Ref.46. 
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dielectric properties can be selected and manipulated by DEP-based microfluidic systems. 

Moreover, microarrays are normally integrated with DEP for precise cell isolation, allowing 

the monitoring and analysis of  individual cells without contamination44. Towards this end, a 

self-digitisation dielectrophoretic chip was designed for single-cell isolation and nucleic acid 

analysis, in which each cell was trapped within a chamber by positive DEP, sealed by an 

immiscible fluid to prevent contamination, and then lysed for further assays (see Fig. 2.3A).  

Microfluidic optical single-cell trapping platforms can be categorised into different types, 

e.g., optical tweezer, optically-induced-DEP, optically-induced mechanical manipulation, and 

opto-thermocapillary. Among these platforms, optical tweezer based on either gradient or 

scattering forces is the most popular one due to its high specificity and spatial resolution, non-

intrusiveness, and the capacity of single-cell trapping. Compared with the gradient force, 

scattering force is weaker and more biocompatible for cell manipulation and can be easier to 

be integrated with a microfluidics system10. For instance, Kovac et al.25 developed an optical 

trapping and sorting platform with 10,000 microwells (see Fig. 2.3B). Individual cells were 

passively trapped in microwell arrays, monitored by fluorescence microscope, and extracted 

optical scattering force based on subcellular events, e.g., localised protein expression. 

Microfluidic acoustic cell manipulation is based on the interactions between a cell flow and 

a microstructure, which is initiated by acoustic waves in a microfluidic channel. This method 

acquires single-cell isolation in a biocompatible manner, avoiding the possible photobleaching 

and local heat stress45. There are two forms of acoustic waves, body and surface waves. Surface 

acoustic wave (SAW) has been widely used for single-cell manipulation in microfluidic chips, 

due to its high frequency, high energy density, excellent penetrability, and compatibility with 

microfluidics. For example, Collins et al.45 introduced high-frequency SAWs to create a two-

dimensional (2D) acoustic force field in a microfluidic device to pattern multiple spatially 

isolated single human lymphocytes and red blood cells (see Fig. 2.3C). Furthermore, the 
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relation between a feasible patterning and a ratio of the acoustic wavelength, λ, to the cell 

diameter, D, has been investigated. 

Magnetic microfluidics integrates magnets or electromagnets to facilitate the cell trapping 

and immunoassays. In general, immunomagnetic beads are labelled to the surface of cells by 

antigen-antibody interactions. For instance, Armbrecht et al.46 developed a microfluidic 

platform consisting of 1,026 microchambers controlled by microvalves and a permanent 

magnet placed on top of the device (see Fig. 2.3D). Magnetic beads for cell capture were firstly 

injected and remained within the microchambers due to the existence of magnets, allowing 

individual cells to be trapped in the microchambers. To achieve multiplexed protein analysis 

at a single-cell level, magnetic beads functionalised with different antibodies for specific 

protein sites were infused and incubated with lysed cells. Finally, a in situ sandwich 

fluorescence-based immunoassay was quantitively performed by image analysis. 

2.3.5.3 Droplet-based microfluidics 

Droplet-based microfluidics, the method that was adopted in the current study, which has 

become increasingly popular due to its capability to encapsulate cells and reagents in isolated 

compartments. Three types of microfluidic droplet generation approaches are usually used: T-

junction, flow focusing, and co-flow11, 21, 47 (see Fig. 2.4A). When two immiscible liquids meet 

at a junction, one fluid shears the other one into segments in the form of droplets12. Apart from 

the above-mentioned advantages of microfluidics, droplet-based microfluidics has been widely 

utilised for time-dependent cellular analysis for multiple reasons11, 48-51. The microfluidic 

microdevice can quickly create a large number of uniform and parallel microcompartments 

(normally w/o droplets) to harmonise the environment and encapsulate cells. The oil phase of 

droplets provides unique confinement to eliminate the cross-contamination between droplets. 

The encapsulated content, such as cells, cell lysis, secreted metabolites, genetic materials, and 

fluorescence staining dye, can remain inside the droplets for downstream analysis. Additionally, 
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many studies have been dedicated to the development of droplet manipulation, including but 

not limited to merging, splitting, re-loading, incubation, detection, and sorting11 (see Fig. 2.4B). 

Hence, a wide range of cellular analyses requiring external stimuli, multiple operational 

procedures, long-term culture, and recovery of ingredients have been achieved52, 53. 

 One of the most important applications of single-cell analysis by droplet-based 

microfluidics is linking genotypes to phenotypes, as the droplets encapsulating cells with 

desired properties can be sorted for downstream analysis48-51. Generally, an automated system 

can recognise the signals of individual droplets when they pass through the detection site one 

by one, which can trigger a downstream dielectrophoretic force to direct droplets into different 

outlet channels. Many custom-built systems have been developed, including FADS54-58, 

fluorescence lifetime-activated droplet sorting (FLADS)59, and absorbance-activated droplet 

Figure 2.4 Generation and manipulation of microdroplets in microfluidic devices for single-

cell analysis. A) Three main geometries, T-junction, flow focusing, and co-flow, for 

generating droplets in microfluidics. B) Modules for the manipulation of droplets in 

microfluidics: merging, splitting, re-loading, on-chip incubation, detection, and sorting.

Reprinted from Ref11. 
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sorting (AADS)60, and so on61. These droplet sorting systems are flexible, allowing versatile 

screening assays in a relatively short timeframe, including discovery of rare cells and variants, 

metabolic engineering, and other biomedical applications. For example, Qiao et al.58 developed 

a customised FADS and demonstrated the discovery of 47 lipase-producing bacterial strains 

from environmental soil, with a throughput of 2 × 106/h. However, the systems are complex 

and require professional operators, hindering the rapid spread and adoption of this method. The 

sorting process is highly sensitive to flow turbulence at the sorting regions, and most of droplet 

sorting systems perform a binary decision-making for droplets, lacking capacities of multiplex 

assays. Additionally, the sorting throughputs are normally at rates of hundreds of events per 

second, rarely above 1 kHz, which are an order of magnitude slower than commercial 

instruments55, 62. 

Besides on-chip droplet sorting platforms, an off-chip screening and sorting approach based 

on commercial flow cytometric instruments (e.g., FACS) has enabled the sorting of two main 

forms of droplets, i.e., hydrogel droplets and DEs63. The conventional w/o single emulsions 

carried by an oil phase can only be used in the on-chip droplet sorting platforms, whereas 

hydrogels and DEs can be suspended in an aqueous phase and are suitable for flow cytometers26, 

64. Hydrogels are three-dimensional cross-linked hydrophilic polymer networks, which can be 

generated using w/o droplets as a template and transferred from an oil suspension into an 

aqueous solution (e.g., buffer or cell culture medium) after gelation for use in FC. A recent 

review on the use of hydrogels with FC can be found elsewhere26.  

2.3 Structures and fundamentals of DEs 

Compared with single emulsions, a DE is a complex soft colloidal core-shell system, in 

which an aqueous core or multiple aqueous cores are separated from the outer carrier aqueous 

phase by an immiscible oil phase65, 66. This system is stabilised by two sets of surface-active 

agents, i.e., surfactants. Surfactants in an oil phase and an outer water phase stabilise the 
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interface of the water-in-oil internal emulsion and that of the oil-in-water emulsion, 

respectively.  

The inner core, an encapsulated w/o emulsion, is generally recognised as an isolated 

reservoir for encapsulating cells and water-soluble active ingredients, such as vitamins, 

vaccines, enzymes, nucleic acids, and hydrophilic metabolites. The middle oil shell acts as a 

semi-permeable selective membrane that allows the transport of specific substances, thus it 

controls the behaviours of the inner core, including reaction, culture, storage, rupture, and so 

on. In the meanwhile, hydrophilic compounds (e.g., charged molecules, nucleic acids, peptides, 

and sugars) are entrapped in the inner core, providing the accumulated signals of the cells64. In 

addition, unlike single w/o emulsions, the outer phase and carrier phase of DEs are aqueous, 

allowing a mass transfer between the inner core and external environment through the selective 

oil shell. These traits empower a DE with many capacities as a core-shell system for single-

cell analysis.  

Firstly, DE is a highly controllable bioreactor for biochemical studies and industrial 

applications67. Nutrients and oxygen in the continuous aqueous phase can enter the inner core 

where cell cultures are located, and thus enhances the viability, growth and metabolisms of 

cells, reduces droplet shrinkage, and elongates the achievable culture time. Similarly, chemical 

inducers and drugs can be added after encapsulation to study complex biological processes that 

involve the communication with external molecular stimuli and drugs67, 68. 

Secondly, the composition of a DE is flexible. The liquid middle phase can convert into 

solidified shells to create microcapsules69, 70, which can enhance the stability of encapsulation 

and allow applications with better control of bioactive preservation and release. Also, a 3D 

solid matrix as an inner core can enable cells to form specific structures or enhance cellular 

functions. Notably, the DE inner core volume is dependent on the osmotic pressure between 

the inner phase and carrier phase, which can be used for shrinking or swelling inner cores to 
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ensure a stable flow cytometric screening71, enhancing the indicative fluorescence signalling 

of a DE72, and spontaneously releasing ingredients into the carrier phase or environment73-75.  

Thirdly, the outer aqueous phase of a DE allows are suitable for single-cell analysis it to 

integrate with commercial flow cytometric instruments, e.g., FACS26, for quantitative high-

throughput assays necessary in a user-friendly manner. The traditional screening methods 

based on microtiter plates can only measure 10,000 events per day76-78, even with the aid of 

automated liquid handling and dispensing. In contrast, this DE-FACS methodology can 

routinely analyse and sort >107 events per hour, facilitating its applications in biological and 

biomedical fields where high-throughput screening and sorting are desirable63.  

Lastly, a DE system is regarded as metastable with two protective shells79, 80, which offers 

protection against oxidation, degradation, and corrosion69, 70. The structure of DEs remains 

stable without a loss of inner ingredients after experiencing high-temperature inactivation71, 

PCR thermal cycling81, lysis procedures and frozen storage (i.e., at −20 °C or −80 °C for one 

month) 71; the multi-layer structure can protect encapsulated cells from harsh conditions82-84 

(e.g., low pH, in vivo degradation, mixture with external substances). Also, the burst of inner 

cores and the resultant release of encapsulated actives, and cells can be triggered by several 

biofriendly factors, e.g., osmotic imbalance85, 86, pH change, and an alternating current electric 

field87. 

With the advent of microfluidic technologies for generating DEs, the size of emulsions, 

number of inner cores, and the composition and properties of each layer can be manipulated66. 

As a result, a DE has a highly tailorable structure that can be adjusted for various food, cosmetic, 

pharmaceutical, chemical, and biological applications, including the production of food with 

sustained probiotics, controllable release of nutrients and flavours, programmable drug 

delivery, material synthesis, medical diagnostics, drug discovery, and directed evolution of 

molecules.  
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2.4 Generation of DEs by microfluidic devices  

Since the 1980s, there is an increasing number of theoretical and experimental studies on 

the generation of DEs, as DEs have shown significant promise in extensive research areas65. In 

the early stage of the development of microfluidics, DEs are prepared by two-step batch 

approaches, such as stirring88, high shear homogenisation89, 90, and membrane extrusion89-97. In 

general, single w/o emulsions are prepared by vigorous mixing with high shear stress or 

membrane extrusion; then the single emulsions are further emulsified in another immiscible 

liquid phase by gentle mixing or multiple rounds of membrane extrusion. The batch 

emulsification is implemented for rapidly generating DEs, but it generates highly polydisperse 

droplets due to the random shear98. Moreover, the high shear results in the rupture of DEs, 

leading to low encapsulation efficiency66. For single-cell assays using DEs, polydisperse 

emulsions can exhibit dramatically different assay outcomes (e.g., varying fluorescence 

intensity) depending on the size of inner cores, and randomly occurring large droplets can 

potentially cause the blockage of nozzles of flow cytometry instruments. 

Accurate and independent control of the size and number of inner cores and the shell 

thickness of DEs can result in controllable characteristics of DEs for more efficient and precise 

quantitative single-cell assays. Various one-step methods have emerged over the past two 

decades. The coaxial jet electrospray technology has been used to generate DEs by controlling 

the electric potential between an inner liquid and a surrounding fluid99-101. The size of DEs can 

be adjusted from tens of nanometers to hundreds of micrometers with a minimum C.V. of 15% 

by tuning the flow rates of each phase and applied voltage 99. However, this relatively large 

variation of size is problematic for quantitative cellular assays. Additionally, this method 

requires conductive liquids and high voltage that can adversely affect cells or other actives66, 

limiting the usage of this method. Therefore, an alternative one-step method that can provide 

well-defined size distribution of DEs has emerged with the rapid advance of microfluidic 
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technologies. Within the microchannels of fixed geometries or capillaries at a micrometre level, 

the one-step continuous flow method uses a relatively high flow rate of oil phase to cut an 

aqueous phase with a low rate to generate w/o droplets, and a second aqueous flow with a much 

higher rate is applied to cut the oil-water flow. Finally, DEs with a single core are generated 

with a drop-by-drop ordered feature. This microfluidic approach effectively confines either the 

disperse phase or w/o single emulsions before encountering the downstream carrier phase, and 

forms highly monodisperse DEs that are suitable for single-cell analysis.  

Wettability is the most curtail property of one-step microfluidic devices for generating 

DEs66, 102, which requires a high level of control to determine the type of emulsions formed. 

The droplet generator that forms w/o droplets dispersed in oil, has to be hydrophobic, whereas 

the droplet generator that sequentially encapsulates w/o droplets within the outer aqueous phase 

has to be hydrophilic. However, selective control over the wettability of microchannel surfaces 

has been challenging, and precludes the further use of microfluidics to produce monodisperse 

DEs66, 102, 103. A wide range of strategies have been explored to prepare microfluidic devices 

with spatially patterned wettability.  

PDMS, polymethyl methacrylate (PMMA), and glass have been used as main materials for 

fabricating microfluidic components for DE generation. Hydrophobic materials, i.e., PDMS 

and PMMA104, are more preferable for w/o droplet generation due to their intrinsic 

hydrophobic properties,  while hydrophilic glass is suitable for generating w/o droplets 

dispersed in aqueous phase105. The properties of microchannel surface can be modified by 

various approaches, e.g., self-assembly monolayers formed by chemicals, plasma treatment, 

and UV exposure. Once a mould has been obtained, a PDMS device is relatively easy to 

fabricate by standard soft lithography, with high flexibility, rapid manufacture, and cost-

effectiveness. Regarding the fabrication of PMMA and glass-based devices, multiple direct 

machining (which removes unnecessary parts using mechanical and energy-assisted methods) 
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and replications methods (which makes moulds with fine features and performs replication, 

including casting, hot embossing, micro-injection, etc) have been employed106.  Some of these 

methods are able to achieve mass production of devices in industries, with an advantage over 

the soft lithography107. However, these methods are normally considered more complex and 

costly106, 107. 

Besides the materials of devices, the design of device plays an important role in the spatial 

patterning of wettability in microchannels. Two main types of microfluidic devices, multi-

module and single-module microfluidics, have been used for DE generation. The multi-module 

microfluidics requires three or more co-axial capillaries, cascading T-junction and/or flow-

focusing droplet generators in separate modules, whereas single-module microfluidics 

integrates cascading droplet generators in a single device.  

2.4.1 Multi-module microfluidics 

The multi-module microfluidic approach adopts two or more modules in which the entire 

channel surface has different wettability intrinsically or after treatment. Thus, this method 

satisfies the requirement of hydrophilic and hydrophobic surfaces for different droplet 

generators and is more straightforward for producing DEs than single-module approach. Two-

chip module or co-axial glass capillary based microfluidic devices are most widely used for 

DE generation. 

2.4.1.1. Two-chip microfluidic devices 

Two separate microfluidic chips can be physically connected to generate DEs103, 108-120. The 

preparation of two modules can be performed separately by researchers with less experience in 

microfluidics. Also, it is possible to change the morphology and size of droplets using devices 

with different channel dimensions109, 110. Otherwise, channels with different depths can be 

obtained using dual-layer soft lithography processes or coaxial flow-focusing.  
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Okushima et al.113 firstly developed the two-chip modules with sequential T-junctions 

fabricated by isotropic etching on quartz glass. The microchannel in the first chip was modified 

to hydrophobic using a silane coupling agent and the microchannel in the second chip was kept 

hydrophilic (i.e., intrinsic property of glass). The outlet of the first chip and the inlet of the 

second chip were connected by a short poly(tetrafluoroethylene) (PTFE) tube. Droplet 

formation at each junction was reproducible, and the resulting droplets had a small variation in 

size. By adjusting the flow rate of each phase and the breakup rates at the two junctions, the 

morphology and number of generated droplets can be controlled. Similarly, Wu et al.114 

reported a two-chip module device consisting of a PMMA chip and PDMS chip connected by 

a PTFE tube for the generation and encapsulation of w/o droplets, respectively (See Fig. 2.5A). 

The hydrophobic PMMA chip is suitable for w/o droplet generation, while PDMS surface in 

Figure 2.5 Multi-module microfluidic devices for double emulsion (DE) generation. A) Two 

separate microfluidic devices with reverse wettability are connected by an inert tubing.

Reprinted from Ref.114. B) A reverse-flow capillary microfluidic device consisting of a tapered 

and a cylindrical capillary, nested within a square one. Reprinted from Ref.124.  C) A co-flow 

capillary microfluidic device with three tapered capillaries nested within a square one.

Reprinted from Ref.127. 
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the second chip is converted to hydrophilic by coating with acrylic acid via a two-step sol-gel 

method. Moreover, Zhang et al.109 used two PDMS chips to achieve similar results. The second 

PDMS chip was modified by a sol-gel coating procedure121. Notably, the first PDMS chip was 

converted to highly hydrophobic by silane coupling reagents, as fluorinated oil phase requires 

fluorophilicity to reduce the tension at interfaces122. Fluorinated oil-based emulsions are very 

useful for microfluidic applications in biology, due to their stability, inertness, impermeability 

to small molecules, and permeability to gases123. Zinchenko et al.110 demonstrated that a two-

chip module allows the off-chip storage and reinjection of w/o droplets into the second chip 

after incubation. The w/o droplets were collected in a sterile syringe, incubated under various 

conditions, and reinjected into the second chip in a uniformly distributed manner by co-

injecting a spacing oil, resulting in the generation of single-core DEs at a high rate.  

This two-chip module-based design not only makes it easy to prepare surfaces of wettability 

in microfluidic chips but also makes single-cell assays more flexible. However, the number of 

inner cores droplets varies, because the array of to-be-enclosed droplets formed in the first chip 

is likely to collapse before reaching the second chip. This is because of the sudden change in 

flow speed at the junction between the two chips. In addition, gravity influences the distribution 

of primary droplets before entering into the second chip. A smoother connection between the 

two chips would allow more precise control of the encapsulation.        

2.4.1.2. Capillary microfluidic devices 

Co-axial capillary devices for DE generation consist of two or three circular, internal 

capillaries with tapered orifice dimensions 73-75, 87, 124-149. There are always one or two internal 

capillaries for injection and another one for collection, whose surface can be modified to either 

hydrophobic or hydrophilic. In this way, the oil and aqueous phases can flow smoothly through 

each capillary. Internal capillaries are precisely aligned with each other, and nested within an 

external square capillary. With the well-aligned capillary microfluidic device, inner aqueous 
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and oil phases are injected into the device through the innermost injection capillary and 

surrounding injection capillary, respectively. The flow condition changes with the cross-

sectional area of tapered glass capillary in the focusing section. Due to the Rayleigh–Plateau 

instability, the drag force applied by the continuous phase and the interfacial tension by 

disperse phase74, the coaxial mixed-flow breaks up into uniform droplets at the end of the 

focusing section. Simultaneously, continuous phase is injected through the square capillary to 

encapsulate the formed droplets, resulting in the formation of DEs. Two different flow 

configurations have been used in co-axial capillary device, i.e., reverse-flow and co-flow 

configuration, depending on the flow directions of the outer aqueous phase and the middle oil 

phase. 

Utada et al.124 firstly developed an co-axial capillary device with a reverse-flow 

configuration of three capillaries. The inner fluid was injected into the tapered glass capillary, 

while the middle fluid was injected into the square channel surrounded with the inner fluid, 

forming the co-axial stream at the tip of the conical capillary. The outer fluid was injected into 

the outer region from the reverse direction, and all fluids passed through the outlet of the 

capillary and consequently broke up to form droplets (see Fig. 2.5B). This device has been used 

to synthesise hydrogel microbeads using DEs as a template75, 129. Oh et al.125 firstly reported 

the use of an co-axial capillary device with a co-flow configuration for DE generation. The 

assembly was constructed by arranging three capillaries in a PDMS block where a central hole 

was pre-punched. The inner and middle fluids were injected into channel separately, and 

travelled through the intermediate capillary to form the coaxial jet. The coaxial jet flow was 

focused at the exit of the capillary and subsequently split into DEs in the continuous phase. 

Afterwards, a device having the co-flow configuration, but without the external block, was 

demonstrated by Chu et al.126. Two square capillaries were used to infuse the middle phase and 

outer phase, respectively, which were connected by a cylindrical capillary with a tapered end. 
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The co-axial capillary device designed by Kim et al.127 has been widely used to date. A 

hydrophobic tapered glass capillary for injecting oil phase was inserted into a square capillary 

for injecting outer aqueous phase, and a small tapered glass capillary was inserted into the 

injection capillary to simultaneously inject an inner aqueous phase. Another circular capillary 

was inserted into the square capillary from the other side to confine the flow at the injection tip 

(see Fig. 2.5C). 

Multi-module capillary microfluidic device makes it easy to obtain spatially patterned 

wettability. However, the manufacture of capillary devices lacks flexible and reproducible 

methods for capillary alignment (especially for two tapered glass capillaries) and sealing102, 105, 

150, and glass capillaries need extra hydrophobic silane coatings compared with intrinsically 

hydrophobic PDMS devices. 

2.4.2 Single-module microfluidic device 

Compared with multi-module microfluidic devices, the single-module microfluidic device 

integrating two sequential droplet generators in one chip reduces the shear turbulence occurred 

in connection and avoids misalignment of different modules. However, this method requires 

precise control of wettability at different regions within the same device, except three-

dimensional (3D) PDMS microfluidic device that can avoid the contact between engulfed 

phases and channel walls at the droplet generators. A wide range of methods have been used 

to prepare a microfluidic device with spatially patterned wettability, such as localised polymer 

grafting, localised layer-by-layer deposition (LbL), and surface activation with a blocking 

phase. Besides, there exists other strategies to generate DEs in a single-module microfluidics 

device, e.g., by employing moving-wall, mass transfer, and phase transfer.  

2.4.2.1 3D PDMS microfluidic devices 

Similar to multi-module capillary microfluidic devices, a 3D PDMS microfluidic device 

also generates DEs in a co-axial manner. The device is fabricated by three layers of SU-8 photo-



Chapter 2 

31 

resist structures that form coaxial embedded orifices at the centre of the microchannel. Similar 

to the tapered end of the circular capillaries, the flow-focusing orifice is narrow (e.g., a 50 × 

50 μm orifice, compared with a surrounding 320 μm tall junction151). The liquid thread of the 

inner fluid breaks into droplets by the middle phase due to Rayleigh–Plateau hydrodynamic 

instability under the competition of viscous and capillary forces. Then the stream of generated 

primary droplets stays confined to the central axis of the microchannel and encapsulated by the 

continuous phase in the downstream wide channels152, 153. Using a sheath fluid of a high flow 

rate can prevent the w/o stream from touching the channel wall downstream, allowing the 

formation of either w/o or O/W emulsions, irrespective of channel wettability. Similarly, 

wettability of co-axial capillary device for DE generation are ignored in some cases.  

Takeuchi et al.152 and Yobas et al.153 have developed 3D flow-focusing devices made of 

PDMS and silicon, respectively, for the generation of w/o droplets. The generated droplets can 

be confined in the central axis of the channel to prevent the dispersed phase from wetting the 

channel wall. Huang et al154 for the first time introduced a 3D PDMS microfluidic device with 

a narrow coaxial orifice between two spacious microchannels for generating DEs. Chang et 

al.155 reported a 3D PDMS microfluidic device for generating DEs by an assembly of two 

PDMS slabs: one with two different depths (200 µm and 20 µm) and the other with a uniform 

depth (200 µm), which were fabricated using  three-layer SU-8 microstructures as a master (see 

Fig. 2.6A). 

This method has been widely used for the generation of DEs with different morphologies 

and properties151, 154-164. The size of an inner core and outer droplets can be accurately and 

independently manipulated by adjusting orifice size, channel dimensions, and flow rates. 

However, unlike the planar microchannels that can be manufactured by one-step soft 
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lithography, the fabrication and assembly of 3D structures are more complex and less reliable, 

as two models are manufactured separately and then manually aligned159. Meanwhile, 

successful production of DEs requires a high flow rate of a sheath fluid, nevertheless, the 

Figure 2.6 Single-module microfluidic devices for DE generation. A) 3D 

Polydimethylsiloxane (PDMS) co-flow microfluidic device, without any hydrophilic surface 

treatment. Reprinted from Ref.155. B) Glass microfluidic devices with localised silianisation by 

protecting target regions from UV/O3. Reprinted from Ref.105. C) PDMS microfluidic devices, 

confining the reactive solution at the second droplet generator by simultaneously infusing the 

first hydrophobic droplet generator with inert solution. Reprinted from Ref.121. D) Localised 

corona air plasma treatment to spatially pattern hydrophilicity at the second PDMS droplet 

generator, confined by polyvinyl alcohol (PVA) solution. Reprinted from Ref.178. E) Localised 

oxygen plasma used to treat the second PDMS droplet generator hydrophilic with a narrow 

channel as physical confinement. Reprinted from Ref.102. 
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process is inefficient and has a high likelihood of leakage102. Therefore, the practical 

applications of these devices are limited.  

2.4.2.2 Localised polymer grafting 

For microfluidic devices made of glass, hydrophilic surface treatment is not necessary in 

general but hydrophobic modification of surface (e.g., silanisation) is typically required for 

generating w/o droplets. For PDMS devices, conversely, the hydrophilic surface is crucial for 

encapsulating primary droplets. The most common method used to acquire hydrophilic PDMS 

surface is oxygen plasma treatment165-167. However, the intrinsic hydrophobic property of 

PDMS recovers within several hours, due to the continuous migration of uncross-linked PDMS 

monomer from bulk to the surface165, 167. Chemical modification, e.g., UV, plasma, and thermal 

polymer grafting, silanisation, sol-gel, and LbL, can circumvent this issue by covalently 

bonding polymer layers onto PDMS surface. Such a polymer layer acts as a film to prevent the 

uncross-linked PDMS monomer from migrating towards the treated surface, maintaining the 

gained surface hydrophilicity for a long period of time (months or even years)165, 166, 168. There 

exist many studies to achieve localised polymers grafting at target regions in sealed PDMS 

channels. 

To the best of our knowledge, precise polymerisation initialised by plasma is first used by 

Barbier et al.168  to generate DEs in a PDMS microfluidic device. The device was composed of 

two T-junction droplet generators. The long-lasting (i.e., several weeks) hydrophilic PDMS 

surface of the second droplet generator was achieved by depositing plasma-initialised 

Poly(acrylic acid) (PAA) coating. During the grafting process, the first droplet generator was 

covered with a glass slide, left ungrafted and hydrophobic. Seo et al.169 used a similar process 

to prepare a sealed PDMS microfluidic device. The whole device was filled up with a monomer 

acrylic acid solution, and the hydrophilic part was modified by exposure to UV light for up to 

15 min, whereas the rest was protected by a black electrical tape as a photomask. After this, 
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the channels were cleaned and washed with deionised (DI) water. Due to the precision and 

flexibility of controlling the region experiencing UV exposure, Abate et al.170, 171 fabricated a 

series of devices consisting of two, three, four, and even five droplet generators with either 

hydrophobic or hydrophilic properties for the generation of DEs and higher-order multiple 

emulsions (i.e., triple, quadruple, and quintuple emulsions). Moreover, Bai et al.105 

demonstrated that UV-initiated photodegrading process can be used for preparing glass 

microfluidic devices. Firstly, a silane solution was used to covert the surface of the whole glass 

device to hydrophobic. Then the final hydrophobic area was covered by a photomask, while 

the target hydrophilic part was exposed to long-term (i.e., at least 60 min) UV radiation that 

degrades the hydrophobic self-assembly layer (see Fig. 2.6B). 

This method based on the chemical grafting controlled by localised plasma or UV generally 

can generate a long-lasting modified surface, however, the use of different solvents can easily 

cause contamination. Moreover, multi-step manual processing achieved with relatively long-

time treatment and complex external apparatus (e.g., the low-pressure plasma polymerisation 

system168 and the UV photo surface processors105) make this method rather tedious and labour 

intensive. 

2.4.2.3 Localised chemical modification using inert phases 

The key part of this method is that when the target area is being treated to render 

hydrophobic or hydrophilic, an inert liquid or gaseous phase can be used to fill up the rest area 

to maintain its original properties68, 104, 108, 113, 121, 172-182.  

Nisisako et al.108 have demonstrated the hydrophobic modification of the surface of the first 

droplet generator in a glass device. The surface of the whole device is firstly converted to 

hydrophobic by silanisation. Then an immiscible organic fluid, i.e., an inert phase, was infused 

to fill up the first droplet generator. Simultaneously, a sodium hydroxide solution was 

continuously infused into the downstream channels where the second droplet generator was 
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located. This sodium hydroxide solution removed the formed hydrophobic layer and converted 

the surface of downstream channel to hydrophilic; and the hydrophobic surface of the first 

droplet generator remained. Bauer et al.172 demonstrated the use of flow confinement to prepare 

a PDMS microfluidic device by LbL deposition technique and a commercial water repellent 

agent Aquapel at different regions. Immediately after the bonding of the device, a 

polyelectrolyte sequence was injected through the outlet, with the rest parts being protected 

with DI water. As a result, only the surface of the second droplet generator was rendered 

hydrophilic. Thereafter, a reverse setup is used to selectively render the surface of the first 

droplet generator hydrophobic. The Aquapel solution is slowly injected from inner phase inlet 

and the hydrophilic channels were protected by infusing a stream of air. Abate et al.121 

developed a similar approach using flow confinement. The surface of the whole device was 

converted to superhydrophobic using a vaporised sol-gel coating. PAA monomer solution was 

injected from the outlet and exited from the outer phase inlet, which experienced 

photo/thermal-initiated polymerisation reactions to make the surface of the second droplet 

generator hydrophilic; meanwhile, the hydrophobic part was protected by injecting an inert 

fluid (see Fig. 2.6C). It is worth noting that, the flow rate of the reactive fluid is much lower 

than that of the inertial fluid during the flow confinement. The reactive and inert fluids always 

meet in the second droplet generator, so that a stable interface can form between these two 

fluids. It is preferable to have a sharp interface to prevent diffusion, which can be controlled 

by the flow rates of the two phases121.  

This chemical-based method is relatively slow and failure-prone. This is because it requires 

operators with hands-on experience to keep the interface between the reactive and inert regions 

steady in a microchannel, otherwise, it may result in irreversible chemical contamination of 

microchannels. 
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2.4.2.4 Localised surface activation 

The most widely used method for modifying the surface of PDMS is surface activation, 

including direct oxygen plasma167, corona discharge183, and UV-ozone exposure184. These 

methods make PDMS surface hydrophilic due to the oxidation of surface siloxane groups into 

silanols167. Tan et al.185 for the first time investigated the  use of oxygen plasma to render PDMS 

surface hydrophilic in sealed microchannels. The effect was confirmed to last for at least six 

hours, suitable for continuous droplet generation. Compared with chemical modification, 

localised surface activation in a sealed microchannel can be highly simple and time-saving, 

with a processing time ranging from a few seconds to minutes. More importantly, it is an ideal 

method that avoids the introduction of liquids into the device, enabling a simple, reliable, and 

scalable wettability patterning.  

Davies et al.157 have achieved spatially patterned wettability in PDMS devices using corona 

discharge, based on the confinement by an inertial phase. Similar to localised chemical 

modification by flow-confinement, the hydrophobic droplet generator was filled an inert phase, 

i.e., oleic acid. Then the corona discharge was initiated and merely oxidised the unblocked 

outer channels. Also, Samandari et al.178 achieved spatially patterned wettability in PDMS 

devices and further elongated the lifetime of hydrophilic surface by polymeric grafting (e.g., 

polymerisation of PAA and polyvinyl alcohol (PVA)) on the localised surface after treatment 

(see Fig. 2.6D).  

Kim et al.102 avoided the introduction of chemicals into a device by confining oxygen 

plasma using a long, narrow, serpentine channel for surface activation. This channel acted as a 

barrier to prevent the ionised gas from entering the target hydrophobic area (see Fig. 2.6E). 

During the oxygen plasma, only the outlet closest to the second droplet generator was open. As 

a result, the target hydrophilic area was exposed to the oxygen plasma in a controllable manner. 
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This method is free of chemicals usage and possible contamination, and has commercial 

potential for spatial patterning in devices in parallel instead of one by one. 

In summary, the localised surface activation method in a sealed channel avoids the 

processing of wet chemistry, which is highly efficient to achieve a superhydrophilic surface. 

One drawback of this method is that the resultant hydrophilicity cannot last for a long time 186. 

Many studies showed that filling up the hydrophilic part and storing treated devices in DI water 

can make the surface modification effect last for at least several days. 

 

2.4.3 Other methods 

Table 2.1 A summary of different methods used for DE generation in multi-module 
microfluidic devices 
Method Material Surface treatment Reagent Time* Stable time 

T
w

o
-c

hi
p

 

Glass 
Silanisation 
N.A. 

Y 
N 

N.A. 
N.A. 

N.A.108, 113 
N.A.120 

PMMA; 
PDMS 

Silanisation; UV grafting Y 7.5 min >45 h114 

PDMS 

Sol-gel; thermal grafting Y > 9 min >45 h114, 117-119 

Plasma grafting 
Silanisation; LbL 
Silanisation; Plasma 
Silanisation; thermal grafting 

Y 
Y 
Y 
Y 

9-11 min 
>30 min 
N.A. 
4 min 

A few weeks103 
N.A.110 
N.A.115, 116 
1 year109, 111, 112, 

117, 118 

C
ap

il
la

ri
es

 

Glass 
Not necessary 
Silanisation 

N 
Y 

N.A. 
>10 min 

N.A.75, 124-126, 133, 

138, 141, 145-149 
N.A.74, 87, 127-132, 

134-137, 139, 140, 142-144 

3D
 

P
D

M
S

 

Glass Silanisation Y 10 min N.A.159 
PDMS 
 

Not necessary 
Silanisation 

N 
Y 

N.A. 
10 min 

N.A.154, 155, 160-163 
N.A.158, 159, 164 

 
 
Table 2.2 A summary of different methods used for DE generation in single-module 
microfluidic devices 
Method Material Surface treatment Reagent Time* Stable time 

L
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e 
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ng
 Glass Silanisation; UV/O3 Y 150 min 

1 month (water) 
105 

PDMS 
Plasma grafting 
UV grafting 
Sol-gel; UV grafting 

Y 
Y 
Y 

30 s 
15 min 
10 min 

A few weeks168 
>10 weeks169 
N.A.170, 171, 187, 188 

C
h

em
ic

al
 

m
od

if
ic

at
io

n Glass Silanisation Y N.A. N.A.108, 113 
Polycar
bonate 

Organic coating; LbL Y >4 h 
A few weeks 
(water) 173 
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PDMS 

Silanisation; LbL Y >10 min > 90 min172, 174, 182 

LbL 
Sol-gel; thermal/UV grafting 
UV grafting 
Plasma grafting 
Thermal grafting 
Silanisation; thermal grafting 

Y 
Y 
Y 
Y 
Y 
Y 

>10 min 
N.A. 
5.5 min 
9 min 
20-25 min 
40 min 

N.A.189 
N.A.121 
N.A.176, 180 
weeks103 
1 month68, 177, 181, 

190 
N.A.179 

L
oc

al
is

ed
 

su
rf

ac
e 

ac
ti

va
ti

on
 

PDMS 

Corona plasma Y 3 s 6 h157 
Corona plasma;  
thermal grafting; 

Y 15 min A few weeks178 

Oxygen plasma N 0.5-4.5 min 
A few weeks 
(water)102, 191, 192 

Note: * excluding fabrication of devices, recovery to PDMS hydrophobicity, and preparation, 

injection, and washing of reagents. 

Besides the discussed methods, there exist other approaches to generate DEs in microfluid 

devices, e.g., integrating microfluidic T-junction with electrohydrodynamic focusing193, 

squeezing the pre-focused w/o droplet stream by controllable pneumatic choppers194, 

deforming a w/o coaxial jet by air bubbles195, spontaneous phase transfer after w/o droplet 

generation196, 197, and adjusting the interfacial tensions between two immiscible droplets in 

contact with each other198.  

These methods are under-used due to different reasons66, e.g., polydispersity, low 

reproducibility, low droplet generation frequency, low inner core encapsulation efficiency, lack 

of flexibility, and difficulty of device fabrication.  

All the methods used for generating DEs in microfluidics are summarised and compared in 

Table 2.1&Table 2.2.  

2.5 Materials of DEs  

In the sections above, the state-of-art approaches for generating monodisperse DEs are 

discussed. Besides the emulsification methods, a large variety of material formulas, including 

various aqueous phases, oils, and surfactants, decide the structures, morphologies, properties 

of resultant DEs and their functionalities. This allows the use of DEs for various applications, 

including long-term cell culture, alteration of cellular phenotypes, controlling the behaviours 
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of encapsulated or surrounding molecules (e.g., mass-transport, release, preservation, and 

absorption), microcapsule fabrication, self-separation of the microgels, and so on.  

The liquid cores and oil shells are converted into microgels, solidified or high-density shells, 

respectively, through polymerisation. Natural macromolecules (e.g., natural polysaccharides 

or proteins including alginate, dextran, gelatin, and so on) and synthetic polymers (e.g., 

poly(ethylene glycol (PEG)) and PVA) have been used with proper polymerisation, e.g., 

temperature or pH change, light illumination, ionic or chemical initiation, and solvent 

evaporation199. 

The combination of oils and surfactants plays an essential role in the stability, selective 

permeability, and biocompatibility of a DE48. Oils generally used for DEs are hydrocarbon and 

fluorinated oils. In early studies of DEs, hydrocarbon oils, e.g., mineral oil or hexadecane, were 

widely used, emulsified by commercial surfactants, e.g., SpanTM 80 or AbilTM EM48. However, 

as the increasing demand for the use of DEs in cellular research, fluorinated oils (e.g., HFE 

7500 and FC 40 oils (3M)) have been adopted as an alternative. Fluorinated oils have high 

chemical inertness, high biocompatibility with high oxygen transport; and limited solubility for 

organic and aqueous actives, enabling effective isolation between neighbouring DEs during 

biochemical assays.  

Moreover, the type and concentration of surfactants significantly affect the properties of 

DEs. A surfactant with a low hydrophilic-lipophilic balance (HLB) is soluble in oil and can be 

used to generate w/o emulsions. Conversely, one with a high HLB in aqueous phases is used 

for generating O/W emulsions79, 80. The interplay of the two types of surfactants determines the 

stability of DEs. Apart from stability, the selection of the oil and surfactant depends on 1) the 

nature of encapsulated small molecules (which are of either hydrophilicity or lipophilicity); 2) 

the capacity of preventing non-specific adsorption of proteins from the water-oil interface; 3) 

the possibility of forming reverse micelle, which is dependent on properties of oils and 
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surfactants and serves as carriers for either organic or inorganic substance through oils48, 50, 65, 

79, 80, 200, 201. Moreover, minimising the use of surfactants is desirable in cellular research due to 

the high cost and slight toxicity to organisms202.  

Fluorocarbon surfactants are needed for fluorinated oils in DE generation. There exist quite a 

few commercial fluorocarbon surfactants, e.g., 008-FluoroSurfactant (RAN Biotechnologies), 

and PicoSurfTM (Sphere Fluidics). In addition, many attempts have been made to develop a 

range of fluorocarbon surfactants based on Krytox (DuPont) oils, fluorocarbon ether polymers 

containing perfluoropolyether (PFEP) tails. The heads were replaced by various functional 

groups for specific properties, resulting in the development of PEG-PFPE, poly-l-lysine-PFPE, 

and so on160, 203, 204. Different combinations of oils and surfactants for monodisperse DEs of 

different sizes for corresponding applications are listed in Table 2.3. 

Table 2.3 A summary of materials for generating monodisperse DEs in microfluidic devices 
Applicat

-ion 
Inner 
phase* 

Oil/Surfactant 
Outer 
 phase† 

Size 
(ID/OD, μm) 

B
io

lo
gy

 

N.A. 
Mineral oil/Abil® EM90&SpanTM 
80 

Tween® 20 28-40/N.A.114 

N.A. HFE7500/PEG-PFPE Pluronic® F-127 80/100109 
PVA PMX200 silicone oil&liquid PDMS PVA 100/12068 
N.A. DC200 silicone oil/DC749 PVA 20-200/N.A.133 

N.A. HFE7500/PicoSurfTM 1 Pluronic® F-127 50/N.A.119 

Tween® 
20 

HFE7500/PEG-PFPE 
Pluronic® F-68 
&Tween®20 

16-29/28-4881; 
34/47192 

T
is

su
e 

en
gi

ne
er

in
g Pluronic

® F-127 
HFE7500/PicoSurfTM 1 Pluronic® F127 

65 ~90, 
150~210/N.A.;11

7 122, 
200/N.A.118 

N.A. HFE7500/PicoSurfTM 1 Pluronic® F-127 ~150/174180 

M
et

ab
ol

ic
 

E
ng

in
ee

ri
ng

 TritonTM 
x-100 

HFE7500/PicoSurfTM 1 Tween® 80 ~14/N.A.120 

N.A. HFE7500/008FluoroSurfactant Tween® 80 35-40/50115 
N.A. QX200TM DG Oil for EvaGreen Tween® 80 ~28/42179 
N.A. QX200 TM DG Oil for EvaGreen Tween® 80 17-33/22-51116 
N.A. HFE7500 & FC-40/EA or AZ2C Tween® 80 20-100/40-11071 

D
ru

g 
di

sc
ov

er
y 

N.A. 
Mineral oil /Abil® EM 180 or 
HFE7500/PicoSurfTM 2 

Pluronic® F-
127&PVA 

~40/N.A.111, 112 

* and † indicate surfactants used for inner phase and outer phase, respectively. 
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2.6 Applications of DEs  

DEs have been widely used for single-cell analysis in different fields, including but not 

limited to cell biology, food industry, tissue engineering, metabolic engineering, and drug 

discovery. Additionally, the integration of DEs with flow cytometric instruments enables high-

throughput screening and selection of cell-laden DE compartments. Hence, rare but valuable 

cells exhibiting desirable properties can be measured and isolated from large heterogeneous 

cell populations. 

2.6.1 Cell biology  

The droplets generally integrate biological, chemical, and mechanical functionalities to 

mimic in bulk or in vivo microenvironments for cell growth. Due to its ability for selective 

mass transfer of molecules (including inducible nutrients, chemical cues, oxygen, etc.) between 

the inner core and the exterior environment, a DE system can be regulated to provide a well-

controlled microenvironment for cellular assays with defined dimensions. Also, the structure 

of DEs can be maintained in a continuous phase or in microstructural traps for long-term or in 

situ analysis. Thus, it is convenient for probing cellular expressions, cellular heterogeneities, 

and cell-to-cell interactions, under distinct environments. Furthermore, a DE can be easily 

triggered to release the trapped ingredients for downstream applications. To date, DEs have 

been used for studying various cellular behaviours, including cell morphology, migration, 

proliferation, differentiation, and response to stimuli, which possess great importance for 

biological, medical, and ecological applications. 

Chang et al.133 applied DEs to study the development and structure of biofilms, using 

Bacillus subtilis and Pseudomonas aeruginosa as models (see Fig. 2.7A). The morphology, 

migration, proliferation, and differentiation of cells were observed. For example, cyan B. 

subtilis initially stayed and proliferated at the w/o interface. After 12 h culture, the cyan rod-
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shaped, motile B. subtilis single cells differentiated and formed chains of matrix-forming cells 

showing yellow fluorescence. After 48 h, all bacterial cells evolved into non-fluorescence 

spores and sunk at the bottom of DEs.  

Moreover, Zhang et al.109 demonstrated the use of DEs to study complex biological 

processes in a cell population that involved communication with external environments (see 

Fig. 2.7B). This study tracked the growth of GFP-expressing E. coli both qualitatively and 

quantitatively to study cell signalling. The author cultured inducible GFP-expressing E. coli 

encapsulated in DEs with medium including inducible factors, i.e., anhydrotetracycline (aTC). 

Figure 2.7 Applications of DEs in fundamental cell biology. A) Monitoring of the 

differentiating behaviours of B. subtilis in DEs for 72 h, revealing the formation and 

degradation of biofilms. Reprinted from Ref.133. B) Screening of E. coli expressing GFP

encapsulated in DEs, revealing the transport of nutrients and quorum-sensing activities. 

Reprinted from Ref.109. C) Screening of cell-to-cell interactions between S. aureus (secreting 

green fluorescent reporters) with either S. venezuelae (secreting red fluorescent extracellular 

proteins) or E.coli (secreting far-red fluorescent reporters) using DE-FACS. Reprinted from 

Ref.111. 
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Then FC screening and microscopic observation were performed to identify DEs with high 

fluorescence intensity, indicating a nutrient transport through the oil shell. In addition, the 

quorum sensing phenomenon was studied. The GFP-expressing bacteria were co-cultured with 

bacteria expressing quorum-sensing circuit. When the culture reached a specific concentration, 

chemical signals were released from quorum-sensing bacteria to affect the neighbouring cells, 

controlling cell population size and cellular behaviours. The usage of DEs enabled a 

quantitative measurement of this cellular process and revealed the occurrence of the quorum-

sensing activity. 

Characterisation of the cell-to-cell interaction networks within DEs across different 

community states, population sizes, and external environmental factors can reveal critical 

parameters shaping the structures and functions of microbial communities205. Chan et al.118 

demonstrated that the functions of hepatocyte spheroids were significantly improved when co-

culturing with supporting cells (endothelial progenitor cells). Terekhov et al.111, 112 have co-

encapsulated two bacterial strains (Streptomyces venezuelae and E. coli) in DEs to identify 

killer cells and inactive cells for a target cell, Staphylococcus aureus, which is achieved by 

flow cytometric screening of the survival cells in DEs (see Fig. 2.7C). After this, a naturally 

sourced microbial consortium containing a large number of variants were co-encapsulated with 

S. aureus to find out antibiotic producers and the underlying mechanisms of antibiotic 

resistance. Moreover, different cell strains were cultured in different layers of a DE to control 

interaction rate and investigate the conditions needed to improve cell viability metabolic 

activities206-208. 

2.6.2 Food industry  

Traditional food ingredients include flavouring agents, food acids and bases, lipids, 

vitamins, minerals, and other food additives. Recently, bioactive food ingredients, such as 

omega-3 oils, plant phytonutrients, and probiotic bacteria, have attracted increasing interest in 
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food processing industry209, due to their significance in health. Since bioactive substances are 

generally sensitive and unstable, the long-term retention of these substances requires a suitable 

container that can protect the inner ingredients from heat, oxidation, moisture, low-pH, 

antagonism, and in vivo environment, till the release at destination sites. A multi-layered DE 

emulsion enhances the robustness of the interface for long-term storage and allows the 

controlled release of inner ingredients, which has great potential in food industry.  

Shima et al.84, for the first time, created DEs to encapsulate a lactic acid bacterium, 

Lactobacillus acidophilus, found in digestive tracts and known as probiotics, whose 

components and fermentation products are beneficial to human health. Due to the low pH in 

gastric juice and bile acid, only 1.3% of the bacteria were viable after a short time. However, 

around 50% of the bacteria remained alive after 2 h if encapsulated in DEs and immersed in 

gastric juice. Van der Ark et al.210 investigated the viability of Akkermansia muciniphila, 

between unencapsulated and encapsulated in DEs in simulated digestion (incubated in gastric 

juice and subsequent intestinal fluid for 2 h, respectively). After the digestion, the viability of 

encapsulated A. muciniphila was 6.6%, significantly higher than the viability of free cells, 0.4% 

(see Fig. 2.8A). Upon the introduction of intestinal liquid, the emulsion is digested and the 

bacteria are released. Other probiotics, including Lactobacillus dellbrueckii90, Lactobacillus 

rhamnosus211, Lactobacillus paracasei85, Lactobacillus casei82, 212, and Bifidobacterium subsp. 

lactis213, also showed improved viability or preserved functional properties in simulated 

digestive processes. Moreover, it is found that the gelation occurred in the outer aqueous phase 

of DEs further protect probiotics against heat treatment and long-term freeze-dried storage 82, 

212. 

DE system has also been used in fermentation process control, due to its ability to release 

encapsulated ingredients in a controllable manner. Devanthi et al.206, 207, demonstrated that DEs 

encapsulated with two fermentation microorganisms have controllable release and activity (see 
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Fig. 2.8B). Zygosaccharomyces rouxii and Tetragenococcus halophilus, entrapped in the inner 

core and external aqueous phase, respectively, were delivered in a culture broth. The 

interactions of these two fermentation microbes within a DE were studied. The viabilities of 

the two microbes and their physicochemical dynamics (including the levels of glucose, ethanol, 

lactic acid, and acetic acid) were monitored between free cells and cells encapsulated in DEs. 

As a result, the presence of DEs significantly changed the microbial activities of the two species 

during the fermentation and induced a higher viability of Z. rouxii (~3 log). 

2.6.3 Tissue engineering  

Tissue engineering is related to the generation of biological tissue replacements that can be 

injected, grafted, or implanted into the diseased or injured area of a patient's body. In realistic 

body tissues, an agglomeration containing multiple types of cells resides in a 3D extracellular 

matrix. The function of a tissue, multicellular spheroids, is highly dependent on multiple factors, 

such as cell-to-cell interactions and cellular interactions with the surrounding extracellular 

matrix. 

Traditionally, cells are suspended in a spinner flask to make a functional tissue, especially 

multicellular spheroids, resulting in a wide size distribution and inconvenience to change the 

Figure 2.8 Applications of DEs in food industry. A) Encapsulation of A.muciniphila in DE 

enhances cell viability in gastric juice and after recovery. Reprinted from Ref.210. B) Co-culture 

of Z. rouxii and T. halophilus in DEs improves cell viability and metabolitesecretion. Reprinted 

from Ref.206. 
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growth environment. In contrast, constructing an artificial tissue scaffold using biocompatible 

microparticles (e.g., DEs and hydrogel microgels) as building blocks can confine cells of 

different types and provide an alterable 3D matrix to mimic different tissues. It is noteworthy 

that both DEs and microgels can protect the inner contents from a harsh environment, resulting 

in a high viability of encapsulated spheroids. A microgel as a semi-open vessel enables live 

spheroid culture in a medium a long period of time (e.g., two weeks in the medium at 37 °C), 

due to its superior mechanical properties and high permeability to external nutrients. The 

applications of microgels in tissue engineering have been discussed in recent review articles69, 

Figure 2.9 Applications of DEs in tissue engineering. A) Generation of stem cell spheroids. 

Reprinted from Ref.117. B) Generation of hepatocyte spheroids and composite spheroids 

consisting of two types of cells. Reprinted from Ref.118, Inc. C) In situ drug treatment, 

observation, and analysis of individual tumour cell spheroids by microscopy and Raman 

spectroscopy. Reprinted from Ref.180.  
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70. Moreover, a DE with a liquid core improves the interactions between the cells therefore, the 

functions, e.g., cell differentiation, are achieved more quickly.  

Chan et al.117 for the first time demonstrated the use of a DE for the formation of human 

mesenchymal stem cells spheroids (see Fig. 2.9A). Although spheroids of tumour cells have 

been constructed in microgels previously, the spheroids of stem cells have not been achieved 

yet. Using a DE as a 3D matrix, the stem cells spheroids were rapidly established within 150 

min, while traditional methods take 1 to 4 days. Moreover, enhanced osteogenic differentiation 

was found by using a microgel precursor as the inner phase and solidifying the inner core after 

the formation of spheroids. The osteogenic differentiation is controllable by modulating the 

composition of the microgel, e.g., using alginate-arginine-glycine-aspartic acid (-RGD) instead 

of alginate to enhance the expression of integrin a5b1. Similarly, the same group demonstrated 

the use of DEs with a liquid core to form human embryonic kidney 293 and hepatocytes 

spheroids in 4 h118 (see Fig. 2.9B).  The effects of different biochemical formulas of the inner 

phase and the ratio of a supporting cell, human endothelial progenitor cells, to hepatocytes have 

been investigated to enhance the hepatocyte functions.  

Recently, Qu et al.180 reported a microwell platform to perform a long-term in-situ 

characterisation of the formation and functionality of spheroids of individual human lung 

adenocarcinoma cells, Calu-3, by microscopy and Raman spectroscopy (see Fig. 2.9C). The 

growth dynamics of Calu-3 spheroids have been recorded, and Raman spectroscopy showed 

that the formed Calu-3 spheroids exhibit elevated ordered lipid structures in the apical 

membrane. Moreover, the response of spheroids to a drug was analysed by microscopic 

observations and Raman spectroscopy.  

2.6.4 Metabolic engineering  

Microbial production of industrial enzymes and other value-added bioproducts has attract 

growing interest due to its advantages over conventional chemical syntheses, such as 
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sustainability, reduction in environmental pollution, and cost-effectiveness. Due to the limited 

knowledge of complicated cellular networks, directed evolution has played an essential role in 

improving the performance and functionality of industrially important microbes. ALE has been 

a powerful tool in metabolic engineering for the development of superior industrial microbial 

strains. However, ALE experiments are lab-intensive and time-consuming, requiring the 

evaluation of the growth and metabolic kinetics of intermediate populations and numerous 

Figure 2.10 Applications of DEs in metabolic engineering. A) Directed enzyme evolution by 

iterative rounds of screening and selection of positive DEs encapsulating E.coli variant libraries 

via FACS. Reprinted from Ref.78. B) Comparison of DE-FACS and single-cell FACS for 

improving the production of self-fluorescent Riboflavin in Y. lipolytica. Reprinted from Ref.

115. C) Selection of B. coagulans strains with high yield of lactic acids by FACS. Reprinted 

from Ref.179.  
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candidate strains to select an ideal strain with improved phenotypes. In addition, this process 

lacks the ability to track the growth of cells at a single-cell level. Therefore, it calls for a high-

throughput and cost-effective screening and selection tool to select superior variant with 

desired traits. 

Single-cell FACS has already demonstrated its capability to select individual cells 

exhibiting desired properties from a heterogeneous cell population in a high throughput format 

(>107 events per hour). Nevertheless, single-cell FACS for enzyme selection is limited to 

intracellular molecules or adhesive molecules on the cell surface. In addition, single-cell FACS 

can only perform screening based on the amount of secreted enzyme rather than enzymatic 

activity, due to the lack of substrates as an indicator. The limitations of single-cell FACS can 

be overcome by encapsulating single cells within DEs, which restricts the diffusion of products 

by compartmentalisation using fluorinated oils as a barrier. By flow cytometric screening and 

sorting of cell-laden DEs based on the fluorescence intensity, cells with high productivity 

encapsulated in DEs can be isolated. Moreover, cells are viable after recovering from sorted 

DEs, which can be re-encapsulated in DEs for further rounds of selection. Similar to the ALE 

process, a few rounds of iterative rounds of mutagenesis and phenotypic selection by a DE-

FACS can result in successful evolution of industrial strains with desired traits. 

To date, a wide range of industrially important microorganisms (both eukaryotes and 

prokaryotes) have been cultivated in a DE for strain evolution, including S. cerevisiae214, 215, E. 

coli78, 92, 216-218, Bacillus subtilis219, Bacillus coagulans179, and Yarrowia lipolytica115. Notably, 

a mutagenesis library can be transcribed and translated either in a cell-free system220, i.e., in 

vitro compartmentalisation or within single cells (i.e., model organism cells transformed with 

plasmids carrying gene variants78, 216, 219, 221). For example, Mastrobattista et al.222 achieved the 

directed evolution of b-galactosidase from a random mutagenesis library constructed by error-

prone polymerase chain reaction (PCR) using DE-FACS. The positive individual genes among 
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the library went through in vitro transcription and translation and converted the fluorogenic 

substrates into recognisable fluorescent signals. After two rounds of selection, novel mutations 

accounting for the enzyme activity were identified by coupling the genotypes with phenotypes.  

Aharoni et al.78 for the first time proposed to use DE-FACS for high-throughput screening 

of enzyme libraries (see. Fig. 2.10A). A gene variant library was transformed and cloned into 

E. coli, and the encoded protein, paraoxonase (PON)-1, was allowed to translate in the E. coli. 

By cultivating individual E. coli in DEs and the three rounds of DE selection by FACS, the 

isolated PON-1 variants exhibited 100-fold improvements in enzymatic activity. 

Ideally, if the product of interest is intrinsically fluorescent, the encapsulation of fluorescent 

indicators within DEs can be avoided. For instance, Wagner et al.115 have demonstrated the 

evolution of Y. lipolytica that can produce 54-fold higher riboflavin (which is auto-fluorescent) 

than the parent strain (see Fig. 2.10B). Moreover, traditional single-cell FACS was compared 

with DE-FACS in terms of the improvement of riboflavin secretion. The results showed that 

the mutants isolated by DE-FACS produced more net and extracellular products than those 

selected by single-cell FACS. 

Another product detection approach is using fluorescent dyes that are not significantly 

quenched upon exposure and can specifically reflect the production levels. Zhu et al.179 selected 

a B. coagulans mutant with a 52% higher yield of lactic acid production than its parent strain 

(see Fig. 2.10C). A pH-sensitive probe was co-encapsulated with cells to detect low pH and 

indicate the level of lactic acid production, allowing the selection of DEs containing high-

yielding mutants by FACS.  

To date, DE-FACS has facilitated the directed evolution of different types of enzymes and 

other bioproducts, including cellulase92, protease219, polymerase120, cutinase217, 

butyrylcholinesterase111, glucose oxidase215, esterase218, riboflavin115, and lactic acid179. By 

sequencing and analysing the isolated mutants, mapping sequence-function relationships can 



Chapter 2 

51 

provide novel insights into the underlying mechanisms of molecular evolution and reveal new 

functional gene clusters and functional protein sites, opening avenues to perform function 

genomics and combinatorial protein engineering223.  

2.6.5 Drug discovery 

Due to the emergence of new diseases caused by pathogens with multidrug resistance, it 

calls for next-generation antibiotics for treating pathogen infections. Traditional antibiotic 

discovery mainly depends on the exploration and purification of natural products that are 

secreted by the e33cological competitors of target pathogens or their derivatives. Hence, 

scrutinizing the environmental microbiota containing a plethora of microorganisms continues 

to be important in modern drug discovery. However, many natural resources are under-used 

Figure 2.11 Applications of DEs in drug discovery. A) High-throughput screening of desired 

cells inhibiting bacterial growth via DE-FACS. Reprinted from Ref.111. B) Profiling of the 

activity and sensitivity spectrum of a natural microbiota to a discovered antibiotic, 

amicoumacin A (Ami) via high-throughput screening of DE-FACS. Reprinted from Ref.112.  
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due to the inefficiency of the traditional screening methodologies, which are based on 

miscellaneous population signals and might ignore rare or slow-growing microbiota sources. 

A high-throughput drug screening method plays a critical role in discovering new drugs 

from natural resources as cures against certain pathogens and diseases. DE-FACS not only 

offers a high-throughput screening method but also empowers a high-throughput functional 

profiling of microbiota through the integration with downstream analytical tools, i.e., 

sequencing, bioinformatics, and metabolomic analysis. In addition, a DE acts as a constriction 

to fast-growing species, thus the minority of slow-growing microbiota species accounting for 

less than 0.1% of the whole population can be assessed111. 

Terekhov et al.111 established a workflow of a DE-FACS screening (see Fig. 2.11A). In their 

study, antibiotic-resistant pathogen, S. aureus, were co-cultured with a host of microorganisms 

originating from human oral microbiota in DEs. FACS was used to isolate DEs containing 

inhibited S. aureus and a cultivatable killer organism, indicated by a specific combination of 

three fluorescence reporters. By next-generation sequencing, bioinformatics, and mass 

spectrometry, both slow-growing and culturable oral microbiota species as killers to S. aureus 

were identified, a genus associated with this antibiotics effect was revealed, and some 

compounds, e.g., Pyocyanin and phenazine-1-carboxylic acid were recognised as the principal 

functional bioactives to perform a synergetic inhibition of S. aureus. 

Later on, the same group demonstrated in the discovery of probiotics and physiologically 

active compounds from Siberian bear microbiota using a similar DE-FACS approach112 (see 

Fig. 2.11B). An active compound, amicoumacin A (Ami), and its culturable producer, Bacillus 

pumilus, were isolated. Functional gene clusters of Ami were subsequently recognised and 

characterised by proteomics and heterologous expression, revealing the mechanism of Ami 

activity. Moreover, a quantitative single-cell analysis was performed to evaluate the probiotic 



Chapter 2 

53 

susceptibility and resistance activities toward different microbiomes, i.e., the oral microbiota 

from the Siberian bear and human fecal microbiota. 

2.7 Challenges 

As discussed above, using DEs as microbioreactors has many advantages for cellular assays 

(e.g., high-throughput single-cell isolation, high controllability, and integration with FC) 

compared with traditional methods. Therefore, DEs have been used for a wide range of 

applications in biological, biomedical and industrial fields. However, there still exist some 

limitations, which hinder the adoption of DEs by wider communities, including single-cell 

encapsulation rate and generation, stability, and the molecule leakage of DEs. 

2.7.1 Single-cell encapsulation 

Droplet-based microfluidics has been considered as a powerful tool to rapidly encapsulate 

a large number of single cells in parallel compartments, i.e., single emulsions and DEs. 

Individual cells are encapsulated within droplets when they arrive at the water-oil interface. 

However, the travelling time of cells in microchannels to reach the interface is random, 

resulting in passive encapsulation that follows the statistical model, Poisson distribution. 

Deterministic cell encapsulation methods include hydrodynamic methods and printed 

droplet microfluidics. Hydrodynamic methods (e.g., inertial focusing) allow individual cells to 

reach the interface at the same rate and with uniform spacing224-226. Printed droplet 

microfluidics technology can automatically control the dispensing of droplets and cells to 

ensure single-cell encapsulation227. Despite the high efficiency of single-cell encapsulation, the 

first method requires specific configurations of cells and high flow rates47 while the second 

method requires a complex setup and has low throughput. In non-deterministic cell 

encapsulation, there are some inaccuracies in predicting the portion of droplets containing 

various numbers of cells via Poisson distribution, due to the cell sedimentation and aggregation. 
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Cell sedimentation changes the uniformity of cell distribution within the suspension (in the 

syringe, tubing, and microchannels), and therefore, increases the chance of aggregation. Finally, 

cell sedimentation and the resultant aggregation decrease the reliability of the droplet 

generation system. Therefore, sedimentation effects must be suppressed in the microfluidic 

droplet systems to improve single-cell encapsulation efficiency. 

Magnetic stirring has been often used to prevent cell sedimentation and aggregation228, 229. 

However, this method may cause cell volume fraction, cell damage, and cell physiological 

fluctuations. A simpler and gentler method is the use of biocompatible density-matching 

reagents to balance the density of cell suspensions and suspending medium before cell injection. 

Also, it calls for a detailed report that quantitatively evaluates the effect of density-matching 

reagents on single-cell encapsulation efficiency. Notably, a high cell concentration in a droplet 

at the beginning is desired for some applications, e.g., food industry206, 207 and tissue 

engineering118. For high cell concentrations and large droplets with large λ values, the random 

distribution of cells is not a significant issue to encapsulate an approximately equal number of 

cells per droplet. The number of cells encapsulated in a droplet in these cases follows Gaussian 

distribution47. 

2.7.2 Generation  

Passive methods for generating DEs with microfluidic devices can rapidly generate 

monodisperse DEs with good control of droplet size and single-cell encapsulation efficiency. 

However, some technological limitations still exist in the fabrication and generation of DEs. 

The wettability of the microdevices significantly affect the robustness of the high-throughput 

generation of DEs, and the geometry plays an important role in determining the pattern of 

wettability in the devices. Besides 3D PDMS microfluidics that requires multiple fabrications 

and alignments, most microchannels or microcapillaries need surface treatment at target 

regions using either chemicals modification or surface activation methods based on plasma, 
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discharge, or UV/O3. For multi-module microfluidics connecting more than one separate 

microdevices or glass capillaries, the patterning of either hydrophobicity or hydrophilicity can 

be achieved separately in different devices, which may cause turbulence due to the unstable 

shear force at the connection and suffer from the difficulty of the precise alignment. Although 

single-module microfluidics avoids these issues, it requires a high degree of spatial control of 

wettability in one microdevice. Different approaches based on the use of controllable initiators 

(e.g., temperature, UV, and plasma), inert phase or diffusion barrier channels can confine the 

surface treatment at target regions, but they suffer from either relatively long treatment time or 

labour-intensive processes.   

2.7.3 Stability 

In practice, DEs are thermodynamically unstable systems and tend to rupture during 

storage65. The reasons for the inherent instability have been investigated, which are attributed 

to the polydispersity of DEs, the size of inner cores, mass transfer between inner and outer 

layers, and reverse micellar mechanisms. This leads to an uncontrollable release of the inner 

ingredients to the environment, restricting its commercial production and potential 

applications80, 230. The uniformity of DEs and the reduced size of inner cores can be resolved 

by improving the generation methods80. Notably, the size of generated DEs should be less than 

one-third of the nozzle diameter to prevent the collapse of DE under a high shear force during 

the flow cytometric screening and sorting71.  

Two main approaches without changing the entrapped actives have been proposed to 

improve DE stability65, 79, 80. First, the osmotic pressure gradience should be balanced between 

the inner phase and outer phase to prevent the occurrence of osmosis. Second, an alternative 

composition of a DE (e.g., an alginate core instead of a liquid core) can enhance its mechanical, 

thermal, chemical stabilities69. Monomeric surfactants in aqueous phases should be avoided as 

they can immigrate to the oil layer and form reverse micelles that dissolve aqueous 
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compounds231. Towards this end, a large number of oils, aqueous cosolvents, combinations of 

ionic or non-ionic surfactants have been explored69, 80, 230-232 to enhance DE stability. The use 

of polymeric amphiphiles (synthetic tailored or natural macromolecules), e.g., proteins and 

polysaccharides231 in each phase can either increase the viscosity of each phase or form 

complex oils or surfactants to enable a DE to behave like a more stable solid core-shell system69 

(i.e., microcapsules or microspheres), significantly reducing the mass transport between layers 

and reverse micellar transport. It’s worth noting that the concentrations of amphiphiles can be 

optimised and the selection of materials for each phase is based on the applications.  

2.7.4 Molecule restriction 

As mentioned above, DEs generally allow the mass transfer of small molecules, ions, and 

gas between their interior and exterior, selectively or at a low rate. This trait has been utilised 

for introducing the reagents for stimulating cells or analysing cellular behaviours after 

encapsulation for real-time cell screening70, 109, 117, 132. However, to ensure an accurate and 

effective cellular analysis, it is crucial to maintain all the molecules within the inner core of 

DEs for a long period in many cases, during the incubation, relocation, screening, and sorting 

without any cross-contamination or analyte leakage51. There are two main mechanisms caused 

the unwanted mass transport200: the diffusion of trapped molecules into the oil, and formation 

and transport of reverse micellular. 

To date, several approaches have been used to facilitate the retention of small-molecule 

analytes within DEs. Biopolymers such as BSA and carboxymethyl cellulose can form a 

complex at the interface that can reduce the leakage of molecules 160, 191, 192, 200, 233. Moreover, 

fluorinated oils are widely used in current droplet-based microfluidics instead of mineral oils, 

whose fluorocarbon group is immiscible with organic molecules and hence reduces the 

molecule leakage. Some approaches are based on the use of indirect reporters to circumvent 

the intrinsic permeability of a DE, opening up avenues to screen a broader range of analytes. 
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For example, a hydrophobic substrate is engineered, which can diffuse into the inner core of a 

DE. After reacting with the entrapped enzymes, its products have a reverse polarity and can be 

retained inside the oil shell234. Furthermore, biosensor cells and high-molecular-weight 

reporters (e.g., responsive proteins and RNA aptamers) have been integrated with DEs to 

capture small molecules, avoiding possible leakage63. 

2.8 Summary 

In summary single-cell analysis has attracted increasing attention to reveal cell-to-cell 

heterogeneity for many applications from both the academic and industrial perspectives. 

Different approaches have been developed for single-cell isolation and subsequent analysis, 

including AFM, LCM, micromanipulation, cytometry, and microfluidics. I mainly focus on 

droplet-based microfluidics for single-cell analysis, due to its intrinsic advantage of high-

throughput generation of a large number of single-cell compartments. A DE system is a highly 

tailorable, semi-permeable core-shell system, which is compatible with commercial flow 

cytometers for single-cell screening and sorting. The inner phase contains functional cells or 

actives for various applications; the middle shell acts as a selective barrier that controls the 

mass transport; and the outer phase determines the composition and morphology of the whole 

system and provides the compatibility with FC setup. These traits empower a DE with a lot of 

advantages as a micro-bioreactor: for single-cell analysis. I highlight the generation and 

composition of DEs, the applications of DEs for single-cell analysis in various areas, as well 

as current challenges and opportunities for DE technology. 
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Chapter 3 Improving single-cell encapsulation efficiency 

and reliability through neutral buoyancy of suspension* 

*Liu, H.; Li, M.; Wang, Y.; Piper, J. A.; Jiang, L., Improving single-cell encapsulation 

efficiency and reliability through neutral buoyancy of suspension. Micromachines 2020, 11 (1), 

94. 

 

To achieve the high-throughput single-cell analysis using droplet-based microfluidics, the 

efficiency and reliability of single-cell emulsification remain as prerequisites. This is 

challenging to achieve high-efficiency single-cell encapsulation rate due to cell sedimentation 

and aggregation. This chapter is to quantitively investigate the influence of neutral buoyancy 

on single-cell encapsulation and incubation A low-toxicity and non-iconic density-matching 

reagent, OptiPrep™, was used to achieve neutral buoyancy. An optimal concentration of 

OptiPrepTM improves single-cell encapsulation rate and facilitates effective single-cell study 

using microdroplets.  

 

3.1. Introduction 

Single-cell analysis has been attracting great interest from both academia and industry as a 

powerful technique in the field of medical diagnosis, tissue engineering, and cell biology. 

Conventional biological assays focus on the signals based on large cell populations that 

normally provide average information about hundreds of thousands of cells; thus, the existence 

of cell-to-cell variations and the intrinsic and inherent properties of cell populations are 

obscured1, 2. Unlike bulk population analysis, single-cell analysis allows in-depth profiling of 

cell populations at single-cell resolution and uncovering of rare cell subpopulations. 



Chapter 3 

69 

Furthermore, individual cells of interest can be sorted from the majority of the population for 

further studies. This technology has been demonstrated as a powerful tool to investigate cancer 

biology, by profiling marked heterogeneity, development of new diagnostics, and personalised 

medicine. 

Traditional flow cytometry is mostly used in single-cell analysis to scrutinise heterogeneous 

cell populations in a high throughput and multiplexing manner3, 4. However, some limitations 

have restricted its wide application for single-cell analysis. FACS mainly relies on cell-surface 

markers for detection, which curb the assay of intracellular interactions, secretions of 

metabolites, and genetic materials. Moreover, flow cytometry allows only single time point 

measurements, therefore, the same single cells can neither be observed over long periods nor 

suitable for repetitive measurements2, 5. 

As an alternative, microfluidic droplet-based assays are fast, cost-effective, and high-

throughput methods becoming valuable tools for single-cell analysis. Compartmentalisation of 

single cells in monodispersed droplets has various advantages for applications across biology 

and biomedicine, because: (1) microenvironments of cells can be uniformly created and 

maintained to harmonise the extrinsic influence on cells; (2) droplets provide a unique tool to 

link genotypes with phenotypes of cells through confinement, as cells and molecules secreted 

remain trapped inside the droplets and are analysed and sorted in a timeframe 6; (3) the secreted 

molecules from single compartmentalised cells quickly reach a detectable limit because of the 

small volume of the confinement, which enables the rapid detection of molecules of interest; 

and (4) encapsulated cells can be lysed by cell lysis buffer without membrane rupture, enabling 

biochemical and genetic analyses of intracellular contents of single cells based on released 

DNA or RNA amplified in the droplets. 

When using microfluidic chips to encapsulate single cells into droplets, the majority of 

droplets either contain more than one cell or are empty. Although the frequency of droplet 
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generation and their diameters are tunable to produce more microdroplets containing exactly 

one cell, cell encapsulation in droplets is a random process limited by the Poisson distribution 

that is hard to control. Statistical models are established to provide an understanding of the 

underlying processes and estimation of the relevant parameters, however, high-efficient, 

reliable, and repeatable control over the encapsulation of single cells in droplets is still difficult 

to achieve due to the instrumental errors and cell sedimentation and aggregation7. Cell 

sedimentation changes the uniformity of cell distribution within the suspension (in the syringe, 

tubing, and microchannels), and therefore, increases the chance of aggregation. Ultimately, 

sedimentation and the resulting aggregation decrease the reliability of the droplet generation 

system by causing syringe clogging and non-uniform cell count per droplet. Therefore, to 

achieve higher single-cell encapsulation efficiency and reliability, sedimentation effects must 

be suppressed in the microfluidic droplet systems. 

A variety of methods have been developed to increase the efficiency of single-cell 

encapsulation in microdroplets. External forces, such as acoustic, magnetic, and optical forces, 

have been integrated with microfluidic platforms to localise single cells at the droplet formation 

region, which help to increase the single-cell encapsulation rate. However, cell growth 

conditions may deteriorate when exposed to external stress, and normally the throughput of 

external force-assisted droplet generation methods is lower by an order of magnitude than that 

of methods without the need of external forces (i.e., at kHz rates). Furthermore, external force-

assisted methods necessitate more complex experimental setup. In addition to external forces, 

the intrinsic properties of fluidics in microchannels have been used to enhance single-cell 

encapsulation efficiency. For example, the introduction of inertial flow coupled with Dean flow 

can increase the fraction of droplets containing single cells to ~80%7, 8. However, the 

deterministic methods merely suit the encapsulation of homogenous cells, and the velocity of 

cell perfusion must correspond to that of droplet formation, which requires a meticulous 
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operation. Moreover, the flow rates are much higher than those typically used in microfluidics 

chips (i.e., 1 < Re < 300 and flow velocities on the order of ~ 0.1–1 m s−1)7, and the increased 

fluid shear stress may induce cell death.  

Magnetic stirring has been often used to prevent cell sedimentation and aggregation9, 10. 

However, this method may cause unstable cell volume fraction, cell damage, and cell 

physiological fluctuations. Compared to the magnetic stirring method, the use of biocompatible 

density-matching gradient reagents to balance the density of cell suspensions is simpler and 

gentler. There are a number of different ideal density gradient materials, like sucrose, salts, 

polysucrose, and colloidal silica11. The selection of optimum reagent usually depends on the 

applications. The optimum should not alter the conditions of cells or particles to be separated 

and should provide a reliable density range for specific types of suspending cells or particles. 

OptiPrep™12, 13 is a non-ionic iodinated solution containing 60% (w/v) iodixanol with a 

molecular weight of 1550 in water. The density of OptiPrep™ is 1.320 ± 0.001 g/mL and the 

endotoxins are below 1.0 EU/mL. OptiPrep™ was first developed for clinical purposes in X-

ray contrast imaging12, 14. Due to its low-toxicity, low osmotic pressure, and no obvious 

penetration into large particles, OptiPrep™ is extensively used for the isolation of different 

types of molecules and cells, including peroxisomes, cytokine, DNA, viruses, organelles, 

exosomes, and a wide range of mammalian cells13, 15-18. 

OptiPrepTM shows advantages when comparing with other density-matching reagents, such 

as Nycodenz® 19, Metrizamide20, and Percoll®11, 21. For example, Nycodenz® can cause possible 

contamination when isolating particles21; Metrizamide is less cell-friendly due to its ionic 

nature; and there are concerns about the toxic effects of Percoll®. In addition, the density of 

Percoll® (1.13 g/mL ± 0.005 g/mL at 25 °C) is lower than that of OptiPrep™, which means 

that a larger amount of Percoll® is required to make solutions with the same density. 
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Therefore, its biocompatible and non-invasive properties make OptiPrep™ an ideal additive 

in the aqueous phase for droplet-based microfluidics. The use of OptiPrep™ has been 

demonstrated for increasing encapsulation efficiency of single THP-1 cells in microdroplets22. 

The THP-1 cell has a density of 1.05 g/mL, and the sedimentation of this type of cell occurs in 

a common culture medium. However, the concentration of OptiPrep™ used in the previous 

article22 (i.e., 18%) has not been optimised. Moreover, it is noteworthy that time-dependent 

behaviours of OptiPrep™ and its effect on cell encapsulation efficiency23 have been only 

investigated under limited conditions: relatively low cell concentration (3 × 106 cells mL−1 ), 

certain cell types (adherent cells), specific period of time (trypsinisation of cells), and limited 

environment (gel materials with higher viscosity). A detailed study about the impact of 

OptiprepTM and cell density on the encapsulation rate and cell viability in microdroplets has 

not yet been reported to date.  

In this work, we attempt to mitigate cell sedimentation and improve the efficiency of single-

cell encapsulation in microdroplets through neutral buoyancy. Although researchers have 

mentioned the use of OptiPrepTM for cell encapsulation by droplet-based microfluidics24-28, to 

the best of our knowledge, this is the first detailed report quantitatively evaluating the effect of 

OptiPrepTM on THP-1 cell encapsulation efficiency and cell viability in microdroplets. 

3.2. Theory 

3.2.1. Stokes’ Law  

In order to achieve the desired cell suspension dispersion and mitigate the effects of 

sedimentation, an appropriate medium density that is equivalent to the density of target cells is 

essential. Theoretical values for sedimentation velocities can be obtained using Stokes’ law29-

31, as: 
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� =
��� − ���g��

�

18µ
, (1) 

where � is the sedimentation velocity, g is the gravitational acceleration, Dp is the particle 

diameter, �� and �� are the particle and fluid densities, respectively, and µ is the fluid viscosity. 

From Equation (1), we know that the sedimentation velocity will increase with effective 

particle diameter and this indicates that aggregation of cells results in increased sedimentation 

velocity. 

3.2.2. Poisson Distribution 

Here, the Poisson distribution is used as an informative predictor for the rate of single-cell 

encapsulation when the target cells are smaller than the droplets volumetrically and are 

distributed homogeneously in an aqueous solution. The Poisson distribution, which is a discrete 

probability distribution, has been used to calculate the probability of a single cell in one droplet 

during encapsulation, assuming there is random dispersion of cells in the sample and constant 

flow velocity (shown in Table S3.1). The use of OptiPrep™ can achieve uniform suspension 

of cells in the sample by tuning the aqueous density to that of cells. The probability of one 

droplet containing k cells can be dictated by 

� (�, �) =

 

�����

�!
, (2) 

where λ is the average number of cells per droplet, 

� = � · ��, (3) 

C is the concentration of cells in aqueous solution with unit of cells/mL, and ��  is the 

volume of each droplet. By replacing � in Equations (2) with (3), the probability of droplets 

containing k cells at different droplet sizes and cell concentrations can be calculated by Poisson 

distribution using MATLAB (MathWorks, Natick, MA, USA). 
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3.3. Materials and Methods 

3.3.1. Device design and fabrication 

The droplet-based microfluidic device used in this study consists of two inlets for the 

perfusion of disperse phase and continuous phase, connecting microchannels with an aspect 

ratio of height/width = 1:2 (height: ~40 µm; width: ~80 µm), a rectangular observation chamber 

of 2 × 0.65 cm, and one outlet (shown in Fig. S3.1). The geometry we used here was T-junction, 

in which the oil flowed horizontally towards the observational chamber, and the aqueous phase 

flowed vertically and sheared into uniform droplets. This droplet-based microfluidic device 

was fabricated using standard soft-lithography techniques, including: (i) mask design via 

computer-aided design software; (ii) mylar mask printing; (iii) fabrication of the SU-8 (SU-8 

2035 or 2050, MicroChem, Newton, MA, USA) master mold; (iv) casting of PDMS (Sylgard 

184, Dow Corning, Midland, MI, USA); and (v) air plasma treatment on the surfaces of the 

glass substrate and PDMS slabs for irreversible covalent bonding.  

3.3.2. Cell culture and preparation 

The acute monocytic leukemia THP-1 cell line was obtained from CellBank Australia. Cells 

were cultured in a vertical T-75 flask filled with 12 mL of the complete growth medium: 90% 

RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA), 10% fetal bovine serum (FBS, Thermo 

Fisher Scientific, Waltham, MA, USA), and supplemented with 1% penicillin-streptomycin 

(Thermo Fisher Scientific, Waltham, MA, USA); and kept in an incubator (Thermo Fisher 

Scientific, Waltham, MA, USA) which provides sterile conditions at 37 ℃ with 5% carbon 

dioxide. THP-1 cells were inoculated in fresh complete growth medium at an initial 

concentration of 2 × 105 cells/mL. The number and viability of THP-1 cells were measured by 

the Trypan blue-based TC-20 automated cell counter (Bio-Rad, Hercules, CA, USA). Normally, 

to acquire enough volume (e.g., 1 mL) of cell suspension (e.g., 6 × 106), two flasks of cells are 
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cultured for four days simultaneously, then spun down and suspended with fresh medium 

which adjusts the cell density to the desired value to be used before the viability drops down to 

95%. When cell number and viability both satisfied the requirements, THP-1 cells were used 

to perform encapsulation in microfluidic droplets. 

3.3.3. Encapsulation of single cells in water-in-oil droplets 

Oil phase, Novec™ 7500 Engineered fluid (3M, St. Paul, MN, USA) mixed with 2% Pico-

Surf™ 1 (Sphere Fluidics, Cambridge, UK) as surfactant, and aqueous phase cells in culture 

medium and OptiPrep™ (Sigma-Aldrich, St. Louis, MO, USA), were delivered via two syringe 

pumps (PHD 2000, Harvard Apparatus, Holliston, MA, USA; Chemyx, Fusion 200, Stafford, 

TX, USA) into the microchip to produce cell-encapsulated microdroplets. The fluorinated 

ethylene propylene (FEP) tubing (IDEX, Lake Forest, IL, USA), with an inner diameter of 0.5 

mm, was used for connecting the syringes to the microchip inlets. The microfluidic chip was 

used to produce uniform cell-laden droplets of different sizes by tuning the flow rate of the oil 

phase and aqueous phase. 

3.3.4. Measurement of cell density and viability with the presence of 

OptiPrep™ 

The density gradient centrifugation method is considered as a golden standard to measure 

individual cell weight 32. Here, we drew on this idea and mixed different volumes of 

OptiPrep™ with culture medium to achieve four cell suspensions of different OptiPrepTM 

concentrations: 4%, 8%, 12%, and 16%. Cells were spiked into the density-tuned media at the 

concentration of 3 × 106 cells/mL and incubated for at least half an hour to record the cellular 

precipitation.  

Cells at the concentration of ~3 × 106 cells/mL were used to create cell-laden droplets with 

the medium containing final concentrations 0% OptiPrep™, 8% OptiPrep™, 13.2% 
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OptiPrep™, and 16% OptiPrep™, individually. Cell viability was monitored after 12 h and 24 

h culture at 37 °C with 5% carbon dioxide. For each time point, cells from three replicate 

experiments were measured. Then 50 μL of cell-laden droplets were pipetted and 2 μL Pico-

Break™ (Sphere Fluidics, Cambridge, UK) were added and mixed well by inverting the 

centrifuge tube five times mildly. After that, the oil phase was spun down at 300 g for 1 min at 

room temperature and the supernatant containing cells was aspirated into a new centrifuge tube. 

Then, the viability assay kit for animal live and dead cells (Biotium, Hayward, Ca, USA) 

containing 2 μ M Calcein AM and 4 uM EthD-III was mixed with the released cells at room 

temperature for 20 minutes. After staining, the cells suspension was imaged by fluorescein 

isothiocyanate (FITC) channel to see the live cells (green) and mCherry channel to see the dead 

cells (red) by a fluorescence microscope, IX-83 (Olympus, Tokyo, Japan). 

3.3.5. Measurement of OptiPrep™ inducing effect on cell encapsulation  

Cell suspensions without OptiPrep™ (0% OptiPrep™), with 8% OptiPrep™, 13.2% 

OptiPrep™, and 16 % OptiPrep™ were spiked into the aqueous phase, respectively, and then 

cell encapsulation in microdroplets was performed immediately after the addition and mixing. 

At least one hundred measurements were performed in the observation chamber for each 

replicate, and a total of three replicates were conducted for each condition. The experimental 

results of cell encapsulation in microdroplets were analysed by one-way analysis of variance 

(ANOVA) to determine whether a significant difference was present between with OptiPrep™ 

and without OptiPrep™. The experimental data were fitted to the theoretical values based on 

Poisson statistics to show the effect of OptiPrep™ on cell encapsulation. The ~81 µm diameter 

droplets were produced to encapsulate single cells at cell density of 2 × 106, 4 × 106, 6 × 106, 

and 8 × 106 cells/mL, respectively. 
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3.3.6. Imaging and image analysis 

Videos of droplet formation were recorded with a high-speed camera (Phantom Miro M/R/ 

LC320S, Vision Research, Inc., Wayne, NJ, USA), and a digital camera (DS-Qi1Mc, Nikon, 

Tokyo, Japan) equipped on an inverted microscope (Eclipse Ti-U, Nikon, Tokyo, Japan) was 

used to capture images of cell-laden droplets. An observation chamber on the microfluidic chip 

(Figs. S3.1C, D) was specifically designed for the imaging of droplets. The number of droplets 

was counted by programs written in MATLAB (Fig. S3.2). In order to show the size 

distribution of droplets and cell encapsulation rates at different cell and OptiPrep™ 

concentrations, random frames of at least 100 droplets in the chamber were chosen for counting 

and statistical analysis using ImageJ (National Institutes of Health (NIH), Bethesda, MD, USA) 

(see Fig. S3.3).  

3.4. Results and Discussion 

3.4.1. OptiPrep™ effectively mitigates cell sedimentation 

In this work, we developed a medium density matching strategy to improve single-cell 

encapsulation efficiency and reliability through neutral buoyancy of cell suspension as shown 

in Fig. 3.1. The two immiscible fluids (continuous phase: oil; dispersed phase: cell, medium, 

and OptiPrepTM) were simultaneously infused into the droplet generation part, a T-junction, of 

the fabricated microfluidic chip. The formation of droplets took place when shear force acting 

on the interface between two fluids overcame the interfacial force (shown in Video S3.1). Cells 

were encapsulated into microdroplets containing aqueous solutions surrounded by the oil phase. 

Many cancer cells are known to aggregate and such aggregation phenomena were observed 

in many cancer-derived liquid biopsies33, 34. Therefore, the suspension always consists of a 

large number of single cells as well as cell clusters. As seen in Fig. S4A, we observed that cells 

were mostly clustered at the bottom of inlets and were not able to be perfused into microfluidic 



Chapter 3 

78 

channels in the non-density matched suspension. This was due to the higher density of THP-1 

cells (~1.05 g/mL) compared to the cell culture medium (~1.009 g/mL). Using the non-density 

matched suspension, the single-cell encapsulation rate rarely matches the theoretical value of 

Poisson statistics. Cell suspension containing 0%, 4%, 8%, 12%, and 16% (v/v) OptiPrep™ 

were prepared individually to determine the appropriate medium density for preparing neutral 

buoyancy of THP-1 cell suspension. After 30 min, the THP-1 cells in whole culture medium 

(left tube) sedimented markedly, whereas density-matched THP-1 cells (right tube) were still 

well suspended, as shown in Fig. 1. The density of culture media with 12% OptiPrep™ (1.046 

g/mL) and 16% OptiPrep™ (1.059 g/mL) is closer to the density of THP-1 cells; neutral 

buoyancy of THP-1 cell suspension occurs in the media with OptiPrep™ between 12% and 16% 

(Fig. S4B). 

3.4.2. Efficienct single cell encapsulation using neutral buoyancy of 

suspensions 

Some researchers normally adopt the cell seeding of a low λ value to ensure that a large 

proportion of droplets contain only one cell, but it causes the majority of wasteful empty 

droplets. Unsurprisingly, the rate of single-cell-encapsulated droplets increases at a higher λ 

Figure 3.1 Schematic of a droplet-based microfluidic platform for highly efficient single-cell 

encapsulation using neutral buoyancy of suspension. Using an appropriate concentration of 

OptiPrep™ in culture medium prevents cell sedimentation. 
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value. For example, when λ = 1, the rate of droplets containing a single cell is 36.8%, while 

the rate of empty droplets and droplets containing more than one cell is 36.8% and 26.4%, 

respectively. 

Compared with the laborious change of cell density, droplet size is relatively easy to control. 

A microfluidic device with T-junction geometry was employed to encapsulate single THP-1 

cells in monodisperse microdroplets (Fig. 3.1). With constant flow rates, we produced highly 

monodisperse droplets, enabling highly reproducible reaction and analysis conditions. Fine 

tuning of the droplet size for a given channel geometry is accomplished by varying the fluid 

viscosity, aqueous flow rate or the overall flow rate. This also leads to variations in the drop 

production frequency. In Fig. 3.2, it can be seen that we generated droplets with a mean 

diameter of 32.8 µm, and a standard deviation of 3.2%. By increasing the flow rate of the 

Figure 3.2 Microfluidic T-junction droplet-generator created uniform and stable droplets. 

(A) The morphology created droplets of three sizes: 32.8 μm, 51.4 μm, and 80.8 μm. Scale 

bar = 100 μm. (B) Plots of size distribution of droplets generated by the microfluidic chip. 

The limits of the box refer to the 25th and 75th percentiles, the cross line is the mean value, 

the black square is the median value, and the whiskers extend to 1.5 times the interquartile 

range (IQR). For each measurement, 100 droplets were counted. 
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aqueous phase, we were able to generate droplets with a mean diameter of 51.4 µm, and a 

standard deviation of 6.4%. In order to maintain long-term cell culture in droplets, larger 

droplets with a mean diameter of 80.8 µm and a standard deviation of 1.9% were formed by 

decreasing the flow rate of the oil phase using the same device. Therefore, cells can be 

encapsulated with OptiPrep™ in highly monodisperse droplets for long-term cell culture (i.e., 

culture in large droplets with affluent nutrients) and assays.  

The rate of single-cell encapsulation within microdroplets of three different sizes (with a 

mean diameter of 32.8 μm, 51.4 μm, and 80.8 μm) at four different cell concentrations (2 × 106 

cells/mL, 4 × 106 cells/mL, 6 × 106 cells/mL, and 8 × 106 cells/mL) was calculated by Poisson 

distribution (Fig. S3.5 and Table S3.1). We used ~81 μm microdroplets to investigate the effect 

of OptiPrep™ concentration on cell-encapsulation efficiency, because it can achieve a higher 

rate of droplets containing single cells and lower rate of empty droplets compared to ~33 μm 

and ~51 μm droplets (see Fig. S5). Moreover, a relatively lower concentration of cells is needed 

for ~81 μm microdroplets to study single-cell encapsulation. In theory, we assumed that cells 

are dispersed in culture medium uniformly and the maximum efficiency for encapsulating 

single cells is 36.6% in the ~81 µm droplets at the cell concentration of 4 × 106 cells/mL. we 

tested the influence of density matching on the evenness of cell encapsulation rate by using cell 

suspension with different concentrations of OptiPrepTM (Fig. 3.3A). The single-cell 

encapsulation is below 10% in the non-density matched suspension at the cell concentration of 

4 × 106 cells/mL. The single-cell encapsulation rate increases to ~30% when cell suspension is 

prepared at the concentration of 8 × 106 cells/mL. This is due to the significant variation 

between the calculated cell concentration and the real concentration after sedimentation. 

However, to achieve a high rate of single-cell encapsulation without density matching, an 

extremely high concentration of cells has to be used initially, which increases the risk of 

clogging in syringes and microchannels. 
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Figure 3.3 Cell encapsulation in microdroplets at different cell and OptiPrepTM concentrations. 

(A) Plots of probability of THP-1 cell encapsulation in 81 µm droplets at different 

concentrations of OptiPrep™ (0%, 8%, 13.2%, and 16%) and cells (2 × 106, 4 × 106, 6 × 106, 

and 8 × 106 cells/mL). From the left to right: experimental values at 0% OptiPrep™, 8% 

OptiPrep™, 16% OptiPrep™, and optimised OptiPrepTM (13.2%), and theoretical values 

predicted by Poisson distribution for cell encapsulation of 81 µm droplets. (B) The comparison 

between the theoretical and experimental results of cell encapsulation in microdroplets. 
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Fig. 3.3A also displays the experimental results of cell encapsulation rate in ~81 µm droplets 

using non-sufficient density matching reagent (8% OptiPrep™). It shows that the single-cell 

encapsulation rate is ~31.1 ± 3.2%, which is 5.6% lower than the predicted rate by Poisson 

distribution. Although the increase of cell concentration from 4 × 106 cells/mL to 6 × 106 

cells/mL can increase the single-cell encapsulation rate, it leads to an increase rate of droplets 

containing multiple cells. When using sufficient density matching reagent (16% OptiPrep™), 

specifically, the rate of droplets containing single cells increases from 34.3 ± 2.8% to 35.3% ± 

5.7% (no significant difference), while the rate of droplets containing two cells increases from 

22.2 ± 3.2% to 25.1 ± 5.7%. Therefore, cell concentration at 6 × 106 cells/mL is not preferred 

for single THP-1 cell analysis in 81 µm droplets. In addition, a sudden increase in the rate of 

droplets containing multiple cells was observed when cell concentration increased to 8 × 106 

cells/mL. These results could be attributed to a larger number of cells existing at the T-junction 

due to sedimentation, or cell clusters injected into the microchannel.  

In theory, the rate of droplets containing cells obtained based on the neutral buoyancy of 

cell suspensions fits better than the ones predicted by Poisson distribution and reduces the 

amount of OptiPrep™ to lessen its impact on cell physiology. Here we calculated and 

Plots of the probability P (λ, k) values for droplets containing different number of cells (0, 

1, 2, 3, 4, and ≧5) obtained from experiments and Poisson statistics are shown. R2 refers to 

the coefficient of determination of different groups fitting Poisson distribution. (C) ANOVA 

test results for the rate of single-cell encapsulation in droplets. A comparison between 

experimental values and theoretical value (TV) at different concentrations of OptiPrepTM 

was performed for each cell concentration. ** represents p < 0.01; † means no significant 

difference. n = 3, error bars represent the standard deviation. (D) Photographs of cell-laden 

microdroplets generated with the presence of OptiPrep™ at different concentrations. From 

the top to bottom: 0% OptiPrep™, 8% OptiPrep™, and 16% OptiPrep™ in cell suspensions. 

Cell concentration was 4 × 106 cells/mL. Scale bar = 100 µm.  
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experimentally verified that the most appropriate concentration of OptiPrep™ to form THP-1 

cell suspension is 13.2%. By using this concentration of OptiPrep™ and the cell density of 4 × 

106 cells/mL, experimentally obtained rates of empty droplets (34.1 ± 12.3%), droplets with 

one cell (35.3 ± 9.2%), droplets with two cells (19.1 ± 2.6%), three cells (8.1 ± 6.6%), and four 

cells (2.4 ± 2.3%) are in good agreement with the theoretical rates. 

 Fig. 3.3B shows that the addition of 13.2% OptiPrep™ is optimal to predict the rate of 

droplets containing different numbers of cells, as the experimental curves of the cell-laden 

droplet rate under different conditions fit well to the theoretical values. 

As shown in Fig. 3.3C, in terms of single-cell droplet rate, all groups but the 8 × 106 cells/mL 

show a significant difference for 0% OptiPrepTM vs. 8% OptiPrepTM, 0% OptiPrepTM vs. 16% 

OptiPrepTM, and 0% OptiPrepTM vs. 13.2% OptiPrepTM. 

In this study, neutral buoyancy suspensions of THP-1 cells were prepared as a proof-of-

concept. Other neutral buoyancy suspensions with specific entities, such as various cancer cells, 

bacteria, fungi, and particles can be calculated and prepared depending on the density of targets.  

3.4.3. Cell viability and proliferation with the presence of OptiPrep™ 

We examined whether a prolonged period of suspension and incubation would affect 

cellular viability. This was to ensure that suspending cells in a neutrally buoyant suspension is 

a feasible and stable approach for long-time single-cell assays. To test the viability of cells in 

the droplets after 12 h and 24 h culture, we removed the oil layer before performing the 

live/dead viability stains. As shown in Fig. 4, 91.9 ± 3.0% cells remained alive after 12 h 

incubation and the cell viability decreased to 88.9% ± 2.0% after 24 h for the 0% OptiPrep™; 

while 88.1 ± 1.8% cells remained alive after 12 h incubation and slightly decreased to 87.5% 

± 5.6% after 24 h with the presence of the 8% OptiPrep™. When the concentration of 

OptiPrep™ increased to 16%, the cell viability was only 85.6 ± 3.1% after 12 h incubation and 

significantly decreased to 78.1% ± 2.4% after 24 h. Statistical analysis shows that there is no 
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significant difference in cell viability between different concentrations of OptiPrep™ after 12 

h incubation (see Fig. 3.4). However, after 24 h culture, both measurements of cell viability 

experienced a significant decrease when 16% OptiPrep™ was present. 

Some factors might contribute to the more significant decrease in viability of cells cultured 

inside droplets: the main ingredient of Pico-Break™, PFOH (1H,1H,2H,2H-Perfluoro-1-

octanol), imposed chemical stress on the cells; and the nutrient deficiency due to the dilution 

from OptiPrep™. However, these factors can be carefully controlled with finer operation 

during oil removing and regulating the droplets size in the droplet-based cell assay. 

OptiPrep™ is a non-ionic solution of 60% iodixanol (w/v) in water. Materials such as 

sucrose and dextran have also been used to create density gradients for cell separations. In 

comparison to sucrose solutions at similar concentrations, solutions of OptiPrep™ had a much 

lower osmolarity and viscosity. The low osmolality of OptiPrep™ solutions allows for its use 

in cell separation. Dextran, a linear polymer of glucose, has also been used to increase solution 

Figure 3.4 THP-1 cells maintained high viability with the presence of OptiPrep™ over 24 

h inside the droplets. (A) Cell viability at two time points: 12 h and 24 h; * represents p < 

0.05; † represents no significant difference; error bars represent the standard deviation. (B) 

Images showing cell viability. Measurement of cell viability was performed with the 

live/dead assay, live cells were stained with Calcein-AM (green) and dead cells with EtD-

III (red); scale bar = 100 μm for images obtained by a 20× objective; scale bar = 10 μm for 

insets obtained by a 100× objective. 
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density; however, it has a much higher viscosity at similar OptiPrep™ solution densities. Thus, 

OptiPrep™ has the advantages of both low osmotic pressure and low intrinsic viscosity. 

Preparing neutral buoyancy of suspensions with appropriate concentrations of OptiPrep™ 

opens up the possibility to improve single-cell encapsulation significantly without affecting 

cell viability. 

3.5. Conclusions 

We hypothesised that the influence of physical forces on cells within suspension would lead 

to stratification of concentrations found within the fluid, and that this would result in unreliable 

and inaccurate cell counts and manipulations. We reasoned that the single-cell encapsulation 

rate and reliability over time could increase by mitigating these effects. We alleviated the 

negative influence of gravity by adding OptiPrep™ to achieve near neutral buoyancy within 

the suspension. Our hypothesis was confirmed by experimental results: density balancing of 

cell-based suspensions resulted in an increased rate of single-cell encapsulation in 

microdroplets and enabled reliable encapsulation distribution that was close to the theoretical 

values. Among all tested concentrations of OptiPrepTM used in this study, it is demonstrated 

that the concentration of 13.2% is the optimal one, as it enables reliable encapsulation 

distribution, when the cells were neutrally buoyant. 

We also investigated the effect of initial cell concentrations on single-cell encapsulation in 

microdroplets with OptiPrep™ of different concentrations. Furthermore, cell viability in 

microdroplets with the presence of various concentrations of OptiprepTM has been investigated 

for the first time. This is a pioneering work on evaluating the influence of OptiPrep™ as a 

density-matching reagent on the efficiency of single-cell encapsulation and culture in 

microdroplets. It proves that this method can enhance the rate of droplets encapsulated with 

single cells and has limited adverse effects on THP-1 cell viability when low concentrations of 

OptiprepTM are used. Interestingly, middle-range concentrations of OptiPrep™ can also be used 
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to increase cell encapsulation efficiency. However, given that this just reduces the 

sedimentation velocity of cells, the non-sufficient density matching reagent is only 

recommended for relatively short time of cell encapsulation.  

In conclusion, we demonstrated the feasibility of improving single-cell encapsulation 

efficiency and reliability using OptiPrep™. We expect this density-matching approach could 

open the door to realise highly efficient single-cell analysis in a milder and more cost-effective 

manner. We also envision that this approach can be widely used for a wide variety of 

applications involving 3D bioprinting. 

Supplementary Materials  

The following information is available in the Supplementary Materials. Fig. S3.1: 

Photographs of the microfluidics chips and experimental setup, Fig. S3.2: A photograph of 

droplets recognised by programs written by MATLAB, Fig. S3.3: Actual images of cells 

encapsulated within microdroplets under different conditions, Fig. S3.4: A photograph of cell 

sedimentation at the inlet of a microchannel, Fig. S3.5: Plots of Poisson distribution for droplets 

of three different sizes, Table S3.1: Poisson statistics for different cell concentrations and 

droplet sizes, Table S3.2: Data collected from captured images of cell-laden droplets. The data 

obtained from three duplicates are shown, Table S3.3: Data collected from viability test. The 

data obtained from three duplicates are shown. 

Video S3.1: Droplet formation at the T-junction of a microfluidic droplet generator (see 

attachment). 
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Figure S3.1 Photographs of the microfluidics chips and experimental setup. (A) A 

photograph of experimental setup. The external equipment required to generate cell-laden 

droplets include two syringe pumps for oil phase (continuous phase) and water phase (disperse 

phase), respectively, a microscope, a light source, a camera to capture images and videos, and 

a fabricated microfluidic chip. (B) An enlarged view of the device for droplet generation under 

the microscope. Three tubing for the injection of oil phase and water phase, and sample 

collection are shown. (C) The actual image of the microfluidic chip, which consists of two 

inlets for oil phase and a water phase, respectively, a T-junction to create microdroplets, an 

observation chamber, and an outlet. (D) The CAD file showing the design of the chip. 

Figure S3.2. A photograph of droplets recognised by programs written by MATLAB. 81 µm 

droplets were captured and automatically calculated by programs written by MATLAB: count 

number = 582 droplets; scale bar = 100 µm. 
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Figure S3.3 Actual images of cells encapsulated within microdroplets under different 

conditions. Experimental images of cell encapsulation in microdroplets under four 

different cell concentrations (2 × 106, 4 × 106, 6 × 106 and 8 × 106 cells/mL) and three 

different OptiPrepTM concentrations (0%, 8% and 16%). Scale bar = 100 µm. 

Figure S3.4. A photograph of cell sedimentation at the inlet of a microchannel. Cell 

sedimentation after 30 min in suspensions containing OptiPrepTM at different 

concentrations. (A) A photograph of cell sedimentation at the inlet of a microfluidic 

channel. Scale bar = 500 µm. (B) Cell sedimentation in culture media with OptiPrepTM

at different concentrations of 0%, 4%, 8%, 12% and 16% (from left to right). 
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Table S3.1. Poisson statistics for different cell concentrations and droplet sizes 

Cell Conc 

(cells/mL) 

Droplet 

Size (μm) 
λ Empty 1 2 3 4 5 

8.0E + 06 32.8 0.148 0.861 0.129 0.010 0.000 0.000 0.000 

6.0E + 06 32.8 0.111 0.896 0.099 0.005 0.000 0.000 0.000 

4.0E + 06 32.8 0.074 0.932 0.065 0.002 0.000 0.000 0.000 

2.0E + 06 32.8 0.037 0.961 0.038 0.001 0.000 0.000 0.000 

8.0E + 06 51.2 0.562 0.571 0.320 0.090 0.017 0.002 0.000 

6.0E + 06 51.2 0.422 0.657 0.276 0.058 0.008 0.001 0.000 

4.0E + 06 51.2 0.281 0.756 0.212 0.030 0.003 0.000 0.000 

2.0E + 06 51.2 0.141 0.869 0.122 0.009 0.000 0.000 0.000 

8.0E + 06 80.8 2.210 0.110 0.242 0.268 0.197 0.109 0.048 

6.0E + 06 80.8 1.657 0.190 0.316 0.262 0.145 0.060 0.020 

4.0E + 06 80.8 1.105 0.333 0.366 0.201 0.074 0.020 0.004 

2.0E + 06 80.8 0.552 0.577 0.317 0.087 0.016 0.002 0.000 

 
 
 

 

Figure S3.5. The plots of Poisson distribution for droplets of three different sizes (33, 51 and 

81 μm). Four cell concentrations (2 × 106, 4 × 106, 6 × 106 and 8 × 106 cells/mL) were used to 

represent different λ values, and probabilities of droplets capturing different numbers of cells 

(0, 1, 2, 3, 4 and ≧ 5) were shown. 
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Table S3.2. The data collected from images of cell-laden droplets 

Name Total Zero One Two Three Four 
Five or 
above five 

0 OptiPrep 2E6 
cells/mL A 

180 166 13 1 0 0 0 

0 OptiPrep 2E6 
cells/mL B 

140 131 9 0 0 0 0 

0 OptiPrep 2E6 
cells/mL C 

147 137 10 0 0 0 0 

0 OptiPrep 4E6 
cells/mL A 

166 142 21 3 0 0 0 

0 OptiPrep 4E6 
cells/mL B 

223 191 27 3 0 0 0 

0 OptiPrep 4E6 
cells/mL C 

259 223 27 8 1 0 0 

0 OptiPrep 6E6 
cells/mL A 

123 98 21 4 0 0 0 

0 OptiPrep 6E6 
cells/mL B 

187 148 35 3 1 0 0 

0 OptiPrep 6E6 
cells/mL C 

258 210 36 10 1 1 0 

0 OptiPrep 8E6 
cells/mL A 

163 82 41 24 9 4 3 

0 OptiPrep 8E6 
cells/mL B 

119 66 38 12 2 1 0 

0 OptiPrep 8E6 
cells/mL C 

187 83 52 35 10 4 3 

8% OptiPrep 2E6 
cells/mL A 

205 138 52 6 5 2 2 

8% OptiPrep 2E6 
cells/mL B 

116 73 38 5 0 0 0 

8% OptiPrep 2E6 
cells/mL C 

114 91 19 4 0 0 0 

8% OptiPrep 4E6 
cells/mL A 

258 141 73 29 6 5 4 

8% OptiPrep 4E6 
cells/mL B 

156 75 54 23 4 0 0 

8% OptiPrep 4E6 
cells/mL C 

152 74 46 24 6 2 0 

8% OptiPrep 6E6 
cells/mL A 

234 98 75 48 7 4 2 

8% OptiPrep 6E6 
cells/mL B 

150 59 60 24 5 2 0 

8% OptiPrep 6E6 
cells/mL C 

143 59 61 21 2 0 0 

8% OptiPrep 8E6 
cells/mL A 

293 94 121 45 7 2 24 

8% OptiPrep 8E6 
cells/mL B 

137 23 46 38 18 12 0 

8% OptiPrep 8E6 
cells/mL C 

139 35 46 34 16 8 0 

16% OptiPrep 
2E6 cells/mL A 

85 51 20 3 6 3 2 
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16% OptiPrep 
2E6 cells/mL B 

95 34 38 20 3 0 0 

16% OptiPrep 
2E6 cells/mL C 

151 77 49 18 6 1 0 

16% OptiPrep 
4E6 cells/mL A 

145 50 54 28 8 2 3 

16% OptiPrep 
4E6 cells/mL B 

142 33 45 31 22 7 4 

16% OptiPrep 
4E6 cells/mL C 

129 36 44 33 9 6 1 

16% OptiPrep 
6E6 cells/mL A 

114 36 37 22 14 5 0 

16% OptiPrep 
6E6 cells/mL B 

124 24 52 38 9 1 0 

16% OptiPrep 
6E6 cells/mL C 

114 34 36 29 11 4 0 

16% OptiPrep 
8E6 cells/mL A 

203 30 39 62 44 16 12 

16% OptiPrep 
8E6 cells/mL B 

116 25 26 41 17 7 0 

16% OptiPrep 
8E6 cells/mL C 

115 15 40 24 28 8 0 
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Chapter 4 Microdroplet enabled cultivation of single yeast 

cells correlates with bulk growth and reveals subpopulation 

phenomena* 

* Liu, H.; Xu, X.; Peng, K.; Zhang, Y.; Jiang, L.; Williams, T. C.; Paulsen, I. T.; Piper, J. A.;

Li, M., Microdroplet enabled cultivation of single yeast cells correlates with bulk growth and 

reveals subpopulation phenomena. Biotechnology and Bioengineering 2021, 118: 647– 658. 

To achieve the ultimate goal of selecting rare yeast cells with desirable phenotypes it is first 

important to prove the capability of microdroplets for maintaining yeast cell growth and 

physiology at the single-cell level.  This chapter compares single yeast cell growth under 

various scenarios using microdroplets as bioreactors with growth in bulk. Moreover, yeast cell 

viability in microdroplets over long-term culture is measured.   

4.1 Introduction 

Yeast has been widely used as a “cell factory” in industrial fermentation processes to 

produce a wide range of valuable products, including organic acids that are used extensively in 

manufacturing, pharmaceutical, cosmetic, food, textile and chemical industries1-5. Compared 

to conventional chemical methods for the production of organic acids based on fossil fuel 

reserves, microbial production is an attractive approach due to several advantages including 

sustainability, less environmental pollution and cost-effectiveness6, 7. Unlike other hosts that 

are recalcitrant to genetic manipulation8, 9, baker’s yeast (S. cerevisiae) is an ideal organism to 

discover new gene targets for productivity enhancement, because it is a model eukaryotic 

organism with high-resolution genomic data. Moreover, the tolerance of yeast to low pH 
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enables the production of organic acids in their protonated forms, reducing the costs of 

downstream recovery and purification after fermentation. Due to the economic, environmental 

and medical importance of organic acid production by yeast, advanced metabolic engineering 

and synthetic biology technologies have been applied to engineer yeast for improved 

production of different high-value organic acids, such as lactic acid10, succinic acid11, para-

hydroxybenzoic acid12, 3-hydroxypropionic acid13 and muconic acid14.  

Yeast is also an attractive host for the production of propionic acid (PA) that is commonly 

used as a food preservative and a chemical intermediate, since PA can be formed as a by-

product of yeast fermentation15. However, PA is toxic to yeast, especially at relatively low 

concentrations, causing an important problem of tolerance engineering in yeast PA production. 

Fortunately, Xu et al.16 demonstrated significant improvements in yeast tolerance to PA using 

adaptive laboratory evolution (ALE), a powerful tool in the field of metabolic engineering for 

the development of superior industrial microbial strains17-19. 

ALE experiments are lab-intensive and time-consuming however, requiring evaluation of 

growth kinetics of intermediate populations and numerous candidate strains to select an ideal 

strain with improved phenotypes. The evolution process might be performed over hundreds of 

generations, and the traditional growth test based on optical density (OD) measurements must 

be conducted over three repetitions for each population or strain. Moreover, the process lacks 

the ability to track the growth of yeast at a single-cell level, and cannot consider cell size, 

morphology and viability that may change during growth. Thus, cell-to-cell variations are 

obscured and the ability to screen and select single cells with desired characteristics (e.g., high 

growth rate, high tolerance to acids and high secretion of valuable bio-products) is limited. 

In order to address these limitations, an alternative approach is required to quantitatively 

track the growth of individual cells within a population without perturbation and allows parallel, 

high-throughput assessment at a single-cell level. Microfluidics can compartmentalise single 
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cells within monodisperse picolitre-sized droplets in a cost-effective and high-throughput 

process, for example, screening of 5 × 107 individual reactions requires only 150 µL of reagents 

and seven hours at an estimated cost of only a few dollars, as demonstrated by Agresti et al.20. 

Over the past decades, droplet microfluidics has enabled single-cell analysis for a wide range 

of applications across biological science, biomedicine and biochemistry20-22. This is because 

(1) the extracellular environments are accurately mimicked23, 24; (2) the genotype-phenotype 

linkages are established at a single-cell level25-28 ; (3) the miniaturised confinement improves 

the detection limit20, 29; and (4) massive parallel analysis can be conducted to probe cellular 

heterogeneity30-34. 

In this study, we quantitatively tracked the growth of single yeast cells under varying 

conditions by using monodisperse microdroplets. In order to demonstrate the versatility of the 

microdroplet platform, we used two species of yeast, S. cerevisiae (S. cerevisiae) and Pichia 

pastoris (P. pastoris), and a total of four strains, wild-type S. cerevisiae strain (CEN.PK113-

7D), the PA evolved mutant S. cerevisiae strain (PA-3), GFP-tagged S. cerevisiae strain 

(CEN.PK2-1C-GFP) and GFP-tagged P. pastoris strain (CBS7435-GFP). The effects of 

organic acids, PA and acetic acid (AA), at different concentrations on the growth of yeast at 

the single-cell level were studied, as well as the effect of K-ions on PA tolerance in yeast. The 

calculated specific growth rate (μ) of single yeast grown in microdroplets was effectively 

identical to that for cells in bulk cultures at a pH of 3.5, and yeast cells maintained high viability 

in microdroplets after 48 hours of culture. 

4.2. Materials and Methods 

4.2.1 Fabrication of microfluidic devices 

The T-junction microfluidic device used in this study consists of two inlets for infusing the 

disperse (aqueous) phase and continuous (oil) phase, respectively, one outlet for transporting 
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microdroplets into the collection tube and one rectangular chamber for observation of cell-

laden microdroplets. A corona-shaped filter was designed at the inlets to prevent any possible 

dust entry. The connecting microchannels have an aspect ratio of height/width = 4:5 (height: 

~40 µm; width: ~50 µm), and the rectangular observation chamber dimensions of 1.4 × 0.65 

cm (Fig. S4.1 & Fig. S4.2).  

This droplet-based microfluidic device was fabricated from a silicon wafer patterned with 

SU-8 mould (SU-8 2035, MicroChem, Newton, MA, USA) using standard soft-lithography 

techniques35. Degassed PDMS (Sylgard 184, Dow Corning, Midland, MI, USA) in liquid form 

prepared by mixing the base and curing agent at a ratio of 10:1 was poured onto the SU-8 

mould and cured in an oven at 80 °C for two hours. Then the PDMS slab with microchannels 

was peeled off from the mould and the fluidic access holes were created using PDMS biopsy 

puncher with an outer diameter of 1.5 mm. After cleaning the channel side of PDMS with 

scotch tape, isopropanol and DI water in order, the PDMS slab and a standard glass slide was 

treated using an oxygen plasma cleaner to increase the surface energy and immediately 

pressured to each other for an irreversible bonding. Lastly, the channel was rendered 

hydrophobic by infusing with 0.02 % Trichloro(octadecyl)silane (OTS, 104817, Sigma-

Aldrich, St. Louis, MO, USA) in isopropanol for 5 mins and drying with nitrogen gas followed 

by drying in an oven at 100 °C for 10 mins. 

4.2.2 Cell preparation 

We used a total of four yeast strains, the haploid S. cerevisiae strain (CEN.PK113-7D), the 

PA evolved mutant S. cerevisiae strain (PA-3), GFP-tagged S. cerevisiae strain (CEN.PK2-1C-

GFP) and GFP-tagged P. pastoris strain (CBS7435-GFP) in the single-cell growth assays 

(Table S4.1). 

CEN.PK113-7D and PA-3 were grown overnight at 30 °C, 200 rpm in 5 mL buffered 

minimal medium. The overnight culture was washed twice and re-inoculated into 5 mL 
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buffered minimal medium at three different concentrations of PA: 15 mM, 25 mM and 35 mM. 

To investigate the effect of K-ions on the tolerance to PA in yeast, CEN.PK2-1C-GFP was pre-

cultured overnight at 30 °C, 200 rpm in synthetic drop-out medium, without uracil (contains 

1× yeast nitrogen base (YNB) without amino acids mix (Y0626, Sigma-Aldrich, St.Louis, MO, 

USA), 1% glucose and Yeast Synthetic Drop-out Medium Supplements without uracil (Y1501, 

Sigma-Aldrich, St.Louis, MO, USA)). Cells were washed twice and re-inoculated into 5 mL 

uracil drop-out medium containing defined concentrations of potassium (1× translucent K+ free 

YNB, 1% glucose, and 0, 1, 10 and 50 mM potassium chloride), supplemented with or without 

25 mM PA. CBS7435-GFP was pre-cultured overnight in the same drop-out medium as the 

one used for CEN.PK2-1C-GFP at 25 °C, 200 rpm, and the culture was washed twice and re-

inoculated into 5 mL uracil drop-out medium. All the cultures were reinoculated at an initial 

OD600 of 0.2. Before injecting cell suspensions into the microfluidic device, we also counted 

the number of cells using hemocytometer (Boeco, Hamburg, Germany) to ensure that cell 

concentration is about 3 × 106 cells/mL. 

4.2.3 Generation and storage of microdroplets 

In the T-shaped droplet generator of 50 × 50 µm (width × depth), continuous phase flowed 

to the observation chamber and the disperse phase flowed and sheared at the interface to 

generate monodisperse microdroplets with a diameter of ~65 µm. Continuous phase used here 

was Novec™ 7500 Engineered Fluid (3M, St. Paul, MN, USA) containing 2% Pico-Surf™ 1 

(Sphere Fluidics, Cambridge, UK). Disperse phase used here was culture medium added with 

20% OptiPrepTM (D1556, Sigma-Aldrich, St. Louis, MO, USA). Cells were diluted to an OD600 

of 0.1 for the disperse phase. Two syringe pumps (Fusion 100, Chemyx, Stafford, TX, USA) 

were used to inject the two phases, respectively. When the ratio of the flow rates of the two 

phases reached 4:1 (continuous phase: 16 µL/min vs disperse phase: 4 µL/min), ~ 144 pL 

monodisperse microdroplets were created in a high-throughput fashion (~116 droplets per 
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second). By Poisson distribution, this size of droplet can ensure substantial droplets containing 

single cells (28.0%) and maintain relatively low ratio of droplets containing two cells (6.0%) 

and less than 1.0% droplets containing more than two cells, and the rest 65.0% droplets are 

empty (Fig. S4.3). A FEP tubing (IDEX, Lake Forest, IL, USA) with an inner diameter of 0.5 

mm was used to transfer microdroplets into a 2 mL EppendorfTM safe-lock tube (Hamburg, 

Germany) pre-filled with 100 µl continuous phase (Fig. S4.4). 

4.2.4 Image acquisition and analysis 

An initial observation of microdroplets containing single cells was performed at a 

rectangular chamber of the microdevice before microdroplets were transported into the 

collection tube. Bright-field snapshots of the generated microdroplets were captured by a 

digital camera (DS-Qi1Mc, Nikon, Tokyo, Japan) installed on an inverted microscope (Eclipse 

Ti-U, Nikon, Tokyo, Japan). After images were taken, the number of cells per droplet was 

counted using ImageJ® (NIH, Bethesda, MD, USA). In order to avoid errors when counting the 

number of S. cerevisiae cells that formed cell clusters in the droplets, we dropped 10 μL of oil 

on the hydrophobic glass slides, spread 1 μL of droplets onto the oil, and covered this mixture 

with coverslips. Such gentle manipulation enables droplets to be squeezed into a thin flat layer, 

resulting in a monolayer of cells in the droplets, therefore, the number of cells per droplet could 

be easily counted. 

To quantify the growth of single yeast cells, the values for the specific growth rate μ were 

determined based on the number of counted cells per droplet at hourly time points up to 10 

hours. The number of cells per droplet (N) was converted into the logarithmic scale as ln(N), 

and the estimation of the biokinetic constant, μ, over time of culture, t, was obtained by the 

equation below: 

� =
���(�)

��
(1) 
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To determine whether the single yeast cells in droplets possess similar growth behaviour to 

those in bulk culture, the number of cells per droplet at each time points were fitted by nonlinear 

regression to a sigmoidal logistic function using OriginPro 2019 program (OriginLab Co., 

Northampton, MA, USA)  

� =  �
1 + ���(����)�  (2) 

where a is the maximum value of the sigmoid, xc is the midpoint, and k is the coefficient. 

Fluorescence images of GFP-tagged cells were obtained at FITC channel by a confocal 

microscope FV3000 (Olympus, Tokyo, Japan). The number of yeast cells in a complex cluster 

were more easily counted from the fluorescence images compared to bright-field images. 

Regarding uncountable agglomeration, images of eight slices were stacked up and the 

corresponding fluorescence intensity was measured by ImageJ®. The image processing 

includes the following four main steps: 1) the bit depth of images was reduced to 8 bits; 2) area 

of each droplet was recognised; 3) The threshold was set by Yen's algorithm to remove noise; 

and 4) “limit to threshold” was chosen and the mean fluorescence intensity within the area of 

each droplet was measured. 

4.2.5 Cell viability test 

To measure the viability of yeast cells in microdroplets, live/dead staining tests were 

performed at three selected time points: before encapsulation, at 24 hours of culture and 48 

hours of culture. At each time point, 50 µl emulsion microdroplets in oil were collected into a 

centrifuge tube, and 2 μL Pico-Break™ (Sphere Fluidics, Cambridge, UK) was added 

subsequently to release yeast cells from the microdroplets. After a short centrifugation at 2000 

rpm for 30 s, the oil phase was kept at the bottom and the supernatant was transferred into a 

new centrifuge tube. 30 µl staining solution consisting of 2 µM SYTO 9 (Thermo Fisher 

Scientific, Waltham, MA, USA) and 4 µM EthD-III (Biotium, Hayward, Ca, USA) was added 

into the suspension of released yeast and co-cultured for 20 mins. Fluorescence images were 
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taken when excited at a wavelength of ~495 nm and ~530 nm, respectively: live cells showed 

green fluorescence in ~515 nm channel while dead cells showed red fluorescence in ~635 nm 

channel and yellow colour in merged images. The cell viability over time was tested based on 

three random frames for each measurement, and a total of 100 cells were tested for each 

measurement. The viability test results were analysed by one-way repeated measures analysis 

of variance (ANOVA) to determine whether a significant difference was existed among 

different time points. 

Figure 4.1 Schematic illustration of conventional laboratory approach (A) and droplet-based 

microfluidics (B) for tracking the growth of yeast at population level and the single-cell level, 

respectively. (C) Bright-field microscope images of CEN.PK 113-7D growth without organic 

acid stress in ~144 pL microdroplets. Scale bar = 50 µm.  
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3. Results and Discussion 

4.3.1 The encapsulation and cultivation of single yeast cells 

Similar to the standard method used to measure the average growth rate of bulk populations, 

the procedure for the microfluidic droplet technique used in this study to measure the growth 

of single yeast cells includes three main steps: 1) preparation, 2) measurement and 3) analysis 

(Figs. 4.1A and 4.1B). 1) Uniformly distributed microdroplets containing single cells and a 

small volume of culture medium, subject to a range of different environmental conditions, are 

generated; 2) the number of cells per droplet and fluorescence intensity of GFP-tagged cells 

are tracked as cells grow over time; and 3) the growth rate of each cell within the microdroplet 

is obtained and single-cell growth under varying environmental conditions (with PA, AA and 

K-ions at different concentrations) is investigated and compared.  

Before cell encapsulation within microdroplets, the overnight culture and preculture 

protocols were successively performed to ensure yeast cells were rapidly proliferating but this 

also results in an asynchronous culture, containing single cells, single cells with small buds, 

and cells with large buds. In practise, the budded cells were counted as single cells when the 

buds did not exceed the one-half the size of the mother cell. Cell concentration was diluted to 

3 × 106 cells/mL with fresh medium and density-matching reagent to ensure the substantial 

majority (~80.0%) of cell-laden droplets contained just one cell (Fig S4.3). According to the 

Poisson distribution, this concentration of cells theoretically maintains high efficiency of 

single-cell encapsulation24. It is worth noting that under these conditions the majority (65.0%) 

of droplets do not contain any cells. The density-matching reagent used here is 20% OptiPrepTM, 

which prevents the sedimentation of yeast cells at the inlet and guarantees the neutral buoyancy 

of cell suspensions for ~30 mins36. The asynchronous nature of the cell population combined 

with the small statistical probability for more than one cell per droplet leads inevitably to some 

experimental uncertainties in measured cell growth notionally arising from a single cell origin. 
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The growth of single S. cerevisiae CEN.PK 113-7D cells in ~ 144 pL microdroplets without 

acid stress is illustrated by the images of Fig. 4.1C. After culture of 18 hrs, the droplets shrank 

from ~ 144 pL (empty droplets) to ~ 65 pL (yeast-containing droplets) driven by osmosis. The 

yeast cells kept consuming the glucose from the medium in droplets and the continuous phase 

is slightly permeable to water, allowing a net diffusion of water through the oil into droplets of 

higher osmolarity37-39. No significant size differences were detected between the same types of 

droplets. Apart from this, the yeast-containing droplets cells did not experience any noticeable 

disruption, such as merging and burst, after long-term storage, thus the single yeast growth can 

be quantitatively and accurately tracked over 24 hours within this type of droplet. Noteworthy, 

to ensure the encapsulated cells can grow with sufficient oxygen, fluorinated oil was used to 

give high oxygen permeability so as to avoid anaerobic cultivation. Moreover, nutrient-rich 

fresh medium was used within droplets, to provide enough nutrients for single-cell growth 

within the timeframe of the measurements. 

4.3.2 The effect of acid stress on the growth of single wild-type S. cerevisiae 

cells  

First, we tracked the growth of the single S. cerevisiae CEN.PK 113-7D cells in ~144 pL 

microdroplets without acid stress over 24 hours. In Fig. 4.2A, we plotted the number of cells 

per droplet at a logarithmic scale based on the first ten hours of culture, assumed during 

exponential phase. The µmax for single S. cerevisiae cells in microdroplets was calculated to be 

0.23 h-1, identical to that reported for bulk populations (0.21 h-1) within experimental 

uncertainty. Then we plotted the number of cells per droplet at eight selected time points: 0 hr, 

2 hrs, 4 hrs, 6 hrs, 8 hrs, 10 hrs, 18 hrs and 24 hrs (Fig. 4.2B). In general, the number of cells 

per droplet increases over time: single yeast cells (at 0 hrs) grow to 3.2 ± 1.4 cells at 2 hrs, 5.7 

± 2.0 cells at 4 hrs, 8.7 ± 2.2 cells at 6 hrs, 11.6 ± 2.7 cells at 8 hrs, 14.6 ± 3.1 cells at 10 hrs, 

42.2 ± 7.0 cells at 18 hrs and 50.0 ± 8.0 cells at 24 hrs. The number of cells per droplet is seen 
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to increase monotonically over time, but with an increasing spread of cell-counts for the later 

time (18 hrs and 24 hrs). Also, the heterogeneity in the proliferation of single yeast cells is 

Figure 4.2 The growth of single wild-type S. cerevisiae (CEN.PK 113-7D) cells in 

microdroplets over 24 hours under different concentrations of organic acids: PA (0 mM, 7.5 

mM and 35 mM) and AA (0 mM, 50 mM and 67 mM). (A) Plots of the natural logarithms of 

the number of cells per droplets at every hour without acid stress over the culture of 10 hrs. 

The coefficient of determination (R2) is 0.97 for the linear fit. (B) Plots of the number of cells 

per droplet without acid stress at eight selected time points: 0 hr, 2 hrs, 4 hrs, 6 hrs, 8 hrs, 10 

hrs, 18 hrs and 24 hrs. 60 cell-laden droplets were measured for each time point. The top and 

bottom edges of the box refer to the 25th and 75th percentiles, the cross line represents the 

median value, the black square represents the mean value, the whiskers extend to 1.5 times the 

interquartile range (IQR) and the asterisks represent upper and lower limits. The μmax was 

calculated as 0.23 h-1. The R2 is 0.98 for the fitted growth curve. Scale bar = 50 µm. (C, D) 

Comparison of the growth of single CEN.PK 113-7D cells at different concentrations of (C) 

PA: 0 mM, 7.5 mM and 35 mM, and (D) AA: 0 mM, 50 mM and 67 mM. 60 cell-laden droplets 

were measured for each time point and for each condition. 
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demonstrated (Fig. S4.5). At 24 hrs, a small portion (i.e., 5.0%) of microdroplets contain more 

than 60 cells, whereas another small proportion (i.e., 6.7%) of microdroplets has less than 40 

cells. This is evidence of subpopulations exhibiting diverse traits that are obscured in bulk 

assays at the population level. It is noteworthy that after the culture of 18 hrs, the amount of 

yeast cells in droplets altered slightly compared to the previous growth, indicating that the yeast 

cells had reached the stationary phase due to the scarce nutrient and limited space. Droplet size 

can be tuned to enable different scales of cell culture and has been seen in other studies37, 40. 

Secondly, we investigated the effect of acid stress on cell growth by tracking and comparing 

the growth of single S. cerevisiae cells with the addition of PA (at 7.5 mM and 35 mM, Fig. 

4.2C) and AA (at 50 mM and 67 mM, Fig. 4.2D). The study of yeast growth and responses to 

PA and AA is of great importance, because PA is a valuable organic acid produced by yeast 

during fermentation, and AA is a main growth inhibitor found in lignocellulose hydrolysate for 

lignocellulose-based biofuel production. Experimental results show that microdroplets enable 

cell growth in all conditions. In more detail, at 7.5 mM PA, single cells in microdroplets grow 

to 31.0 ± 5.5 and 40.0 ± 4.8 cells, respectively, at 18 hrs and 24 hrs; while at 35 mM PA, single 

cells grow to 3.1 ± 1.4 cells at 18 hrs and 3.8 ± 1.4 cells at 24 hrs (Fig. 4.2C). At 50 mM AA, 

single cells in microdroplets grow to 13.9 ± 2.6 and 22.0 ± 5.84 cells, respectively, at 18 hrs 

and 24 hrs; while at 67 mM AA, single cells grow to 8.6 ± 2.7 cells at 18 hrs and 12.4 ± 3.1 

cells at 24 hrs (Fig. 4.2D). Moreover, we found that growth of single S. cerevisiae cells 

responds sensitively to both acids, and cell numbers per droplet decrease as the concentration 

of acids increases. At 24 hrs, the number of yeast cells per microdroplet under 7.5 mM PA 

(40.0 ± 4.8 cells) and 35 mM PA (3.8 ± 1.4 cells) declined, respectively, to 80.0% and 7.6% of 

that for no acid control (50.0 ± 8.0 cells) (Fig. 4.2C). Additionally, at 24 hrs, the number of 

yeast cells per microdroplet decreased to 44.0% (22.0 ± 5.84 cells) and 24.8% (12.4 ± 3.1 cells) 

of cell number of the control group (no AA), respectively, when the concentration of AA 
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increased to 50 mM and 67 mM (Fig. 2D). It is noteworthy that only the number of cells per 

droplet with the addition of 7.5 mM PA can be well fitted to sigmoid growth curve, indicating 

the low concentration of PA, like 7.5 mM, did not affect yeast growth much but the high 

concentration of that, like 35 mM, and AA will impose negative effect since the beginning of 

cell growth. We also compared the values of µ between cell cultures in microdroplets (μdroplet) 

and in bulk (μbulk) under different concentrations of PA (Table S4.2). These results indicate that 

the growth and physiology of single cells in microdroplet experience the same trend with those 

of yeast populations grown in bulk16, although microdroplet culture reveals subpopulation 

phenomena that are obscured by population average measurements.                                                                                                                                          

4.3.3 The effect of K+ on the growth of single GFP-tagged S. cerevisiae cells 

Since biochemical assays are typically measured using fluorescence detection techniques, 

we investigated the growth of fluorescent GFP-tagged S. cerevisiae strain (CEN.PK2-1C) to 

demonstrate the capability of our platform for fluorescence-based quantification and detection 

of single-cell features. Both bright-field and fluorescence images show that the number of 

fluorescent cells per droplet increases over time (Figs. 4.3A and 4.3B). We counted the number 

of cells per droplet (Fig. 4.3C) and measured the total fluorescence intensity of cells per droplet 

(Fig. 4.3D) at five selected time points: 2 hrs, 6 hrs, 10 hrs, 18 hrs and 24 hrs. The data shows 

that growth from single cells has a high degree of variability: although the average cell number 

per droplet is 14.4 ± 3.3 cells at 24 hrs, a few microdroplets (i.e., 3.3%) contain more than 20 

cells, whereas some microdroplets (i.e., 15.0%) contain less or equal to 10 cells. This is further 

evidence of cellular subpopulation with different growth growth rates which are obscured in 

bulk assays. Moreover, we plotted the total fluorescence intensity of cells per droplet versus 

the number of cells per droplet (see Fig. S4.6). As expected, the fluorescence intensity of cell-

laden droplets increases with the number of cells per droplet, thus the fluorescence 

measurement can be used to quantify cell growth as well. In S. cerevisiae, potassium uptake 



Chapter 4 

107 

has been shown to stabilise membrane potential, and mediate intracellular pH, protein synthesis 

and function41-43. In previous studies, potassium supplementation was also demonstrated to be 

beneficial to PA-tolerance behaviours of S. cerevisiae16. We firstly tracked the growth of single  
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CEN.PK2-1C cells in microdroplets under a fixed potassium defined condition (10 mM K+) 

with or without 25 mM PA (Fig. 4.3E). The results show that yeast growth in microdroplets 

was inhibited under PA stress condition when the medium contains 10 mM K+.  

We then applied another two concentrations of K+, excessive supply of 50 mM and a scant 

supply of 1 mM, when the concentration of PA is fixed at 25 mM (Fig. 4.3F). Compared to the 

µ under 10 mM K+ at 24 hrs, there is a 38.9% increase when 50 mM K+ was used, and no 

significant decrease when the concentration of K+ reduces to 1 mM. These results agree with 

the previous findings that extracellular supplementation of K+ can increase PA tolerance in 

yeast, and potassium influx is important to increase organic acid tolerance in S. cerevisiae. 

By using the GFP-tagged strain and supplementing K+ under PA stress conditions, we have 

shown that single-cell culture in microdroplets demonstrates the same phenotype and 

 Figure 4.3 The growth of single CEN.PK2-1C cells in microdroplets over 24 hours under 

different concentrations of K+ (1 mM, 10 mM and 50 mM) with (25 mM) or without PA. 

(A) Bright-field and fluorescence microscope images of CEN.PK2-1C growth without 

environmental stress in microdroplets at 6 hrs, 10 hrs and 24 hrs. Scale bar = 50 µm. (B) 

Enlarged bright-field fluorescence images showing the growth of CEN.PK2-1C in 

microdroplets over time. Scale bar = 50 µm. (C) Plots of the number of cells per droplet at 

five selected time points: 2 hrs, 6 hrs, 10 hrs, 18 hrs and 24 hrs. 60 cell-laden droplets for 

each time point were measured, and the number of cells per droplet were counted from 

bright-field images. The top and bottom edges of the box refer to the 25th and 75th 

percentiles, the cross line represents the median value, the black square represents the mean 

value and the whiskers extend to 1.5 times the IQR. (D) Plots of total fluorescence intensity 

of cells per droplet. 20 cell-laden droplets were measured for each time point. The top and 

bottom edges of the box refer to the 25th and 75th percentiles, the cross line represents the 

median value, the black square represents the mean value, the whiskers extend to 1.5 times 

the IQR and the asterisks represent upper and lower limits. (E) Comparison of the growth 

of single CEN.PK2-1C cells under different concentrations of K+, 1, 10 and 50 mM, when 

the concentration of PA is fixed at 25 mM. 
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experience the same trend as bulk cultures16, although cell-to-cell variations in proliferation are 

observed. We conclude therefore that the microdroplet platform can reliably quantify the 

effects of external factors on cell growth and complex physiology under varying conditions.  

4.3.4 The growth of wild-type and PA evolved mutant S. cerevisiae strains 

ALE has previously been employed to improve PA tolerance in yeast, and PA-3 is one of 

the isolated strains with increased PA tolerance after performing ALE. The non-synonymous 

mutation in potassium transporter encoding gene TRK1, has been confirmed to be the cause of 

the increased PA tolerance16. To demonstrate that microdroplets could be used to track the 

growth of yeast mutant strains, we monitored and compared the growth of PA evolved mutant 

strain (PA-3) and its parental strain (CEN.PK 113-7D) when 15 mM PA was applied (Fig. 4.4). 

The experimental data confirm that PA-3 grows faster and reaches a significantly higher 

average number of cells per droplet, i.e., 18.0 ± 3.0 cells at 24 hrs, whereas the average number 

of cells per droplet for wild-type strain is 5.2 ± 1.3 cells at 24 hrs (Fig. 4.4). Moreover, we have 

tracked and compared the growth of PA-3 and CEN.PK 113-7D in microdroplets when PA of 

Figure 4.4 The growth of wild-type (CEN.PK 113-7D) and PA evolved mutant S. cerevisiae

strain (PA-3) in microdroplets over 24 hours when 15 mM PA is applied. 60 cell-laden 

microdroplets were measured for each time point. The inset represents the causal mutation for 

the acquired PA tolerance identified in PA-3.  



Chapter 4 

110 

two different concentrations (25 mM and 35 mM) are applied (see Fig. S4.7). Mutant strain 

(PA-3) shows a higher tolerance to PA than its parental strain under all PA concentrations and 

the growth rate of both mutant and wild type strains are shown to decrease with the increase of 

PA concentration. This agrees with our previous findings when both strains are grown in bulk16.  

This result demonstrates that the microdroplet reactor approach is effective for both normal 

and mutant strains of S. cerevisiae and holds their difference in cell growth and physiology at 

the population level when single cells are tracked in microdroplets16.  

In addition, the μdroplet and μbulk of these two strains under different concentrations of PA 

were compared (Table S4.2), which follow the same trend. Moreover, we noticed that value of 

μdroplet is smaller than that of μbulk under the same external environments. This may be due to 

some factors, e.g., limited nutrients available to individual cells, relatively low moisture 

and gas permeability of surrounding environment; local accumulation of metabolic wastes; and 

limited capability to form clusters to resist starvation or acid stress44-46. 

4.3.5 The growth of single P. pastoris cells in picoliter microdroplets  

In order to demonstrate that this platform can be applied to species other than S. cerevisiae, 

we tracked the growth of GFP-tagged P. pastoris strain (CBS7435-GFP) at a single-cell level 

in ~144 pL microdroplets. P. pastoris has a similar cell size to S. cerevisiae, but the 

proliferation behaviour is different. The CBS7435-GFP cells used here tended to aggregate and 

form large clusters in the microdroplets. This trait might help cells uptake more carbon source 

and survive environmental stress44, but cause difficulty in counting the number of cells per 

droplet under microscope. The bright-field and fluorescence images (stacks of eight slices) 

show that single P. pastoris cells are able to grow in microdroplets over time (Fig. 4.5A). The 

distribution of total fluorescence intensity of cells per droplet at five selected time points 

demonstrated the variations between individual cells (Fig. 4.5B). Although some outliers exist, 

the growth curve of P. pastoris shows a similar profile over 24 hours to that of S. cerevisiae 
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under normal conditions. This indicates that the fluorescence measurement can quantitively 

indicate the growth of single cells in microdroplets and demonstrates that the microdroplet 

bioreactors used in this study can maintain and screen of growth of single yeast cells of different 

species. 

4.3.6 Viability assays of S. cerevisiae and P. pastoris grown in microdroplets  

We used the cell staining live/dead kit to investigate whether 24 hours or a prolonged period 

of culture will affect the viability of S. cerevisiae and P. pastoris. This is to ensure that 

Figure 4.5 The growth of GFP-tagged P. pastoris strain (CBS7435-GFP) at the single-cell 

level in microdroplets over 24 hours. (A) Bright-field and fluorescence images showing the 

growth of single CBS7435-GFP cells in microdroplets over time. Scale bar = 50 µm. (B) Plots 

of total fluorescence intensity of cells per droplet. 20 cell-laden droplets were measured for 

each time point. The top and bottom edges of the box refer to the 25th and 75th percentiles, the 

cross line represents the median value, the black square represents the mean value, the whiskers 

extend to 1.5 times IQR and the asterisks represent upper and lower limits. The insets are 

bright-field and fluorescence images of P. pastoris after 24 hours of culture in microdroplets. 

Scale bar = 50 µm. 
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encapsulation and cultivation of cells in microdroplets is a feasible and stable method for long-

time single-cell assays.  

The viability tests were performed and compared at three time points: before encapsulation, 

after 24 hrs and 48 hrs of encapsulation. The bright-field and fluorescence images show that 

both S. cerevisiae and P. pastoris cells maintain a high level of viability after 24 hours of 

culture (Fig. 4.6A). For S. cerevisiae, 94.4 ± 1.3% cells remain alive after 24 hours of culture, 

and cell viability slightly decreases to 93.6% ± 1.7% after 48 hours of culture; while for P. 

pastoris, 97.8 ± 0.8% and 95.5% ± 1.1% cells remain alive after 24 hours and 48 hours of 

culture, respectively (Fig. 4.6B).  

Considering that the oil-removing reagent, pico-breakTM, contains PFOH which is a 

potential chemical hazard for yeast cells, the measured viability of encapsulated cells may 

Figure 4.6 The viability of S. cerevisiae and P. pastoris grown in the microdroplets

experiences no noticeable reduction over 48 hours. (A) Fluorescence images showing the 

viability of S. cerevisiae (left) and P. pastoris (right) recovered from microdroplets after 48 

hours of culture. Scale bars are 50 μm for images obtained by a 20× objective and the insets 

obtained by a 40× objective. (B) Bar plots showing cell viability at three time points: 0 hrs 

(before encapsulation), 24 hrs and 48 hrs (after encapsulation). Three repetitions, each of 100 

cells, were measured for each time point. 
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represent an underestimate of the true viability. Moreover, the result of one-way repeated 

measures ANOVA (P <0.005) shows that there is no significant difference in cell viability 

among that before encapsulation, that for 24 hours and 48 hours of culture. This demonstrates 

that the viability of yeasts cultured in microdroplets is not significantly affected and the method 

is capable of prolonged assays of live yeast cells.  

In this study, we explored the feasibility of using microdroplets as bioreactors to measure 

growth kinetics of single yeast cells and revealed the variations of growth at the single-cell 

level. It is noteworthy that the genetically identical cells in bulk cultures can always show 

phenotypic variations under the influence of various factors, such as cell cycle progression, cell 

ageing, and the biological noise that is attributed to stochastic variations in the concentrations 

of various biomolecules within individual cells47-50. In the meanwhile, two main factors in bulk 

culture conditions can make the growth of yeast cell populations appear homogenous: 1) 

external environmental factors, as there is no gradients of nutrients and oxygen supply exist 

due to constant mixing; and 2) quorum sensing that occurs through the sending and receiving 

message molecules in the extracellular environment51. 

Thus, the complexity inside the bulk cultures makes the detection of cell-to-cell 

heterogeneity extremely difficult, which always requires to employ the genetically and 

chemically external control, high-throughput cell assays and high-throughput sequencing of 

yeast growth and gene expression. In our study, the droplet-based culture of single cells was 

used to reveal subpopulation phenomena in a simple and cost-effective manner.  

Cell encapsulation in microdroplets is a random process limited by the Poisson distribution 

but affected by cell sedimentation, leading to a majority of droplets that are empty. To 

maximise the proportion of single cell-encapsulated microdroplets without any noticeable 

damage, we used a non-ionic solution of 60% iodixanol, OptiPrep™, which has proved to be 

biocompatible, has low osmotic pressure and low intrinsic viscosity suitable for the culture of 
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cells in microdroplets36, 52. We used a relatively low concentration (20%) of OptiPrep™ (a non-

ionic solution of 60% iodixanol) here, which has proved to be biocompatible, has low osmotic 

pressure and low intrinsic viscosity, and suitable for the culture of multiple types of cells in 

microdroplets53, 54 . Researchers have used 50% OptiPrep™ to isolate quiescent yeast cells, and 

the results show that the isolated cells have growth behaviour similar to untreated cells and 

remain resist to heat shock and zymolyase treatment55. Here, we used the addition of 20% 

OptiPrep™ to reduce the effect of cell sedimentation (the density of yeast cells is 1.1 g/mL, 

which is higher than that of culture medium), and to temporarily create neutrally buoyant cell 

suspensions without noticeable adverse effects. This concentration of OptiPrep™ (i.e., 20%) 

enables the generation of a total of 830,000 microdroplets (~ 28.0% containing single yeast 

cells) in 30 mins. We note, however, that for studies that require a continuous generation of 

large amounts of cell-laden microdroplets, a higher concentration of OptiPrep™ or an 

alternative density-matching reagent of higher density may be necessary. 

Moreover, we demonstrated the capability of droplet microfluidic platform for 

quantitatively tracking of single yeast cell growth of different species, genotypes and 

phenotypes, and also under different environmental conditions. When single cells are contained 

in isolated environments, not only can the growth rate of cells be screened, but also the 

phenotypes to secrete multiple high-value bioproducts (e.g., organic acids, antibodies and 

cellulases), since all the secreted products are confined within the microdroplet compartments. 

We can also obtain further understanding of genetic and molecular mechanisms underpinning 

beneficial phenotypes due to the genotype-phenotype linkages provided by the microdroplets. 

By combining with high-throughput screening and sorting technologies, e.g., FACS and IFC56, 

this platform can accelerate the progress of development of yeast strains with desirable 

properties (e.g., high yield of valuable products, high environmental tolerance and high growth 

rate) for industrial applications. 
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4.4. Conclusions  

This study demonstrated the use of microdroplets for quantitative, high-throughput and low-

cost assessment of growth of single yeast cells. The results from single-cell assays showed that 

PA and AA inhibit cell growth, the uptake of K+ improves PA tolerance in yeast, and TRK1 

mutant exhibits increased PA tolerance, agreeing with previous findings obtained by analysis 

of cells in bulk populations. Neither were cells in microdroplets seen to experience noticeable 

loss in viability over 48 hours. Moreover, the microdroplet approach reveals subpopulation 

phenomena that are obscured by population average measurements, opening avenues to probe 

cell-to-cell variations under different environmental conditions.  

Supplementary Materials  

The following information is available in the Supplementary Materials. Fig, S4.1: Design 

of microfluidics device, Fig, S4.2: A photograph of the microfluidic device used in experiments, 

Fig, S4.3: Probability of cell encapsulation in droplets at different cell concentrations, Fig, S4.4: 

A photograph of experimental setup, Fig. S4.5: Distribution of number of cells per droplet at 

24 hrs, Fig. S4.6 Plot of correlation between fluorescence intensity of all cells per droplet and 

number of cells per droplet, Fig. S4.7 Comparison of specific growth rates between two strains 

under 25 and 35 mM PA, Table S4.1: Details of yeast strains used in this study, Table S4.2: 

Comparison of specific growth rates between culture in microdroplet and culture in bulk. 
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Figure S4.1 A CAD file showing the design of the microfluidic device used in this study, 

which consists of two inlets for injecting oil (continuous) phase and water (disperse) phase, a 

T-junction for generating microdroplets, a rectangular observation chamber and an outlet for 

collecting microdroplets. Scale bar = 100 mm.  

Figure S4.2 An enlarged view of the microfluidic device used in experiments for quantitatively 

tracking the growth of single yeast cells.  
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Figure S4.3 The probability of microdroplets containing different numbers of cells (0, 1, 2, 3) 

predicted by Poisson distribution. 

Figure S4.4 An actual image of experimental setup. The external equipment required to create 

cell-laden microdroplets include two syringe pumps for oil (continuous phase) and water 

(disperse phase), respectively, and an inverted fluorescence microscope equipped with a light 

source and a camera.  
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Figure S4.5 Distribution of the number of cells per droplet at 24 hrs for S. cerevisiae

CEN.PK 113-7D. 60 cell-laden droplets were counted for this time point. 

Figure S4.6. Plots of the total fluorescence intensity of all S. cerevisiae cells per droplet 

versus the number of cells per droplet. For the analysis of the relationship between total

fluorescence intensity and the number of yeast cells per droplet, the coefficient of 

determination (R2) is 0.96 for the linear fit and the Pearson correlation coefficient (Pearson’s 

R) is 0.98. 
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Table S4.1 Details of yeast strains used in this study 

 

 

Name Note Origin 

CEN.PK113-7D Haploid prototrophic laboratory strain, mating type ‘a’ Euroscarf 

PA-3  The strain isolated after adaptive laboratory evolution of 

CEN.PK113-7D under the PA treated condition 

Xin et al., 

2019 

CEN.PK2-1C-

GFP 

Laboratory strain of S. cerevisiae engineered with pRS416 

vector expressing GFP under the PGK1 promoter 

Peng et al., 

unpublished 

CBS7435-GFP Laboratory strain of P. pastoris with GFP expressing 

cassette controlled by the KAR2 promoter, integrated to the 

RGI2 promoter region 

Peng et al., 

unpublished 

Figure S4.7 The growth of wild-type (CEN.PK 113-7D) and PA evolved mutant S. cerevisiae 

strain (PA-3) in microdroplets over 24 hours when 25 mM and 35 mM PA is applied. 60 cell-

laden microdroplets were measured for each time point.  
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Table S4.2 Comparison of specific growth rates between culture in droplet and culture in bulk 
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Chapter 5 Rapid, simple and inexpensive spatial patterning 

of wettability in microfluidic devices for double emulsion 

generation* 

*Liu, H.; Piper, J. A.; Li, M., Rapid, simple and inexpensive spatial patterning of wettability 

in microfluidic devices for double emulsion generation. Analytical Chemistry 2021, 93, 31, 

10955–10965. 

 

Although the yeast cell phenotypes can be screened using w/o single emulsions under a 

microscope, the throughput is too low. Therefore, the w/o/w DE is introduced to engulf single 

emulsions with an aqueous outer layer, which is compatible with commercial flow cytometrical 

instruments for high-throughput single-cell analysis. Unfortunately, DEs formed by 

conventional emulsion generation approaches in most cases are highly polydisperse; moreover, 

conventional methods for DE generation are labour intensive, expensive, complex and always 

require external bulky instruments. Thus, a rapid, simple, and inexpensive method to spatially 

pattern wettability in microfluidic devices for the continuous generation of monodisperse DEs 

is proposed. To demonstrate the biological capability of generated DEs, the DEs containing 

single yeast cells before and after culture are screened with a FC. This also lays a foundation 

for the high-throughput screening and sorting of yeast phenotypes using FACS at the single-

cell level.  

 

5.1 Introduction 

A DE is a complex soft colloidal system consisting of an aqueous core encapsulated within 

an immiscible shell, dispersed in an external aqueous carrier fluid 1, 2. A DE has a highly 



Chapter 5 

125 

adjustable core-shell structure, which allows for a substantial degree of control over the 

encapsulation and release of active ingredients3. The middle phase (shell) can be selectively 

gelled or hardened to create solid capsules4, 5, and the minimised oil volume prevents the oil 

from diffusing to and affecting the inner content directly6. Moreover, unlike water-in-oil (w/o) 

single emulsion, DE is compatible with commercial flow cytometers and FACS instruments 

that require an aqueous carrier flow, allowing user-friendly quantitative high-throughput 

assays7-12. Due to these significant advantages, DE has been widely used in various food, 

cosmetic, pharmaceutical, chemical, and biological applications, such as encapsulation and 

release of nutrients and flavours, production of low-calorie food, controlled release and 

targeted delivery of drugs, chemical extraction, synthesis of functional particles, medical 

diagnostics, and directed cellular and molecular evolution10, 13-23. 

Traditional batch emulsification generation methods, such as stirring, high shear 

homogenisation, and membrane extrusion9, 19, 24, 25, can be used to rapidly generate DEs, but 

they have limited controllability of the resulting DEs in respect of size distribution and 

tendency for coalescence due to high shear rates26, 27. These issues are problematic for 

downstream quantitative assays and controlled reactions where DEs with high uniformity and 

stability are required. With rapid growth in advanced manufacturing sector, microfluidic 

devices have been developed to hierarchically generate monodisperse DEs by selectively 

controlling the wettability of microchannels7, 8, 10, 11, 14, 20, 25-31. Wettability, a physical property 

of channel surface, plays a vital role in the types of emulsion droplets generated, as 

hydrophobic and hydrophilic surfaces are necessary to generate w/o emulsions and O/W 

emulsions, respectively26, 31-34. 

Two main strategies, multi-module and single-module, have been used to generate DEs by 

microfluidic devices. The first multi-module strategy is based on the combination of two or 

three devices, each of which can be either entirely hydrophobic or entirely hydrophilic3, 6, 10, 20, 
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21, 28, 35-37. Although this strategy allows easy surface modification, turbulent shear occurring at 

the connection between two devices results in unstable generation of DEs with an uncertain 

number of embedded inner cores27. The process of DE generation using co-axial flow-focusing 

capillaries is inefficient, as high flow rate of sheath is required to prevent the dispersed phases 

from touching the channel walls36. Moreover, the manufacture of capillaries suffers from the 

lack of flexible and reproducible methods for capillary alignment and sealing8, 31, 33, and glass 

capillaries need extra hydrophobic silane coatings compared with intrinsically hydrophobic 

PDMS devices. 

The other single-module strategy allows DE generation in a single microfluidic device with 

microchannels having different hydrophilic and hydrophobic sections. A variety of methods, 

including LbL assembly8, 38, 39, UV treatment33, flow confinement by inert phases30, 40, 41, and 

oxygen plasma polymerisation7, 11, 31, have been used to selectively modify the wettability of 

microchannel surfaces in a single device. 

However, these generally require multiple complex processing steps, bulky external 

laboratory instrumentation, or use of different chemical solvents. Layer-by-layer assembly 

methods are based on the alignment bonding of two PDMS slabs, but the process requires extra 

fabrication costs of the additional layer and the outcome is largely dependent on the skills and 

experience of the fabricator. The process of UV treatment needs a silane (e.g., OTS) coating to 

render the whole glass device hydrophobic and a long exposure time (i.e., 60 min), which 

induces PDMS fragility. Although flow confinement by inert nitrogen (N2) or fluid is a 

commonly used method to achieve the spatial patterning of wettability in microchannels, it is 

relatively slow and has a relatively high failure rate. This is because it is difficult to keep the 

interface between the reactive region and inert region steady in a microchannel,32 thereby 

resulting in easy contamination of microchannels. In addition, the process of photo-initiated or 

thermal-initiated polymerisation at reactive regions requires repeated cycles to produce 
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uniform surface properties due to the ill-defined boundaries of treated areas, which also require 

UV or high temperature (i.e., 120 °C) treatment. 

Plasma treatment has been used for surface wettability modification. This is because that 

O2/air plasma can effectively render a PDMS surface hydrophilic by oxidizing surface siloxane 

groups to silanols42. Several researchers have embedded electrodes within microchannels to 

confine plasma for targeted treatment43. However, accurate alignment of the injected electrodes 

and bulky external equipment are required, making this process comparatively complex. Tan 

et al firstly demonstrated that oxygen plasma can effectively alter localised PDMS surface from 

hydrophobic to hydrophilic in a sealed microchannel44. Kim et al. and Brower et al. have used 

a narrow microchannel as a barrier to prevent plasma from entering into hydrophobic regions7, 

11, 31. This method avoids the use of chemicals for surface functionalisation but lacks the 

capacity to precisely control the targeted regions for plasma treatment. Moreover, it also 

requires the use of bulky external apparatus, high gas pressure (1 mbar), and relatively long 

treatment time (3 to 10 min). 

To overcome the limitations of existing methods, we have developed a unique method 

employing localised corona discharge, which is further confined by a narrow, serpentine corona 

resistance microchannel, to achieve spatial patterning of wettability in a single microfluidic 

device for generating extremely monodisperse DEs (Fig. 1A). The microchannel surface of the 

corona resistor as well as the upstream T-junction droplet generator  remains hydrophobic, 

ideal for w/o single emulsion generation. The electrode tip for the corona discharge is inserted 

via the microchannel outlet so that the localised corona treatment renders the flow-focusing 

droplet generator hydrophilic for w/o/w DE generation. The purpose-optimised corona resistor 

(Fig. 1A inset, red square), which is narrower than the expansive channels flanking the flow-

focusing droplet generator, effectively prevents the corona  
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discharge from entering the hydrophobic channel; thus, the corona discharge is confined to the 

selected microchannel zone for DE generation, and the spatial patterning of wettability is easily 

and robustly achieved. 

Figure 5.1 Schematic illustration of DE generation in a microfluidic device with spatial 

wettability patterned by the proposed approach. A) Schematic illustration of spatial wettability 

patterns in the device after corona treatment. After natural recovery or surface modification, 

the whole microfluidic device is hydrophobic (red). Then linear corona discharge is introduced 

into the expansion region by the electrode of the corona treater, which is further confined by 

the corona resistance channel (red enlarged region). This corona discharge precisely modifies 

the inside surfaces of the flow-focusing droplet generator (purple enlarged region) and outlet 

to become hydrophilic (blue). B) Schematics of continuous DE generation. At the hydrophobic 

T-junction droplet generator, the inner phase (light blue) is sheared by middle phase (red) into 

water-in-oil single emulsions, which are further encapsulated by the outer phase (dark blue) at 

the hydrophilic flow-focusing droplet generator, creating monodisperse water-in-oil-in-water 

DEs. The generated DEs are further transported into and stored in a centrifuge tube prefilled 

with an aqueous buffer. C) Schematics and real images of three types of DEs with different 

inner cores: PBS solution, thermo-responsive hydrogel solution, and cell-laden culture 

medium. 
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Compared with O2/air plasma treatment, corona treatment is cost-effective, and can generate 

very localised corona discharge directly at the surfaces of targeted regions using a low-cost 

hand-held instrument at atmospheric air pressure45. Although corona treatment has been used 

for wettability patterning in microchannels, inert chemicals are always needed to retain the 

hydrophobicity of blocked region surfaces14, 26, 32. To the best of our knowledge, this is the first 

report of forming spatially-resolved wettability patterns in a single microfluidic device by one 

step, within a few seconds under room air without any solvents or strict conditions. 

To quantitatively assess the effectiveness of this method for wettability modification, we 

characterised the properties of PDMS surfaces under different levels of corona treatment. We 

have then examined the controllability of size and morphology of generated DEs by adjusting 

the flow rates of inner, middle, and outer phase media of the microfluidic DE generator. In 

order to demonstrate the versatility of DEs produced by this method, we used DEs as 

intermediate templates for fabricating monodisperse gelatin microgels, and as bioreactors for 

culturing yeast cells by high-throughput flow cytometric screening. 

5.2 Methods and Materials  

5.2.1 Device design and fabrication 

The microfluidic device consists of two layers: a shallow channel having a depth of ~25 μm 

with a hydrophobic T-junction microdroplet generator (Fig. S5.1A); and a deep channel having 

~35 μm with a hydrophilic flow-focusing microdroplet generator (Fig. S5.1B). The T-junction 

droplet generator used to create w/o single emulsions has widths of 16 μm and 18 μm for an 

inner aqueous phase and a middle phase, respectively, whilst the flow-focusing droplet 

generator used to produce DEs has widths of 30 μm and 35 μm for an outer phase and single 

emulsion introduction, respectively. A narrow serpentine microchannel (22.5 μm in width 3.4 

mm in length, and an inner radius of 72 μm) separates the two droplet generators to confine the 
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injected corona discharge to the deep (hydrophilic) layer. There are three inlets for injecting an 

inner phase, a middle phase, and an outer phase, respectively, and an outlet for injecting the 

electrode of the corona treater and collecting the formed DEs (Fig. S5.1C). 

The two-layer SU-8 2025 (MicroChem, Newton, MA, USA) master was fabricated using 

standard soft-lithography by a direct-write optical lithography machine (MicroWriter ML3, 

Durham Magneto Optics, Durham, UK). The PDMS (Sylgard 184, Dow Corning, Midland, MI, 

USA) was prepared by mixing the PDMS base and the curing agent with a weight ratio of 10:1 

and was degassed under vacuum for 15 min. The PDMS mixture was then poured over the SU-

8 master and baked at 60 °C for 2 h, after which the PDMS slab was peeled off from the master. 

A 1.5-mm puncher was used to punch the three inlets and one outlet. Standard glass slides were 

cleaned with isopropanol (I9516 Sigma-Aldrich, St. Louis, MO, USA) and water followed by 

drying at 60°C for 10 min to remove moisture. The side of the PDMS slab with microchannel 

patterns was cleaned with scotch tape to remove PDMS scraps and dust. The cleaned side of 

the glass slides and the channel side of PDMS slab were treated with oxygen plasma (PX 250, 

March Instruments, Concord, CA, USA) for 22 s at 300 mbar and then immediately bonded 

together. The bonded device was baked at 120°C for 5 min. 

5.2.2 Spatial wettability patterning 

In order to make the microfluidic device suitable for generating DEs, the whole device was 

first placed in an oven at least 60 °C for 48 h to recover the intrinsic hydrophobicity of PDMS. 

To render the flow-focusing droplet generator hydrophilic while maintaining the T-junction 

droplet generator hydrophobic, a hand-held corona treater (BD-20AC, Electrotechnic Products, 

Chicago, IL, USA) was employed. First, the corona metal electrode tip was inserted into the 

microchannel outlet in contact with the glass substrate. The corona discharge power level was 

set to the minimum (~10,000 V at a frequency of 4.5 MHz), and the penetration of the electrode 

tip was adjusted to ensure the corona discharge extended only to the end of the deep channel 
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(i.e., the entrance to the corona resistor). The corona discharge was sustained for approximately 

5 to 10 s.  

5.2.3 Surface wettability characterisation 

Three types of characterisation were performed to assess the effectiveness of this method 

under three scenarios of treatment: untreated, partially treated (2 s), and sufficiently treated (5 

s). Contact angle (CA) measurements were performed using a static sessile drop method. 3 μL 

droplets of Milli-Q water were positioned on PDMS surfaces, and after 10 min the shapes of 

the CAs were captured. To visualise the wettability patterns within the microchannels, a 

hydrophobic fluorescence dye, 20 μM SYTO 9® (Thermo Fisher Scientific, Waltham, MA, 

USA), was continuously flowed through the channel for 3 min. The microchannel was then 

flushed by Milli-Q water and dried by N2. In addition, the DEs formation behaviour was 

monitored and recorded at the flow-focusing section. 

5.2.4 Device operation  

Solutions for inner phase, middle phase, and outer phase were loaded into three different 

syringes that were connected to the corresponding inlets via FEP tubing (IDEX, Lake Forest, 

IL, USA) with an inner diameter of 0.5 mm. The plastic syringes were mounted on syringe 

pumps (Fusion 100, Chemyx, Stafford, TX, USA) for smooth and controllable infusion. After 

the device was treated to create spatially patterned wettability, an outer phase solution was 

immediately injected into the deep channel and kept flowing for up to 2 min; the middle phase 

solution was subsequently injected to prevent the outer phase from coating at the T-junction 

droplet generator; then the inner phase was injected (Fig. S5.2). All three phases were fine-

tuned to desired volumetric flow rates to generate stable monodisperse DEs of different 

properties according to applications. After stable DEs are generated, a 2 mL EppendorfTM safe-

lock tube (Hamburg, Germany) prefilled with 250 μL collection buffer, 1% v/v Tween® 20 
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(P9416, Sigma-Aldrich, St. Louis, MO, USA) added 1 × phosphate-buffered saline (PBS, 

10010023, Thermo Fisher Scientific, Waltham, MA, USA) was used to collect DEs. 

5.2.5 DE generation 

To investigate of the size and morphology of DEs, we used 1% v/v tween® 20 added PBS 

as an inner phase, 2% v/v Pico-SurfTM 1 (Sphere Fluidics, Cambridge, UK) added NovecTM 

7500 Engineered Fluid (3M, St. Paul, MN, USA) as a middle phase, and 2% w/v Pluronic-

127®, 2% v/v Tween® 20 added PBS as an outer phase. 

To generate gelatin microgels using DEs as templates, we mixed 0.001% w/v 200 kDa 

FITC-dextran, (FD2000S, Sigma-Aldrich, St. Louis, MO, USA) with gelatin from porcine skin 

(Type B, G6650 Sigma-Aldrich, St. Louis, MO, USA) dissolved in PBS at a temperature of 

50 °C and used this solution as the inner phase. The middle phase was prepared by adding 

0.001% w/v Nile Red (19123, Sigma-Aldrich, St. Louis, MO, USA) and 1% v/v Span® 80 

(85548, Sigma-Aldrich, St. Louis, MO, USA) to mineral oil (M5904, Sigma-Aldrich, St. Louis, 

MO, USA); The outer phase and the collection buffer were the same as aforementioned. During 

the generation of DEs, the ambient temperature was maintained above 30 °C. After the 

collection of DEs, the collection tube was kept at 4 °C to make sure that the inner gelatin core 

undergoes phase transition to gel. 

To effectively encapsulate yeast cells with a density of ~1.11 g/mL) in DEs, we used 30% 

v/v OptiPrepTM (D1556, Sigma-Aldrich, St. Louis, MO, USA)41 with added cell culture 

medium containing yeast cells as the inner phase46, Bio-Rad droplet generation oil for probes 

(1863005, Bio-Rad, Hercules, CA, USA) as the middle phase, and the same outer phase and 

collection buffer as before. The procedures for the preparation of GFP-tagged S. cerevisiae 

strain (CEN.PK2-1C-GFP), determination of concentration, and in vitro culture, were detailed 

in our previous study47. GFP-tagged S. cerevisiae cells at four different concentrations: 5 × 106, 
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1 × 107, 2 × 107, and 8 × 107 cells/mL were used in inner phase. Cell concentration of 1 × 107 

cells/mL was used for the screening of single-cell growth in DEs. 

5.2.6 Flow cytometric screening 

The yeast cell-laden DEs were screened using a CytoFLEX flow cytometer (Beckman 

Coulter Life Sciences, Miami, FL, USA) with a 100 μm nozzle. The FC was equipped with a 

488 nm excitation laser and a FITC (λex = 488 nm/λem = 525 nm) bandpass filter for the 

screening of DEs encapsulating S. cerevisiae cells. For each measurement, 30 μL DEs were 

pipetted from the top of the centrifuge tube and resuspended in 90 μL sheath buffer containing 

1% v/v Tween® 20 in PBS. Monodisperse DEs were selected from 8,000 events, using FSC 

vs SSC log-log scatter plots for analysis (Fig. S5.3). Fluorescence intensity was then used to 

identify the DE droplets encapsulating S. cerevisiae cells. Screening rate was set to below 500 

events/s to avoid high shear turbulence. 

5.2.7 Data acquisition and analysis  

The formation and behaviour of DEs were monitored and recorded using an inverted 

microscope (Eclipse Ti-U, Nikon, Tokyo, Japan) equipped with a high-speed camera (Phantom 

Miro 320, Vision Research, Wayne, NJ, USA). The images were captured with an exposure 

time of 10 μs, and frame rates were varied according to channel regions for measurements. A 

portable microscope (AM4113T, Dino-Lite, New Taipei City, Taiwan) was used to visualise 

the shape of droplets on PDMS surfaces, measure CAs, and monitor the performance of corona 

resistors having different features. The fluorescence images used to characterise spatially 

patterned wettability within microchannels were recorded by a digital camera (DS-Qi1Mc, 

Nikon, Tokyo, Japan) installed on the inverted microscope. The bright-field and fluorescence 

images of gelatin microgels in and out of DEs as well as cell-laden DEs were acquired by a 

confocal microscope (FV3000, Olympus, Tokyo, Japan). All recorded videos and image 

sequences were processed using Phantom Camera Control Software (PCC 3.5, Vision Research, 
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Wayne, NJ, USA) and Image J (NIH, Bethesda, MD, USA). Flow cytometric data were 

recorded and analysed by software CytExpert 2.4 (Beckman Coulter Life Sciences, Miami, FL, 

USA). 

5.3 Results and discussion 

5.3.1 Design and preparation of the microfluidic device with spatial 

wettability patterning  

The microfluidic device employed here includes two separate microdroplet generators, a T-

junction and a sequential flow-focusing geometry for hierarchical encapsulation of single 

emulsions (see Fig. 5.1B). At the hydrophobic T-junction droplet generator, the inner phase 

meets a stream of carrier oil and then is encapsulated into regularly-spaced w/o single 

emulsions. We use T-junction instead of flow-focusing geometry for single emulsion 

generation to minimise the possibilities of bubble adhesion. At the hydrophilic flow-focusing 

droplet generator, single emulsions are subsequently entrapped by the aqueous outer phase, 

resulting in stable DEs. Using different inner and middle phases in the same microfluidic 

devices, we can generate different types of DEs having different inner cores (Fig. 5.1C), which 

can be used for multiple applications, such as templates to fabricate and spontaneously release 

gelatin microgels, and bioreactors to encapsulate and culture single cells.  

The resultant DEs in this study can maintain the core-shell structure for more than one 

month, when they are stored in a normal centrifuge tube under ambient conditions. Please note 

that that our approach can generate highly uniform, with a coefficient of variation (C.V.) < 1.4% 

(see Fig. S5.4). This value is comparable to or smaller than those for the DEs generated by 

other methods, e.g., multi-module co-axial flow-focusing capillaries (C.V. = 2.5~3.0%3, 4, 6), 

multi-module connected microfluidics chips (C.V. = 2.5~3.0%)10, 48, layer-by-layer assembly 

(C.V. = 5.2~7.3%)38, 39, chemical functionalisation by flow confinement (C.V. = 1.3 ~ 4.2%)27, 
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40, 49-51, plasma oxidation (C.V. = 2.1~2.5%)7, 14, 31, and localised UV treatment of glass (C.V. 

< 8.0%)33. We noted that the stability of generated DEs can be further improved by different 

approaches, such as using proper surfactants7, 52 and maintaining the balance of the osmotic 

pressure between the inner phase and the outer phase39. Moreover, there are some potential 

approaches which can be used to further enhance the cost-effectiveness of our system for DE 

generation, such as using a balloon-based pressure pump for liquid injection53, and constructing 

a customised system based on a DC high voltage supply and metal tips to generate corona 

discharge54. It’s worth noting that the distribution and real-time intensity of corona discharge 

during the wettability patterning process can be observed by a smartphone, which has recently 

been adopted for highly sensitive and quantitative analysis in microfluidics55. 

5.3.2 Characterisation of spatial wettability patterns 

The surface properties of the microfluidic channels determine the polarity of the emulsions 

formed and the types of DE generated. A hydrophobic surface is required for w/o single 

emulsion generation at the T-junction droplet generator, while localised corona treatment is 

applied to modify the inside surface area of the flow-focusing droplet generator to hydrophilic 

for w/o/w DE generation (see Figs. S5.5A and 5.5B). Using the controllable corona discharge 

with the purpose-optimised corona resistance microchannel, a defined area of spatial patterning 

of wettability is achieved in one step within 10 s, without the necessity for repeated treatments 

or any external blocking phases. Noteworthy, this can be acquired by visual instead of 

microscope-assisted observation because the corona discharge induced by a high voltage can 

result in a highly distinct flare in PDMS channels.  

We achieved continuous generation of DEs for at least 6 hours. Moreover, the capacity of 

the device for generating DEs can be extended to at least three days in optimal conditions. After 

prefilling the hydrophilic region with DI water, we stored the treated device in a petri dish filled 

with DI water and covered all openings on the device with a waterproof tape. DEs were found 
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to be successfully generated in the corona discharge treated device after three days of storage 

(see Fig. S5.6). This agrees with previous findings that the  hydrophilicity of PDMS can remain 

stable for one week by storing the sealed PDMS channels in DI water44, 56. Although, 

Figure 5.2 Characterisation of PDMS surface properties within the microfluidic devices having 

spatially resolved wettability patterns. A and B) Experimental images of A) microchannels 

being treated by localised corona discharge, and B) droplet generation in microchannels after 

sufficient treatment. Different types of corona resistors: control, short serpentine, 2 times 

serpentine and straight channel, are presented. The white dashed frame represents the enlarged 

area including two droplet generators. The red arrow indicates the T-junction droplet generator. 

C) Bright-field images of contact angles (CAs) of 3 μL water droplets positioned on the 

surfaces of untreated, partially treated (2 s), and sufficiently treated (5 s) PDMS. D) Fluorescent 

images of the flow-focusing droplet generator, which is flushed with SYTO 9 dye. E) 

Experimental images of DE generation at the flow-focusing junction under different levels of 

treatment. Scale bars represent 100 μm.   
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hydrophilicity was observed to remain for several hours without sealing by water, however 

exposing the treated channel to air for long times was not desirable since this may reduce the 

performance of devices for continuous generation of monodisperse DEs44.   

 This method can be used to achieve desired balance or higher levels of complexity of 

hydrophilicity and hydrophobicity in specific microfluidic devices for the generation of 

droplets of different sizes, morphology, or higher order of emulsions. 

The key concept of this approach is when the unwanted regions are protected by a narrow 

channel acting as a corona resistor, to achieve a highly hydrophilic surface at target regions. 

Thus, we have optimised the performance of this method from two aspects: the geometry of 

microchannels and the treatment time. First, the microchannel (which can resist the entry of 

ionised air) can be an analogy of the resistor to electric currents, where the geometry plays an 

important role in resistance performance. Second, the treatment time is positively correlated 

with the ability to remove hydrocarbon groups and increase hydrophilic groups. Moreover, it 

is reported that a relatively long plasma treatment time renders a much smoother surface by 

AFM surface analysis44. 

For the optimisation of dimensions of microchannels, the effects of shape, size, and length 

of the corona resistors on DE generation have been investigated by observing the localised 

distribution of corona discharge (see Fig. 5.2A) and droplet generation in devices having 

different resistance channels treated with corona discharge of the same intensity (see Fig. 5.2B). 

All corona resistor channels have a uniform height of ~25 μm. The control is the corona 

resistance microchannel used in this study. 2 × serpentine corona resistor has a width and a 

length twice those of the control, while short serpentine corona resistor has a length one-third 

of that of the control. The straight corona resistor is 0.85 mm in length. The results showed that 

the serpentine microchannels used in our study are more effective for preventing the corona 

discharge from entering the hydrophobic droplet generation region. In the device with a straight 
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channel as a corona resistor, corona discharge distribution gets in contact with the hydrophobic 

droplet generation region (see Fig. 5.2A). We also found out that devices with serpentine 

corona resistance channels can successfully generate monodisperse DEs. However, the one 

with a straight corona resistor can only form o/w droplets at the T-junction droplet generator 

and fail to generate DEs afterwards (see Fig. 5.2B). This indicates that the corona discharge is 

able to travel through the straight corona resistor to enter the T-junction droplet generator 

region, where hydrophobic surfaces are required.  

Notably, a serpentine microchannel as a corona resistor is cost-effective to extend the length 

of the resistance channel that directly affects its resistance in limited space. In some single-

module microfluidic devices for DE generation, a long straight channel (i.e., 1.45 mm26 and 

2.43 mm27 in length) between the first and the second droplet generators generally acts as a 

barrier to prevent the surface treatment in a region from disturbing the other one. In contrast, 

our design of a serpentine channel is very compact and saves up ~20% space, which has also 

been adopted by other studies7, 11, 31, 41 to increase the distance between hydrophobic and 

hydrophilic regions during the process of spatial patterning of wettability. Although a short 

serpentine channel sometimes works for DE generation as well (see Fig. 5.2B), it bears a high 

risk with a failure rate of ~ 25%. 

Another parameter that plays an important role in confining corona discharge is the width 

of the channels (i.e., cross-sectional area). Since the resistance of a rectangular channel is 

inversely proportional to the cross-sectional area57-60, a decrease in the channel width could 

increase the resistance to the ionised air in this study and improve the performance of the corona 

resistor. However, the dimensions of the resistance channel have to be approximately equal to 

the required inner core diameter (���) of DEs. This is to ensure 1) the generated w/o droplets 

(i.e., inner cores of DEs) can pass through the corona resistance channel in an ordered manner, 

otherwise, the generation of DEs containing multiple cores might unintentionally occur at the 
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flow-focusing droplet generator, and 2) the inner cores can pass through the corona resistance 

channel in the form of spherical droplets rather than plug-like shaped ones, which might come 

in contact with hydrophilic region and rupture14. This is also demonstrated by the device with 

a 2 × serpentine corona resistor (with a width of 45 μm), which generates DEs with inner cores 

having a diameter (i.e., 49 μm) twice that of the ones generated in the control device (see Fig. 

5.2B). 

Furthermore, to qualitatively and quantitatively verify the effectiveness of this approach for 

surface modification, we set three scenarios: untreated (0 s), partially treated (2 s, can render 

low or part hydrophilicity at target regions and cannot induce DE generation), and sufficiently 

treated (5 s, can render strong or full hydrophilicity at target regions and can induce successful 

DE generation). We first performed CA measurements to characterise surface wettability by 

placing 3 μL water droplets on PDMS surfaces prepared under these three scenarios. A 

significant difference is observed for CAs measured for treated and untreated surfaces: the 

calculated CAs were 104.0°, 29.2°, and 15.1°, respectively, for untreated, partially treated, and 

sufficiently treated PDMS surfaces (see Fig. 5.2C). It is worth noting that a method has been 

reported to measure the CAs of sealed PDMS channels, in which DI water was pumped into a 

channel and formed a static and water/air interface for hydrophilicity measurement. This can 

further provide a more accurate measurement of surface hydrophilicity at the treated regions44. 

Compared with sufficient treatment, partial treatment renders the PDMS surface hydrophilic 

only to a limited extent (with a relatively high CA, ~70% of treated area are still hydrophobic, 

and failure to generate DEs). Next, we investigated surface wettability at the flow-focusing 

droplet generator. 20 μM SYTO 9® staining dye was continuously introduced into 

microchannels and then flushed out by DI water. SYTO 9® fluorescent dye is hydrophobic and 

is typically strongly adsorbed at hydrophobic interfaces, similar to rhodamine B61, 62. The 

results show that the untreated PDMS channel is fluorescent, while almost no fluorescence is 
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observed in sufficiently treated PDMS regions (see Fig. 5.2D). As expected, partial treatment 

is too weak to properly modify the intended PDMS regions. In addition, no residual dye is 

found inside or beyond the boundary of the wall at the minimal intensity of corona discharge 

(i.e., ~10,000 V at a frequency of 4.5 MHz), indicating that the low intensity of corona meets 

the need. If the corona discharge intensity is excessive, cracking or local swelling of the PDMS 

channel occurs, and the loaded dye diffuses into and remains trapped in the wall61. Moreover, 

the beginning part of the corona resistor is prone to be treated, rending a super hydrophilic 

surface. This can result in instable droplet generation, as the aqueous phase for w/o droplets 

has a higher affinity than the middle phase32. The rupture of the droplets may occur as well, 

especially when the oil shell is very thin14.We noted that these adverse effects can also be 

caused if the position of the electrode tip is placed too close to the treated regions. Thirdly, we 

observe DE formation at the flow-focusing droplet generator (see Fig. 5.2E): only w/o single 

emulsions are generated in untreated channels, while stable w/o/w DEs are generated for at 

least 3 h in sufficiently treated channels. Finally, we failed to see DE generation in partially 

treated channels. This is because the oil middle phase wets the walls, causing it to flow as a 

parallel stream with the aqueous carrier flow (see Fig. 5.2E middle)31.  

5.3.3 Generation of DEs with controllable size and morphology  

We have further investigated the effects of flow rates of different phases on the size and 

morphology of generated DEs, including ���, shell thickness, and the number of inner cores. 

Note that monodisperse w/o droplet formation at the T-junction droplet generator and w/o/w 

DEs at the flow-focusing droplet generator in dripping regime63 were consistently observed 

under all tested experimental conditions. The corresponding Capillary number (Ca) of the 

disperse phase and continuous phase for stable and continuous droplet generation is below 0.132, 

64. 
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We found that ��� increased with decreasing ratio of inner phase flow rate (���) to middle 

phase flow rate (���), ���/���, the oil shell thickness decreasing correspondingly, when the 

total flow rates (������) of ���  and ���  were kept constant (see Fig. 5.3A and Fig. S5.7). 

Moreover, we can increase the outer diameter of DEs (����) and consequently increase the 

number of encapsulated cores by decreasing ���� /������  while keeping ������ , ��� +��� , 

constant (see Fig. 5.3B). The value of ���� is roughly constant at 58.9, 56.8, and 52.2 μm, 

respectively, when ������ is 4 μL/min, 6 μL/min, or 8 μL/min. Our results agree with findings 

of previous studies: under the dripping regime, when the geometry of droplet generators and 

properties of different phases are fixed, the diameter of resultant droplets relies on the flow rate 

ratio between different phases, i.e.,  ��� ∝ (Ca × a)��, a =  ��� ������⁄ 64. Moreover, when 

���� is kept constant, the thickness of the oil shell is inversely proportional to ���, which, 

therefore, is also dependent on the flow rate ratios. 

��� and middle-phase (oil) shell thickness were measured for three different ������, when 

��� /���  was varied from 1 to 5 (Fig. 5.3C). The results show that ���  can be adjusted 

independently of other droplet dimensions by varying flow rate ratios, i.e., ���/���. In general, 

the inner core dimeter increases while the shell thickness decreases with the increase of 

���/���.The dimensions of generated DEs show greatest variability for the highest ���� (i.e., 

8 μL/min): ��� can be chosen in a range from the largest (41.9 μm) to the smallest (27.5 μm) 

size, with the thinnest oil shell (i.e., 5.2 μm). It is noteworthy that when ���/��� declines to 

below 1, the inner phase is forced to contact the hydrophilic walls of the channels, resulting in 

the rupture of DE.17  

In addition, we varied ����  while maintaining ���  and ���  constant at 1 and 3 μL/min, 

respectively, to investigate the effect of ���� on ���� and the number of inner cores (see Fig. 

5.3D). When ���� / ������  declines from 1.26 to 0.13, ����  increases and the number of 

encapsulated inner cores consequently changes from 1 to 5. It is noteworthy that the 
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monodispersity of generated DEs is highly dependent on the synchronisation of three phases. 

When the values of ����/������ are between these values, DEs having different core numbers 

co-exist. When ����/������ is increased to slightly over 1.26, ���� subsequently declines, and 

DEs are generated more rapidly. We note that DEs with single cores can be generated when 

Figure 5.3 Control of the inner core diameter (���), oil shell thickness, and the core number 

of DEs. A) Experimental images of generated DEs at five different ratios of the middle and 

inner phase flow rates, ���/���: 1, 2, 3, 4, and 5, when the total flow rate, ������, sum of 

��� and ���, is set constant at 8 μL/min. B) Experimental images of generated DEs at five 

different ratios of outer phase flow rate and total flow rate, ����/������: 1.33, 1.00, 0.63, 

0.30, and 0.13, when the ������ is fixed at 4 μL/min (��� = 1 μL/min; ��� = 3 μL/min). 

Scale bars represent 100 μm. C) A plot of ��� and shell thickness versus ���/��� at three 

different ������: 4, 6, and 8 μL/min. The outer diameters of DEs are roughly constant in 

these cases for each outer diameter of DEs (����). The standard deviation is indicated by 

the shaded area. D) A plot of core number versus ����/������, when ������ is fixed at 4 

μL/min. The red highlighted area indicates the range of ����/������, for the generation of 

DEs encapsulating single cores. The insets are images showing DEs have different numbers 

of inner cores. Scale bar represents 50 μm. 
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����/������ varies with the range of 1.26 to 1.62 (Fig. 5.3D, red lighted region). If ����/������ 

increased significantly to over 1.62, empty oil droplets appear. The number of inner cores is 

dependent on the outer diameter of DEs as d ∝ (Ca × a)��, � =  ����/���� + ������ , where 

���� is the outer diameter of DEs64. 

5.3.4 Generation of monodisperse gelatin microgels using DEs as templates 

We have also demonstrated that the DE technique can be used as a template to generate 

spherical microgels of highly uniform size. Such microgels have significant potential for 

application in tissue engineering and cell therapy due to their ability to provide a 

physiologically relevant 3D microenvironment for living cells15, 22, 65. Traditionally, w/o single 

emulsions are used for producing monodisperse microgels with a variety of polymerisation 

approaches. However, such methodologies require the use of large volumes of oil for the carrier 

phase, prolonged exposure to the oil and surfactants (which can be cytotoxic to the 

encapsulated cells), and an additional washing step for phase transfer. Alternatively, DE can 

be used as an intermediate template to produce microgels in an aqueous solution, avoiding the 

use of oil and the extra washing step6, 14, 35, 37. Using the microfluidic device described here, we 

have created monodisperse gelatin-in-oil-in-water DEs with different sizes and compositions. 

Gelatin is a cross-linked natural protein with thermally responsive sol-gel transition properties 

and is commonly used food and pharmaceutical industries47. 

We used FITC-dextran added gelatin in PBS at three different concentrations, 1, 2 and, 4% 

w/v, as the inner phase, mineral oil as the middle phase, and PBS with 2% w/v Pluronic-127® 

and 2% v/v Tween® 20 as the outer phase. The FITC-dextran added gelatin is pre-dissolved in 

PBS at ~50 °C. By controlling the ambient temperature at above 30 °C, we encapsulated 

aqueous gelatin solution in DEs as core (see Fig. 5.4A). Since the viscosity of mineral oil is 

higher than that of fluorocarbon HFE-7500 engineering oil, a higher middle-phase flow rate, 

���, (requiring higher pressure delivery) is needed to overcome the resistance in the channel, 
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otherwise, a jetting regime45 occurs at the T-junction droplet generator. Thus, we use ���/��� 

a factor around three times greater than those used in the previous experiment, notably 4, 6, 8, 

10, and 12, to investigate the effect on ���. The results show that ��� can be easily controlled 

by adjusting ���/���, when the ������ of gelatin solution (inner phase) and mineral oil (middle 

phase) is fixed at 8 μL/min. In general, ��� decreases with the increase of ���/���, regardless 

Figure 5.4 Generation of monodisperse gelatin microgels using DEs as templates. A) 

Brightfield and confocal images of FITC-dextran added gelatin-in-oil-in-water DEs surrounded 

by Nile-Red labelled mineral oil. B) A plot of ��� versus ���/���, when gelatin solutions have 

three different concentrations: 1, 2, and 4 % w/v. The standard deviation is indicated by the 

shaded area. The insets are images showing DEs with different sized inner cores. C) A series 

of high-speed images showing the release of a microgel from a DE into an aqueous solution 

(DI water). D) A histogram of size distribution of the released gelatin microgels. The inset 

shows the resultant microgels. Scale bars represent 30 μm. 
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of gelatin concentration (see Fig. 5.4B). When ��� / ���  increases from 4 to 12, ��� 

significantly decreases from 27.5 ± 0.7 to 10.9 ± 0.4 μm and from 21.7 ± 0.3 to 11.8 ± 0.5 μm, 

respectively, when gelatin concentrations are 1 and 2% w/v. When the concentration of gelatin 

increases to 4% w/v, ��� declines from 15.0 ± 0.5 to 7.7 ± 0.4 μm with the increase of ���/��� 

from 4 to 8 (though injection into the channels remains satisfactory). However, when we further 

increase  ���/���, to over 8, the inner phase containing 4% w/v gelatin fails to enter the T-

junction droplet generator. This is because the resistance to flow in PDMS channel significantly 

increases when injecting the fluids of high viscosity. A lower flow rate is necessary to inject 

high viscosity liquids, otherwise, the high pressure in the microchannel might lead to 

inconsistent flow, fluid leakage, and channel deformation66, 67. 

After solidification of gelatin solution at a low temperature (i.e., 4 °C), DEs were transferred 

to DI water without any surfactants. It has been noted that there are significant changes in the 

interfacial tension and density among the difference phases of gel-in-oil-in-water DEs6. In this 

case the oil shell destabilises and dewets the solid surface of the inner gelatin microgel, and 

spontaneous release of gelatin microgels from DEs to outer phase occurs6, 37, 68. Fig. 5.4C shows 

that the release of the gelatin microgel from DE into DI water without any surfactants, within 

the course of 540 μs. Using DEs as sacrificial payload carriers, monodisperse gelatin 

microgelwith a C.V. of 3.0% can be generated (Fig. 5.4D). 

5.3.5 Flow cytometric screening of encapsulation and growth of yeast S. 

cerevisiae cells in DEs  

To demonstrate that the generated w/o/w DEs in this study can act as microbioreactors, we 

encapsulated and cultured GFP-tagged S. cerevisiae cells in DEs. 

The microfluidic device can generate monodisperse (C.V. < 1.5%) DEs having ��� of 28.3 μm 

and ���� of 46.3 μm (see Fig. S5.4), which are compatible with FC. We first encapsulated S. 

cerevisiae cells of three different concentrations, 5 × 106, 2 × 107, and 8 × 107 cells/mL, within 
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monodisperse DEs (see Fig. 5.5A). Using FC, we performed screening of empty DEs as a 

negative control, and samples of both empty DEs and cell-laden DEs prepared at different cell 

concentrations (Fig. 5.5B). Although empty DEs have low but detectable auto-fluorescence, 

we are able to isolate the population of cell-laden DEs based on measured parameters (i.e., 

FSC-H and SSC-H). The gating strategy is shown in Fig. S5.3. Around 6,000 events 

representing monodisperse DEs are selected in all the conditions. As expected, we observed an 

increase in the fluorescence intensity as well as the proportion of cell-laden DEs (FL positive 

events in Fig. 5.5B) with the increase of cell concentration. The percentages of empty DEs in 

total events are 95.1 ± 0.2%, 80.5 ± 3.3%, and 46.7 ± 6.0% when the cell concentrations are 5 

× 106, 2 × 107, and 8 × 107 cells/mL, respectively. These practical values determined by FC 

screening agree well with the theoretical ones predicted by Poisson distribution (see Fig. S5.8). 

To show that the generated DEs are capable for yeast growth assays, we first confirmed that 

single S. cerevisiae cells grow to clusters in DEs after a culture of 8 h under a microscope (Fig. 

5.5C). Additionally, we performed FC screening of DE samples before and after culture, where 

two main populations of empty DEs and cell-laden DEs are observed in both scatter plots (Fig. 

5.5D). The proportions of cell-laden DEs are determined as 9.3 ± 0.5% and 10.5 ± 1.0%, 

respectively, for samples before and after culturing, effectively the same within experimental 

error. Using the defined gate, we selected at least 500 cell-laden DEs from each sample and 

compared their fluorescence intensity (Fig. 5.5E). There exists a clear shift of fluorescence 

intensity values between before culture and after culture samples. The median fluorescence 

intensity increases from 1.1 × 105 to 1.6 × 105 due to cell growth and the corresponding increase 

in the number of S. cerevisiae cells in DEs. These results demonstrate that DEs can be used to 

perform high-throughput cell screening at the population level, where different growth 

characteristics of individual cells within a phenotypically heterogeneous population can be 

detected. 
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Figure 5.5 Encapsulation and growth of GFP-tagged S. cerevisiae cells in monodisperse DEs. 

A) Merged brightfield and confocal images showing the encapsulation of S. cerevisiae cells at 

three different initial concentrations, 5E6, 2E7, and 8E7 cells/mL, into DEs. Scale bar 

represents 50 μm. B) Fluorescence (FITC-H) histograms of empty DEs and samples 

containing both empty DEs and DEs containing S. cerevisiae cells of different concentrations 

obtained by flow cytometric screening. C) Experimental images showing the growth of single 

S. cerevisiae cells in DEs over a culture of 8 h. Scale bar represents 50 μm. D) Forward scatter 

(FSC-H) vs FITC-H of DE samples before and after culture obtained by flow cytometric 

screening. The square gate encircles DEs containing fluorescence-positive S. cerevisiae cells. 

E) Comparison of the fluorescence intensity of cell-laden DEs in the defined gate before 

culture and after culture. 
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In addition to characterisation of cell growth, DEs can be used to investigate cellular 

responses to environmental stimuli at a single-cell level. Enzymatic activity analysis might also 

be performed inside DEs by adding fluorogenic substrates to the medium. Since DEs can 

circumvent the shear-induced destabilisation in FC instruments, we can use FACS to sort 

multiple sub-populations exhibiting important phenotypes of interest using DEs as 

compartments. For instance, we have achieved the high-throughput screening and sorting for 

an artificial library containing cells of different levels of enzyme secretion. This will achieve 

in vitro compartmentalisation and directed evolution of molecules and cells based on iterative 

rounds of randomisation and selection, at a higher throughput than on-chip processes, i.e., 

FADS. The versatility of DEs makes them potentially applicable to a wide range of applications, 

including but not limited to drug discovery, disease diagnostics, and synthetic biology. 

5.4 Conclusions 

In this study, we have demonstrated a rapid, simple, and inexpensive method to selectively 

pattern wettability in a single PDMS microfluidic device using localised corona discharge 

combined with a purpose-designed serpentine corona resistance microchannel (corona resistor). 

The method affords greatly enhanced flexibility in generating monodisperse DEs of different 

components, with a high degree of control over their size and morphology. Moreover, we have 

successfully generated gelatin microgels using DEs as templates and performed high-

throughput FC screening of DEs that allow single yeast cell growth. This approach can be more 

easily extended to create different hydrophilic and hydrophobic patterns in microfluidic devices 

for generating inverted DEs, i.e., oil-in-water-in-oil emulsions, and high-order multiple 

emulsions, than previously-reported approaches requiring complex fabrication or difficult 

manipulation of blocking phases. We believe that these developments offer major advantages 

in improved efficiency, simplicity, cost-effectiveness, robustness, and versatility, with the 
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potential to further accelerate the evolution of DE applications in industry and fundamental 

research. 
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of the experimental setup, Fig. S5.3 Scatter plot of DE samples obtained by a flow cytometer, 

Fig. S5.4 Droplet monodispersity measurements, Fig. S5.5 Photograph of the device and the 

device being treated by corona discharge, Fig. S5.6 Droplet generation within devices stored 

in DI water for 3 days, Fig. S5.7 DE generation at different ratios of the middle and inner phase 

flow rates, and Fig. S5.8 Comparison of the probability of empty DEs obtained by experiments 

and predicted by the Poisson distribution. 

Video S5.1 Generation of highly monodisperse single emulsions and double emulsions and 

Video S5.2 Encapsulation of single yeast S. cerevisiae cells in DEs (see attachment). 
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Figure S5.1 The design of the microfluidic device used in this study. Thickness 

measurement of the (A) shallow and (B) deep layers of the microfluidic device used in this 

study. Insets are images of the measured regions. Measurement length is set at 3 mm. (C) 

An actual image of SU-8 master showing the elements integrated in this microfluidic 

device. The microfluidic device consists of three inlets for injecting an inner phase, a 

middle phase, and an outer phase; a T-junction droplet generator for generating water-in-

oil single emulsions; a flow-focusing junction for generating DEs; a serpentine channel as 

a corona resistor; and an outlet for injecting corona discharge and collecting DEs. Scale 

bars represent 1 mm.  

Table of content 
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Figure S5.2 An actual image of the experimental setup. The external instruments required for 

the experiment include three syringe pumps for inner phase, middle phase, and outer phase,

respectively, and an inverted fluorescence microscope equipped.  

Figure S5.3 Side scatter (SSC-H) vs Forward scatter (FSC-H) of samples obtained by flow 

cytometric screening.  There exists a distinct main population of double emulsion droplets that are

highly uniform in term of size and inner structure. 
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Figure S5.4 A histogram of size distribution of the inner core diameter (���, red) and the 

outer diameter (����, blue) of DEs, which are generated when the flow rates for inner phase, 

middle phase, and outer phase are 1.2, 2.5, and 8 μL/min, respectively. Scale bar represents 

50 μm. 

Figure S5.5 A) A photograph of the microfluidic device used in the experiment for DE 

generation. Shallow channels with a height of 25 µm are infused with blue ink, whereas deep 

channels with a height of 35 µm are infused with red ink. The black dashed line frame 

represents the flow-focusing droplet generator. B) An enlarged view of the microfluidic device 

that is being treated by corona treater to obtain spatially patterned wettability. 
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Figure S5.6 Experimental images of DE generation at five different ratios of the middle 

and inner phase flow rates, ���/���: 1, 2, 3, 4, and 5, when the total flow rate, ������, sum 

of ���and ���, are set constant at 6 μL/min and 8 μL/min. Scale bar represents 100 μm. 

Figure S5.6 Comparison of droplet generation within devices stored in different conditions 

for three days. (A) Only the generation of water-in-oil droplets is achieved at the first 

hydrophobic droplet generator, when the hydrophilic region of the device is not filled with DI 

water. (B) The generation of water-in-oil-in-water droplets is achieved, when the hydrophilic 

region of the device is filled with DI water. In both cases, the device for droplet generation is 

placed in a petri dish filled with DI water, and all openings on the device are covered with a 

waterproof tape. 
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Chapter 6 High-throughput microfluidics for the screening 

and sorting of superior cellulase activity in yeast* 

*Liu, H.; Piper, J. A.; Li, M., High-throughput microfluidics for the screening and sorting of 

superior cellulase activity in yeast. Palm Springs, California, USA, MicroTAS 2021. 

 

To satisfy the requirements of metabolic engineering for improving yeast strains, the 

recovery, regrowth, and sequencing of yeast cells exhibiting desired properties encapsulated in 

DEs are necessary. As a proof-of-concept study, we present the screening and sorting of S. 

cerevisiae factories that can produce the industrial enzyme, β-Glucosidase (BGL), using 

integrated DE-FACS technology.  The formed DEs allows long-term culture (i.e., 4.5 hours) 

of encapsulated cells without any leakage or coalesce, and flow cytometric quantification and 

sorting. This opens avenues for synthetic biology of yeast for enzyme production at the 

industrial scale. 

 

6.1 Introduction 

The microbial enzymes play an import role in food, biofuel, and energy industries, which 

offer numerous advantages compared to traditional chemical catalysts, such as cost-

effectiveness, biodegradability, specificity to substrate, and mild work conditions1. However, 

the complexity of cell metabolism has highly hindered the engineering of industrial microbes 

for discovery or improvement of enzyme characteristics2. High-throughput droplet 

microfluidics has enabled the evolution of microbial enzymes but calls for techniques that can 

analyse enzyme activity of yeast (S. cerevisiae), an important cell factory. Here, we present a 

study on the screening and sorting of β-Glucosidase (BGL) activity in single yeast cells using 

an integrated DE and FACS approach (see Fig. 6.1). In this study, we encapsulated single yeast 



Chapter 6 

159 

cells that can secrete BGL and fluorogenic substrates in uniform DEs (C.V.< 2%) acting as 

bioreactors. After culture and enzyme reaction, flow cytometric screening and sorting of DEs 

were performed based on BGL activity. Sorted cells can recover from DEs and remain viable, 

enabling further downstream analysis (e.g., re-culture and sequencing). 

6.2 Methods and Materials 

The PDMS microfluidic device (see Fig. S6.1A) employed for single-cell laden DEs 

generation (see Fig. S6.1B) consists of two separate droplet generators, which possess the 

reverse surface properties. The device design is similar to the one of Fig. S5.1, whereas the 

depths are 15 and 25 μm for the two respective layers, resulting in smaller DEs suitable for 

FACS processing (see Fig. S6.1C). The method to prepare the spatial patterning of wettability 

is reported in our previous study3. We mixed yeast cell population (at a concentration of 1 × 

107 cells/mL) and 100 μM Fluorescein Di-β-D-Glucopyranoside as an inner phase, surfactant-

added fluorinated oil as a middle phase, and surfactant-added PBS as an outer phase. The 

Figure 6.1 Illustration of the workflow and fluorescence-based enzymatic assays. A) A 

workflow for the screening and sorting of enzyme activity in single yeast cells using an 

integrated DE-FACS method. (I) Individual yeast cells and fluorogenic substrate are 

encapsulated into DEs. (II) Cell-laden DEs incubation for enzyme reactions. (III) Screening 

and sorting of DEs based on yeast enzyme activity using FACS. (IV) Yeast cells can be 

recovered from sorted DEs for downstream analysis. B) Comparison of DEs containing yeast 

cells without (left) and with (right) significant enzyme activity after 4.5h culture.  
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generated DEs were cultured over 4.5 hours for the screening and sorting based on enzyme 

activity by FACS (BD FACSMelody™). 

6.3 Results and discussion 

DEs enabled the trapping of small molecules (i.e., fluorescein) inside the compartments 

over 6 h (see Fig. S6.2). Bright-field and fluorescence images showing the increase in BGL 

activity of S. cerevisiae single cells in DEs over 4.5 h are presented in Fig. S6.3. We achieved 

the screening of BGL activity of S. cerevisiae after culture of 0.5, 1.5, 3, and 4.5 h, using FACS 

(see Fig. 6.2A). At least 30,000 events and 1,000 fluorescence-positive events were recorded 

for each experiment. We found that DEs containing wild-type S. cerevisiae cells that do not 

secrete BGL have almost no fluorescence signal, even after 4.5 h culture; and the BGL activity 

of single yeast cells (a BGL3 mutant) can be detected even after 0.5 h culture. Also, the 

fluorescence intensity of DEs containing mutant cells gradually increases over time (see Fig. 

6.2B). Furthermore, as a proof-of-concept study of the sorting of cells secreting BGL, we 

mixed mutant cells that secret BGL (positive) and wild-type cells at a ratio of 1:1. The initial 

Figure 6.2: Screening and sorting of yeast cells BGL activity using FACS. A) Forward scatter 

vs fluorescence intensity of mixed DEs containing wild-type cells and mutant cells secreting 

BGL at different time points. The square gate encircles DEs containing BGL-secreting cells. 

B) Comparison of the fluorescence intensity of positive DEs in the defined gates at different 

time points. C) Enrichment of DEs containing BGL secreting cells after 4.5h culture. 



Chapter 6 

161 

percentage of positive DEs are less than 2% of the total. After a 4.5 h culture, 8,000 DEs 

containing positive cells were isolated from ~550,000 events at a frequency of ~ 2,000 Hz. 92% 

of the sorted DEs are positive, yielding a 46-fold enrichment (Fig. 6.2C). 

6.4 Conclusions 

The integrated DE-FACS method is firstly used for the screening and sorting of cellulase 

activity.in single yeast cells. We showed quantitative tracking of the BGL activity of single 

yeast cells in DEs over time and sorting of yeast cells showing high BGL activity We envision 

that this method can be readily applied for the development and improvement of enzymes 

produced by yeast based on a mutagenesis library containing millions of variants. 

Supporting Information 

Fig. S6.1 Generation of highly monodisperse DEs containing yeast single cells, Fig. S6.2 

Trapping of fluorescein inside DEs over 6 h, Fig. S6.3 Images showing the increase in BGL 

activity of S. cerevisiae single cells over 4.5 h. 
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Figure S6.2 Trapping fluorescein inside DEs over 6 h. A) Confocal images of different 

concentrations of fluorescein trapped in DEs. B) A histogram of fluorescence intensity of DEs 

containing different concentrations of fluorescein measured by FACS. C) Plots of the 

fluorescence intensity of DEs containing different concentrations of fluorescein versus the

concentrations of fluorescein. R2 is 0.99 for the linear fit. 

Figure S6.1 Generation of highly monodisperse DEs containing yeast single cells. A) Design 

of the microfluidic device used in this study, B) Encapsulation of yeast single cells in DEs. C) 

Size distribution of the inner core diameter and the outer diameter of generated DEs.  
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Figure S6.3 Bright-field and fluorescence images showing the increase in BGL activity of S.

cerevisiae single cells in DEs over 4.5 h. 



Chapter 7 

164 

Chapter 7 Conclusions and future work 

7.1. Conclusions 

This thesis describes research aimed at improving the precision, efficiency, and cost-

effectiveness of DE-FACS approach for high-throughput single-cell assays, particularly the 

directed evolution of extracellular enzyme in yeast. The explorations are built on four existing 

challenges that have prevented further widespread applications of integrated DE-FACS 

platform technology, including 1) unreliable passive encapsulation of single cells; 2) lack of a 

comprehensive correlation between single-cell culture in microdroplets and bulk cultures; 3) 

inefficiency of current methods to generate monodisperse DEs; and 4) lack of studies on the 

direction evolution of extracellular enzymatic activities of yeast single cells by DE-FACS.  

First, I improved the encapsulation efficiency of single cells in microdroplets using a 

density-match approach. Cell sedimentation and aggregation in suspensions that occurred 

before or during cell injection into microfluidic chips can cause either a limited number of 

droplets containing single cells or excessive droplets encapsulated with multiple cells. To 

alleviate this negative influence of gravity, a biocompatible, non-ionic density-matching 

reagent, OptiPrepTM, was added to the culture medium to acquire a neutral buoyancy of cell 

suspensions. I performed a detailed quantitative study of the effect of OptiPrepTM on the single-

cell encapsulation efficiency using THP-1 cells encapsulated in ~81 µm w/o droplets. It is 

found that the distribution of droplets containing cells is best fitted to Poisson distribution when 

13.2% OptiPrepTM is added into the aqueous phase. Additionally, no significant differences in 

cell viability were found among droplets containing 0%, 8%, and 16% OptiPrepTM within 12 

h, while the cells in droplets with 16% OptiPrepTM has lower viability than the rest at 24 h. 

Second, I performed multiple yeast single-cell cultures in microdroplets using different cell 

strains and environmental conditions. At first, the growth of S. cerevisiae single cells in 
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microdroplets was tracked over 24 h. The number of cells per droplet generally increased over 

time, from 3.2 cells at 2 h to 50 cells at 24h, with a µmax of 0.23 of the first 10 hours, which is 

comparable to that of 0.21 for bulk culture. Moreover, the effect of acids (e.g., PA and AA) 

with different concentrations on the growth of yeast single cells were assessed. Not only an 

evolved mutant strain showed high resistance to PA stress, but also the addition of K+ was 

found to significantly increase the resistance of wild-type cells. These growth and physiological 

phenomena of yeast single cells observed in microdroplets experience the same trend with 

those of yeast grown in bulk. Notably, the cell-to-cell variation was revealed in all experiments, 

which has been obscured in previous bulk cultures. 

Third, I developed a rapid, simple, and low-cost method to spatially pattern wettability in a 

singular PDMS microfluidic device for DE generation. The microfluidic device is designed 

with two sequential droplet generators, separated by a narrow, serpentine microchannel acting 

as a corona resistor. This approach adopts an inexpensive hand-held corona treater to generate 

localised plasma at targe regions, which is further confined by the corona resistor. The 

generation of highly monodisperse DEs with tunable structures and morphologies was 

achieved. To prove the versatility of DEs generated by this method, I used the generated DEs 

as templates for preparing gelatin microgels and for culturing GFP-tagged yeast single cells.  

Lastly, based on the above achievements, I demonstrated, for the first time, the use of the 

integrated DE-FACS approach for high-throughput (> 2,000 events/s) screening and sorting of 

DEs encapsulated with yeast single cells exhibiting a high yield of BGL3 cellulase. As a proof 

of concept, an artificial library was prepared by mixing wild type and mutant strains at a ratio 

of 1:1. By encapsulating and cultivating individual cells from the library with a fluorogenic 

substrate in DEs, BGL3 secreting cells can be identified and isolated by FACS. As a result, 

8,000 DEs from 550,000 DEs were isolated with a sorting accuracy of 92%, leading to a 46-

fold enrichment of BGL3 secreting cells. 
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7.2. Future work 

In this thesis, I optimised integrated DE-FACS platform technology from different aspects 

for yeast extracellular enzymatic activity assays. These achievements validate the potentials of 

this integrated platform technology for the directed evolution of extracellular enzymes in yeast, 

which has not yet been reported. Nevertheless, an establishment of a high-impact microfluidic 

single-cell analytical platform normally includes knowledge from various fields1-4, e.g., 

physics, engineering, microbiology, genetics, bioinformatics, and so on. Therefore, several 

future investigations need to be performed to achieve the claimed goal in this study and to 

extend the applications of DE-FACS technology.  

Mutagenesis is needed to create a mutant variant library for the directed evolution of 

enzymes produced by yeast. A mutant library consisting of a large number of mutants 

exhibiting different levels of from extracellular enzymatic activities will be screened and 

isolated by DE-FACS. To date, several mutagenesis approaches have been developed, e.g., 

error-prone PCR, chemical mutagenesis, UV-induced mutagenesis, atmospheric and room 

temperature plasma. Notably, a novel method named Synthetic Chromosome Rearrangement 

and Modification by LoxPsym-mediated Evolution (SCRaMbLE) has been demonstrated to 

generate a wide range of mutations in the chromosome structure of yeast. Compared with 

conventional methods, this approach can induce mutations in cells with a high positive 

mutation rate and high cell viability. In the subsequent study, I plan to use SCRaMbLE to 

generate yeast variants and use developed DE-FACS technology to select mutants exhibiting 

high BGL3 activity. 

Downstream analysis. After the sorting of the desired variants exhibiting desired properties, 

a wide range of assays can be performed on the isolated variants (e.g., sequencing and 

bioinformatic analysis). This genome mining provides new insights into the underlying 

mechanisms of the molecular evolution of enzymes. Expectedly, I will identify new gene 
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clusters and protein regions contributing to the secretion or activity of enzymes and further 

apply this knowledge in the synthesis of yeast genomes. 

Applications. This developed DE-FACS approach is not limited to S. cerevisiae. In the 

future, I will expand the use of this approach for the functional and genomic profiling for other 

microorganisms of industrial and biomedical importance at the single-cell level, including 

fungus (e.g., Y. lipolytica, Trichoderma reeseia, Aspergillus sp., Hansenula polymorpha), 

prokaryotic cells (e.g., E. coli, Cyanobacteria, Bacillus sp, and Lactococcus lactis), microalgal 

cells (e.g., Haematococcus pluvialis and Chlamydomonas reinhardtii), etc.  

With further advances of DE-FACS, I foresee that this integrated platform technology will 

be adopted by wider communities for a wider range of industrial and biomedical applications. 

References 

1. Terekhov, S. S.;  Smirnov, I. V.;  Stepanova, A. V.;  Bobik, T. V.;  Mokrushina, Y. A.;  Ponomarenko, 
N. A.;  Belogurov, A. A., Jr.;  Rubtsova, M. P.;  Kartseva, O. V.;  Gomzikova, M. O.;  Moskovtsev, A. A.;  Bukatin, 
A. S.;  Dubina, M. V.;  Kostryukova, E. S.;  Babenko, V. V.;  Vakhitova, M. T.;  Manolov, A. I.;  Malakhova, M. 
V.;  Kornienko, M. A.;  Tyakht, A. V.;  Vanyushkina, A. A.;  Ilina, E. N.;  Masson, P.;  Gabibov, A. G.; Altman, 
S., Microfluidic droplet platform for ultrahigh-throughput single-cell screening of biodiversity. Proc. Natl. Acad. 
Sci. U. S. A. 2017, 114 (10), 2550-2555. 
2. Terekhov, S. S.;  Smirnov, I. V.;  Malakhova, M. V.;  Samoilov, A. E.;  Manolov, A. I.;  Nazarov, A. S.;  
Danilov, D. V.;  Dubiley, S. A.;  Osterman, I. A.;  Rubtsova, M. P.;  Kostryukova, E. S.;  Ziganshin, R. H.;  
Kornienko, M. A.;  Vanyushkina, A. A.;  Bukato, O. N.;  Ilina, E. N.;  Vlasov, V. V.;  Severinov, K. V.;  Gabibov, 
A. G.; Altman, S., Ultrahigh-throughput functional profiling of microbiota communities. Proc. Natl. Acad. Sci. 
U. S. A. 2018, 115 (38), 9551-9556. 
3. Romero, P. A.;  Tran, T. M.; Abate, A. R., Dissecting enzyme function with microfluidic-based deep 
mutational scanning. Proc. Nat.l Acad. Sci. U. S. A. 2015, 112 (23), 7159. 
4. Agresti, J. J.;  Antipov, E.;  Abate, A. R.;  Ahn, K.;  Rowat, A. C.;  Baret, J.-C.;  Marquez, M.;  Klibanov, 
A. M.;  Griffiths, A. D.; Weitz, D. A., Ultrahigh-throughput screening in drop-based microfluidics for directed 
evolution. Proc. Nat.l Acad. Sci. U. S. A. 2010, 107 (9), 4004. 



Appendix 

168 

Appendix 

Biosafety letter 1  

 

Biosafety letter 2 




