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Abstract 
 
 
Cell factories are cells that have been engineered to produce a compound of 
interest, ranging from biopharmaceuticals to biofuels. With advances in 
metabolic engineering, the number of cell factory variants to evaluate has 
increased dramatically, necessitating screening methods with increased 
throughput. Microfluidic droplets, which can be generated, manipulated and 
interrogated at very high throughput, are isolated reaction vessels at the 
single cell scale. Compartmentalization maintains the genotype-phenotype 
link, making droplet microfluidics suitable for screening of extracellular 
traits such as secreted products and for screening of microcolonies 
originating from single cells. 
 
In Paper I, we investigated the impact of droplet microfluidic incubation 
formats on cell culture conditions and found that syringe and semi open 
incubation resulted in different metabolic profiles. Controlling culture 
conditions is key to cell factory screening, as product formation is influenced 
by the state of the cell. 
 
In Paper II and III, we used droplet microfluidics to perform screening 
campaigns of interference based cell factory variant libraries. In Paper II, 
two S. cerevisiae RNAi libraries were screened based on amylase secretion, 
and from the sorted fraction genes linked to improved protein secretion 
could be identified. In paper III, we screened a Synecosystis sp. CRISPRi 
library based on lactate secretion. The library was sorted at different time 
points after induction, followed by sequencing to reveal genes enriched by 
droplet sorting. 
 
In Paper IV, we developed a droplet microcolony-based assay for screening 
intracellular triacylglycerol (TAG) in S. cerevisiae, and showed improved 
strain separation compared to flow cytometry in a hypothetical sorting 
scenario. By screening microcolonies compartmentalized in droplets, we 
combine the throughput of single cell screening methods with the reduced 
impact of cell-to-cell noise in cell ensemble analysis. 
 
 
 
 
Keywords: Droplet microfluidics, Cell factories, High-throughput 
screening, Cell culture 
 
 
 



 

  



 

 

Populärvetenskaplig sammanfattning 
 
 
Cellfabriker är celler, såsom bakterie-, jäst- eller mammalieceller, som 
används för produktion av bl.a. läkemedel, biobränslen och kemikalier. 
Genom att använda cellfabriker kan förnyelsebara råvaror som socker eller 
atmosfärisk koldioxid användas istället för fossil olja som startråvara, och på 
så vis bidra till en mer hållbar tillverkningsindustri. Ytterligare en fördel med 
cellfabriker är att de kan användas för att producera proteiner, som enzymer 
och antikroppar, vilka inte kan tillverkas utan celler. Bioläkemedel står för 
en stor del av dagens läkemedelsindustri, och utav de tio mest sålda 
läkemedlen idag är sex stycken monoklonala antikroppar tillverkade av 
cellfabriker. 
 
För att etablera en ny cellfabriksprocess, och för att förbättra mängderna 
produkt som produceras, kan cellfabrikerna modifieras med hjälp av 
genteknik. I och med framsteg inom både genteknik och metaboliska 
modellverktyg går det att skapa allt fler cellfabriksvarianter, och det behövs 
därför testmetoder för att utvärdera och sortera stora mängder varianter på 
kort tid. 
 
Droppmikrofluidik är en teknik för att kontrollerat och mycket snabbt 
generera små vattendroppar i olja med hjälp av mikrofluidiska chip. Varje 
droppe kan ses som ett separat provrör med en volym i samma 
storleksordning som enskilda celler. Droppmikrofluidik passar därför 
utmärkt för att kapsla in och göra mätningar på cellfabrikskandidater. 
 
I Artikel I undersöker vi inverkan av droppinkubationsformat på 
odlingsförhållanden för celler i mikrofluidiska droppar. Odlingsförhållanden 
har stor betydelse för screening av cellfabriker, eftersom mängden produkt 
påverkas av hur cellen mår.  
 
I Artikel II och III använder vi droppmikrofluidik för att screena och sortera 
fram cellfabriksvarianter med förbättrad produktionskapacitet. I Artikel II 
testas varianter av jästen S. cerevisiae för förbättrad amylasproduktion. I 
Artikel III testas varianter av cyanobakterien Synecosystis sp. för förbättrad 
laktatproduktion. Bland de utvalda cellerna kunde vi identifiera gener 
kopplade till förbättrad produktionskapacitet. 
 
I Artikel IV screenar vi mikrokolonier av celler istället för enskilda celler i 
droppar, för att på så vis kunna mäta ett genomsnittsvärde från flera celler. 
Genom att mäta ett genomsnitt av flera celler minskas påverkan av cell-till-
cell variation, som annars kan försvåra sortering av celler baserat på 
intracellulära produkter. 
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Preface 
 
 
The focus of this thesis is droplet microfluidics based methods for screening 
of cell factory candidates. The thesis is presented in five chapters, starting 
with an introduction to the field and previous research relevant to the thesis 
followed by a summary of my research contributions. 
 
Chapter I gives an introduction to cell factories and cell factory 
engineering, and outlines different methods for the generation of cell factory 
variant libraries. 
 
Chapter II gives an introduction to droplet microfluidics, and outlines the 
unit operations available for assembly of droplet microfluidic workflows. 
 
Chapter III gives an overview of previous research on droplet microfluidics 
for cell factory screening. 
 
Chapter IV summarizes the publications and manuscripts appended to this 
thesis. 
 
Chapter V contains concluding remarks and future outlooks. 
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Chapter 1:  Cell factories for biological production 
 
Introduction 
Cells have been used for fermentation of food and beverages for at least 
8000 years1, and over the last century microbial fermentation has been used 
for industrial production of many goods and compounds ranging from citric 
acid to penicillin2. With the introduction of genetic engineering, it became 
possible to more precisely and intentionally modify cells to improve 
production of native metabolites, as well as produce new types of 
compounds3. One of the most important such product groups is 
biopharmaceuticals, of which monoclonal antibodies make up the largest 
share with an estimated global market of $125 billion by 20204. In addition 
to enabling new products and production methods, bioproduction is already 
playing an important role in moving industrial production towards 
environmental sustainability by switching petrochemical production 
processes of e.g. fuels and other chemicals from crude oil to renewable 
resources as feedstocks, thus potentially reducing the carbon footprint of the 
process5. Biological production processes combined with modern biological 
engineering tools also opens up the possibility of utilizing the metabolic 
diversity found in nature to allow for the production of a wider range of 
compounds than are currently available by chemical synthesis2. 
 
Cell factories 
Cell factories are cells used for the production of a compound of interest 
(Figure 1.1). These compounds range from biofuels5 to biopharmaceuticals6. 
Depending on the product, various cell types with different properties have 
been used as production hosts. Those cell factories that are used for a wide 
range of products are sometimes referred to as platform cell factories1. 

Figure 1.1 Cell factories are cells engineered and used for the conversion of feedstock (e.g. sugars 
or carbon dioxide), into desired products (e.g. enzymes, antibodies or bulk chemicals). 
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One of the most prominently used platform cell factories is the bacteria 
Escherichia coli. As one of the most well studied organisms, many metabolic 
models, gene editing tools and expression systems are available for E. coli, 
simplifying cell factory engineering1. E. coli is used for the production of 
many bulk chemicals such as isobutanol and succinate7 as well as 
biopharmaceuticals such as insulin8. 
 
Another key platform cell factory is Saccharomyces cerevisiae, a well-
studied yeast model organism. S. cerevisiae has successfully been used for 
the production of biofuels, producing 75 billion liters of bioethanol 
annually5. Being an easily cultured and well-studied eukaryote, many 
biopharmaceuticals are produced in S. cerevisiae, e.g. insulin, human serum 
albumin, and hepatitis vaccines6.  
 
For production of more complex proteins such as monoclonal antibodies, 
mammalian cell factories are needed as they allow correct post-translational 
modifications (PTMs) of product proteins. Over 50% of all 
biopharmaceuticals are produced in mammalian cells8, with Chinese 
hamster ovary cells (CHO) being the most widely used cell factory type. 
Being very suitable for production of glycosylated proteins1, it is used for the 
industrial production of many monoclonal antibodies such as Rituximab and 
Siltuximab, as well as Human DNAse9. 
 
Cyanobacteria can also be used as cell factories and have been engineered to 
produce a wide range of fuels and chemicals10. As these cells are 
photoautotrophic, they do not require the addition of a carbon source such 
as glucose to the culture media, and instead convert atmospheric CO2 into 
e.g. fuels and other chemicals using light as the energy source. 
 
 
Cell factory engineering 
Cell factory engineering is an iterative process, typically following a design-
build-test-learn-cycle1. Rational approaches for cell factory engineering can 
be divided into three focus areas: production of native metabolites, 
heterologous expression of biosynthetic pathways, and protein expression3. 
The engineering strategy can be guided by metabolic models, which over the 
last decades have become increasingly more complex and useful. Genome-
scale metabolic models (GEMs) of metabolic fluxes have been developed for 
most industrially relevant microorganisms1 as well as many models also 
including protein expression (ME-models)11, all leading to a rapidly 
increasing number of potential cell factory variants to test. 
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As a complement to knowledge-based or “forward” metabolic engineering 
methods, reverse metabolic engineering has proven an efficient approach to 
cell factory engineering (Figure 1.2)12. Instead of designing new cell factory 
variants to test based on previous knowledge and metabolic models, the 
starting point for this process is to generate or harness genetic diversity, 
followed by selection of cells with the desired phenotype from that pool, and 
subsequent strain characterization to identify gene variants causing the 
desired phenotype. Complex traits such as protein secretion benefit 
especially from reverse engineering, as it allows the elucidation of 
mechanisms not previously known to be involved. Since first being 
introduced by Bailey et al. in 1996 as inverse metabolic engineering13, it has 
been used for characterization of many desired cell factory phenotypes12 e.g.  
in adaptive laboratory evolution (ALE) of E. coli when alternating 
substrates14 and in directed evolution of yeast to find genes improving 
protein secretion15. 
 
 

 
Figure 1.2 The interconnection of ‘forward’ (left) and ‘reverse’ (right) metabolic engineering cycles, 
indicating the inputs and outputs from each cycle. Reproduced from Ref. 13 under the terms of the 
Creative Commons Attribution-NonCommercial-NoDerivs licence 
(http://creativecommons.org/licenses/by-nc-nd/3.0/) 

 
Cell factory variant libraries 
As previously noted, cell factory engineering is an iterative process. A key 
step in the engineering cycle is the creation of variants to test, both as 
untargeted libraries for reverse metabolic engineering and as targeted or 
semi-targeted libraries guided by modeling. 
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One way to create variant libraries to screen is to use natural variant 
libraries, based on metagenomic samples. These samples contain whole cells 
or DNA of many different species, and can be used both to find new potential 
cell factories and natural compounds to produce2. Metagenomic plasmid 
libraries transformed into E. coli have been used in functional screens to find 
e.g. new hydrolases16 and lipolytic enzymes17,  as well as pro-apoptotic 
compounds18. 
 
Another approach is to generate variant libraries by introducing random 
mutations throughout the entire genome of a mother strain. The mutations 
can be introduced e.g. by UV-irradiation or by adding ethyl methanesulfate 
(EMS)19, a mutagen. Most cells will die in the process, and the majority of the 
surviving cells will not have any beneficial mutations. This puts high 
demands on the throughput of the testing process, making these types of 
libraries compatible with survival based screening such as plating on 
selective media20 and high-throughput screening methods such as droplet 
microfluidics15. 
 
Variant libraries can also be created to target protein expressing genes, using 
plasmids to introduce overexpression libraries21 or RNAi knockdown 
libraries22 into the host cell. Random knockout libraries have also been 
constructed, e.g. by transposase-mediated integration of antibiotic marker 
cassettes into the genome23. Similar to knockdown libraries exploring the 
effects of varying degrees of gene attenuation, synthetic promoter libraries 
(SPLs) can be used to screen the effect of different promoters on a specific 
gene24. 
 
Over the last few years, the CRISPR/Cas system (clustered regularly 
interspaced short palindromic repeats/CRISPR associated nuclease) has 
gained a lot of attention as a method for targeted multiplex gene editing and 
expression modification. It has been used in a wide range of organisms, from 
bacteria to fungi and mammalian cells25. CRISPR systems can be used in 
different modalities, and have been used to create genome-wide libraries 
based on knockout (CRISPRko), interference (CRISPRi), and activation 
(CRISPRa)26. These modalities can also be used in combination, and has 
been used for simultaneous activation, knockdown and knockout of multiple 
genes in S. cerevisiae to improve β-carotene production27. 
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Chapter 2:  Droplet microfluidics 
  
Introduction 
Droplet microfluidics is a method using microfluidic chips to create and 
manipulate monodisperse aqueous droplets in an immiscible oil phase at 
very high throughput. The droplets provide sample compartmentalization, 
and can be seen as a separate miniaturized reaction vessels, enabling 
processing, analysis and screening of e.g. single cells. With a typical droplet 
size range of femtoliters to nanoliters, reagent consumption per sample is 
minimal28. Furthermore, the small volume of each droplet increases the 
effective concentration of rare species, which increases assay sensitivity and 
decreases the time required to reach detection thresholds29. As cells are 
compartmentalized by the formed droplets, the link between the cell and its 
immediate surroundings is maintained. This allows analysis of extracellular 
traits such as metabolite consumption or product secretion, making droplet 
microfluidics a valuable tool for cell factory engineering. 
 
 
Generating microfluidic droplets 
Oils and surfactants  
Microfluidic droplets are formed as part of an emulsion, generated by 
dispersing an aqueous phase into an immiscible carrier oil phase. 
Fluorinated oils, such as Novec HFE-7500 or FC-40, are often used as carrier 
oil phase. As these oils are lipophobic as well as hydrophobic, they are poor 
solvents for organic molecules30, and are thus suitable for biochemical and 
cell-based assays. Additionally, fluorinated oils can dissolve ~20 times more 
oxygen than water31, allowing gas transport to living cells within the droplets. 
Depending on application, other oils have been used, for example olive oil to 
allow acoustic focusing of red blood cells in droplets32, and mineral oils 
mainly for encapsulation of  hydrophilic compounds such as DNA33. In order 
to stabilize the emulsion, surfactants are generally added to the oil phase to 
reduce droplet surface tension and thus reduce the likelihood of droplet 
coalescence34. These surfactant molecules are amphiphilic, with a 
hydrophilic head and hydrophobic tail groups (Figure 2.1). Depending on the 
oil used, different surfactants are suitable. For fluorocarbon oils, block 
copolymers with perfluoropolyether (PFPE) tails and polyethylenoxide 
(PEG) heads are often used. Krytox-based surfactants, such as EA surfactant 
produced by RainDance, or 008-FluoroSurfactant available from RAN 
Biotechnologies are examples of these surfactants35. In addition to 
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fluorinated oils, mineral oils requiring other surfactants, such as Span8036, 
have been used as carrier phase in droplet microfluidics. Besides preventing 
droplets from merging, the surfactant could interact with assay 
components37 and must therefore be chosen with care to ensure 
biocompatibility35 with cells as well as other biomolecular reactions 
occurring in the droplets. Certain small molecules such as fluorescein and 
resorufin have been shown to be transported between droplets by micellar 
transport, as surfactant molecules at the concentrations generally used form 
small micelles in the oil phase. This effect can be reduced by adding BSA to 
the aqueous phase or reducing the concentration of surfactant38,39. 
 

 
Figure 2.1 Surfactants, amphiphilic molecules with a hydrophilic head and hydrophobic tails, can be 
added to the oil phase to reduce droplet surface tension and thus reduce the likelihood of droplet 
coalescence. 

 
Generation methods 
Early methods of micro droplet formation were based on forming aqueous 
droplets in an oil phase by shaking40 or by extrusion through a filter41 The 
emulsions produced by these means are highly polydisperse, i.e. the droplets 
differ greatly in volume and size. This polydispersity limits the number of 
possible assays that can reliably be performed in droplets. By generating 
droplets on a microfluidic chip, the droplet formation process is more 
controlled and monodisperse emulsions can be produced with droplet 
generation frequencies in the kHz range. Different channel geometries have 
been used for droplet generation. These can be divided into droplet 
generation by flow-focusing, cross-flow (T-junction), co-flow (capillary) and 
step emulsification (Figure 2.2). Droplet generation using a capillary nozzle 
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is an early example of monodisperse droplet generation on chip42, but as 
microfluidic circuits with in-channel capillaries are difficult to fabricate this 
method is not commonly used. Droplet generation circuits using flow-
focusing43 and T-junctions36 are easier to fabricate using one-layer soft 
lithography, and have become the most widely used droplet generation 
strategies. The droplet sizes generated by these geometries are determined 
by channel dimensions, flow rates and fluid properties. By instead using step 
emulsification44, the flow rates influence the final droplet size less.  This 
simplifies nozzle parallelization for ultra high-throughput droplet 
generation. 
 
 

 
Figure 2.2 Channel geometries for droplet generation. A. flow-focusing, B. cross-flow (T-junction), 
C. co-flow (capillary), and D. step-emulsification (side view). 

 
Particle encapsulation 
As the volume of individual microfluidic droplets typically range from 
picoliters to nanoliters, the method has been widely used for encapsulation 
and assaying of single cells or single biomolecules. Generally, the number of 
cells or particles encapsulated per droplet can be theoretically modeled as a 
Poisson distribution45: 
 
 

𝑓 𝑘, 𝜆 =  
𝜆!𝑒!!

𝑘!
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where f(k,λ) is the fraction of droplets containing k cells, and λ is the average 
number of cells per droplet volume. For a cell concentration of λ = 1, this 
translates to 37% empty droplets, 37% containing one single cell, 18% 
containing two cells and 8% containing more than two cells. To avoid 
encapsulation of multiple cells in the sample droplet, the cell concentration 
can be decreased by diluting the sample before droplet generation. For a cell 
concentration of λ = 0.1, 90% of the droplets will not contain cells, about 9% 
contain one single cell and less than 1% will contain two or more cells (Figure 
2.3 A). Ensuring single cell encapsulation by diluting the cell suspension has 
some drawbacks, as the fraction of droplets not containing cells increase 
with decreased multi cell encapsulations. This makes the choice of 
concentration a trade-off between the importance of avoiding multi cell 
encapsulations and the sample throughput capacity of downstream droplet 
manipulation and analysis. 
 
In order to increase the fraction of droplets containing cells without 
increasing the number of multi cell encapsulations, a few different methods 
have been developed. Using cell triggered flow instabilities, cells can be 
encapsulated in droplets of a different size compared to empty droplets 
followed by size based droplet sorting46. Another approach is ordered cell 
encapsulation47,48, where the channel geometry is used to order cells in the 
flow before droplet formation allowing a higher single cell encapsulation 
fraction than random Poisson statistics (Figure 2.3 B). 
 

 
Figure 2.3 A. Number of particles per droplet for λ = 0.1 and λ = 1 based on Poisson distribution. B. 
Ordered encapsulation of particles allowing a higher fraction of droplets containing one single 
particle. Blue circles indicate a single encapsulated particle, yellow squares indicate multiple 
particles encapsulated. Part B reproduced from Ref. 48 with permission from The Royal Society of 
Chemistry. 
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Droplet microfluidic unit operations 
Microfluidic droplets can be seen as miniaturized reaction vessels, with a size 
range suitable for performing single cell assays. In order to achieve this, a 
number of droplet manipulation methods have been developed (Figure 2.4) 
and depending on the requirements of the assay, these unit operations can 
be combined into full droplet microfluidic workflows. Depending on the 
needs of the assay, the unit operations can be combined onto a single device 
for continuous operation49,50 or combined by consecutive use on separate 
devices51,52. 
 
 

 
Figure 2.4 Examples of droplet microfluidic unit operations. A. generation, B. dual-flow generation, 
C. droplet content analysis, D. droplet splitting, E. incubation, F. mixing, G. droplet fusion, H. 
picoinjection, I. sorting 
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Incubation 
Most biological assays require at least one incubation step, e.g. to allow for 
protein secretion or an enzymatic assay component to act. As the volumes of 
microfluidic droplets are orders of magnitude smaller than microtiter plate 
wells or test tubes, the time needed to reach detectable product 
concentrations is in general significantly shorter. Yet, some incubation time 
is still needed for most biological droplet microfluidic assays and various 
methods of droplet incubation have been developed to meet this need. 
 
For smaller volumes of emulsion, where the order of the droplets are of 
importance, the incubation can be performed under flow and on-chip in for 
example long channels53, which have been used for incubation times of up to 
1 minute. Other examples of on-chip incubation are droplet traps, where 
single droplets caught in PDMS wells allows imaging over time54,55, or using 
valves to stop the flow to immobilize droplets for PCR and imaging on-
chip56. These methods have the benefit of retained spatial information for 
each droplet, but are limited in the total number of droplets that can be 
processed. For slightly larger volumes of emulsion, wider channels are 
needed to reduce the flow resistance during incubation. The order of the 
droplets is lost in these settings, and due to the parabolic flow profile in 
microfluidic channels the position of a droplet has a large impact on its flow 
rate in a wide channel. This will cause substantial variations in incubation 
time of droplets, and one way to circumvent this is to introduce channel 
constrictions to re-shuffle the droplets at set intervals57,58. 
 
For larger volumes of emulsion and for longer incubation times, the 
emulsion is typically stored off-chip. Syringes are often used51,59,60 as they are 
easily integrated with downstream on-chip droplet processing. Droplets have 
also been incubated off-chip under a continuous oil flow to enhance oxygen 
availability61. Other types of off-chip reservoirs have also been used for 
droplet incubation, such as glass capillaries62, test tubes with PDMS plug 
lids63 or incubating the emulsion in a pipette tip under a layer of cell culture 
medium64. 
 
 
Adding and removing reagents 
Another important feature of most biological assays is the addition or 
removal of reagents. Microfluidic droplets are metastable, and by inducing 
destabilization of the surfactants, controlled droplet merging to add reagents 
to preexisting droplets can be achieved (Figure 2.5). Droplet fusion has been 
performed passively by using differences in surfactant concentrations65,66 or 
specific channel geometries67 and actively by applying an external electric 
field for droplet electrocoalescence68, the latter allowing fusion of droplets 
synchronized by size69. A variant of droplet fusion, picoinjection, was 
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presented by Abate et. al in 2010. Instead of merging two or more already 
formed droplets, a continuous flow of liquid is introduced from a channel 
perpendicular to the passing droplets, and by applying an electric field a 
precise volume of liquid can be dispensed into each passing droplet70. Since 
these approaches were first presented, many droplet-based cell screening 
workflows requiring reagent additions have been presented, using both 
droplet fusion49,71 and picoinjection51,72.  
 
Many biological assays require washing steps, and in order to achieve this in 
droplets while maintaining compartmentalization, one approach is to simply 
dilute the original droplet content by droplet fusion or picoinjection, but this 
does not remove any reagents. In order to actually remove reagents, droplet 
splitting73 is needed. In a basic droplet splitting setup, the position of 
encapsulated cells are not controlled and concentrating the sample by 
droplet splitting is thus very challenging. In order to solve this, acoustic 
focusing has been used to focus cells within droplets before splitting32. 
Acoustic fields have also been used to control the droplet splitting ratio74. 
Another way of focusing particles in droplets is to use magnetic particles. 
Magnetic particles have been washed in droplets by serial droplet splitting 
and picoinjection75 and by droplet coalescence with a washing buffer 
followed by formation of new droplets76. 
 
 

 
Figure 2.5 Addition of reagents to droplets. A. Merging of droplet with different interfacial surfactant 
coverage reproduced from Ref. 66 with permission from The Royal Society of Chemistry. B. 
Merging of droplets using a pillar geometry to trap droplets, reproduced from Ref. 67 with 
permission from The Royal Society of Chemistry. C. Addition of reagents into droplet by 
picoinjection, reproduced from Ref. 70. 
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Analysis of droplet content 
Depending on the assay, different types of quantitative or qualitative analysis 
of droplet contents are needed. Although the concentration of an analyte 
might be the same in droplets as in microtiter plate wells, the total amount is 
much lower in droplets and thus a relatively strong signal is needed for 
detection. 
 
Fluorescence is widely used for analysis of droplet content, as it allows very 
fast readout of very small amounts of analyte. Fluorescence microscopy has 
been used for imaging of 1 million droplets for digital PCR77 and kinetic 
analysis of enzyme levels54. Using a 2D array consisting of 64 parallel 
channels, imaging of nearly 200,000 droplets per second has been 
demonstrated78. 
 
For high throughput screening and sorting of droplets, laser induced 
fluorescence (LIF) is the by far most used analysis method. By focusing a 
laser in a microfluidic channel, fluorescent compounds in passing droplets 
are excited and the emitted light can be recorded by a photomultiplier tube 
(PMT)79. If the droplets pass the laser one-by-one, single droplet resolution 
can be achieved.  In order to use LIF for qualitative or quantitative analysis 
of droplet contents, the cell or compound of interest must be linked to a 
fluorescent probe. This has been achieved by using e.g. fluorescent dyes to 
stain cells8081, fluorescent biosensor cells82 or linking an enzymatic assay to 
the compound of interest7115. Fluorescence has also been used for label-free 
analysis and sorting of fast growing microalgae and cyanobacteria, as 
chlorophyll is intrinsically fluorescent83. Other droplet analysis methods 
have also been developed, for example based on absorbance84 which has  
been used for absorbance-activated droplet sorting (AADS)85. 
 
In the case of no colorimetric or fluorescent assay existing for the compound 
of interest, or for analyzing e.g. cell morphology, various label free droplet 
analysis methods have been developed. Image-based analysis is routinely 
used with microfluidic droplets, for example to analyze cell proliferation in 
droplets59,60,35. By using automated image processing, cell morphology has 
been used to sort bacteria at 100 Hz86 and plankton at 10 Hz87, but these 
throughputs remain a lot lower than LIF-based sorting. 
 
Label-free methods for chemical analysis such as Raman spectroscopy and 
mass spectrometry have also been adapted for analysis of droplet content.  
The first example of Raman spectroscopy of droplet content was presented 
by Cristobal et al.88. The throughput and sensitivity has since been 
improved, to allow e.g. Raman-activated droplet sorting at ~4 Hz89. Mass 
spectrometry has been used for analysis of droplets immobilized on a micro-
array for Matrix-Assisted Laser Desorption/Ionization – Mass Spectrometry 
(MALDI-MS)90, as well as droplets ionized directly in a microfluidic 
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channel91. These methods have the benefit of being both label free and 
providing rich spectra of droplet content, but as the signal processing is 
fairly slow, sorting cell libraries of the same size as by FADS-based on single 
cell Raman- or MS spectra is not yet feasible. 
 
Sorting 
One of the key features differentiating purely analytical screening from 
screening and sorting is the possibility to pick out the samples that meet set 
criteria. In the case of microtiter plate based screening, this is achieved by 
the use of pipetting robots. For flow cytometry based screening, fluorescence 
activated cell sorting (FACS) has been developed to sort out particles of 
interest. For droplet microfluidics, a few different droplet sorting methods 
have been developed. The methods can be divided into two subgroups: 
passive sorting that requires no external actuation, and active sorting that 
requires an external force for sorting. 
 
 

Passive sorting 
For passive sorting, the moving of droplets relies on their physical properties 
and the design of the surrounding channel. One characteristic that has 
successfully been used for droplet sorting is size, as droplets of different size 
have different hydrodynamic properties. One method for size based particle 
sorting is pinched flow fractioning. By introducing particles or droplets into 
a narrow channel of two co-flowing laminar flows, the particles will end up in 
different flow lines as the channel is expanded. This has been used for the 
fractioning of polydisperse emulsions based on droplet size92.  
Similarly, droplet size has been used for separation of cancerous 
lymphocytes from whole blood46. By using cell-triggered Rayleigh–Plateau 
instabilities during cell encapsulation, cells of different sizes get 
encapsulated in droplets of different size and can thus be separated. Droplet 
size has also been used to separate droplets containing metabolically active 
cells from empty droplets by deterministic lateral displacement (DLD)93. The 
droplet size difference arises from the metabolically active cells consuming 
the glucose in the media, inducing osmosis driven droplet shrinking and 
growing. 
Another passive droplet sorting method uses variations in droplet 
viscoelasticity for separation, as droplets containing viscoelastic fluids 
migrate towards the walls of the channel whereas droplets containing 
Newtonian fluids migrate towards the center of the channel94. 
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Active sorting 
Active sorting methods employ an external force in order to move selected 
droplets into a collection channel. Electric fields have been used to sort 
droplets by electrostatic actuation. This requires charged droplets, for 
example charged during generation95 or when passing an electrode in the 
channel96. Alternatively, non-charged droplets can be moved by 
dielectrophoresis (DEP), by applying a non-uniform electric field across the 
channel. The movement is based on droplets having a dielectric contrast to 
the continuous oil phase, leading to a net force moving the droplets across 
the channel streamlines into the desired outlet channel. Using DEP to move 
microfluidic droplets in a channel was first presented in 2006 by Ahn et al.97. 
A few years later, Baret et al. combined droplet moving by DEP with laser-
induced fluorescence, allowing fluorescence activated droplet sorting 
(FADS)64. Many variants of channel and electrode geometries for droplet 
sorting by DEP have been presented since (Figure 2.6), with sorting rates as 
high as 30 kHz98 and multiple outlet channels99,100. Recently, Schütz et al. 
arranged some of these electrode designs in a “genealogical tree” in an effort 
to rationally model and design the optimal electrode design101. Triggering 
sorting based on signal from an individual droplet allows screening and 
sorting of vast variant libraries to enrich the best performing candidates for 
further characterization, and FADS has successfully been used for many 
screening campaigns, from sequence-specific screening of cancer cells102 to 
directed evolution103. DEP for droplet sorting has also been used with other 
sorting triggering signals than fluorescence, such as absorbance85 and cell 
morphology86,87. 
 
Other external forces have also been used for droplet actuation, for example 
magnetic fields. The drawback of this approach is the need for magnetic 
droplet contents to move the droplets, and it has mainly been with droplets 
containing magnetic particles104 or ferrofluids105. Acoustic fields have also 
been used, either to direct the droplets by surface acoustic waves (SAW)106 or 
bulk acoustic waves (BAW)107. Pneumatics has also been used, moving 
droplets by redirecting the flow of the continuous phase using mechanical 
valves108. 
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Figure 2.6 Examples of droplet sorters using dielectrophoresis. Part A showing DEP based sorting 
of HRP producing yeast cells reproduced from Ref. 103. Part B showing a device for multiplexed 
droplet sorting into 5 channels reproduced from Ref. 99 under the Creative Commons Attribution 
4.0 International License http://creativecommons.org/licenses/by/4.0/. Part C showing a droplet 
sorting device with a gapped channel divider allowing ultra high-throughput droplet sorting up to 30 
kHz reproduced from Ref. 98 with permission from The Royal Society of Chemistry. 
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Chapter 3:  Droplet microfluidic screening of cell factories 
 
Droplet microfluidic screening for biological production 
Advances in metabolic engineering, as well as the continuous development of 
better metabolic models, have led to an increasing amount of cell factory 
variants of interest to evaluate. Both large targeted variant libraries and even 
larger untargeted variant libraries need to be screened, and in order to 
characterize the best performing variants those cells have to be identified 
and picked out of the variant pool. 
 
Screening to evaluate and select variants that meet the set criteria has 
previously been a bottleneck in the cell factory development process, either 
by providing too low sample throughput or by limitations in what 
phenotypes can be screened for. Droplet microfluidics has emerged as a way 
to solve this, by providing high throughput assaying and sorting of 
compartmentalized cells. The compartmentalization makes it possible to 
assay single cells together with their immediate surroundings, making it 
ideal for the screening of e.g. secreted products while retaining the genotype 
to phenotype link. 
 
Droplet microfluidic screening of enzymes 
Among the first examples of droplet microfluidic screening used for 
biological production was to screen for enzyme activity. By encapsulating 
enzyme expressing single cells or cell lysate in droplets together with a 
fluorogenic substrate, active enzyme variants can be distinguished from 
inactive or less active variants to allow e.g. directed evolution of enzyme 
variants. 
 
An early example of a fully integrated droplet microfluidic approach for 
enzyme screening was presented by Baret et al. 2009 in which E. coli 
expressing b-galactosidase or an inactive variant of the enzyme were 
encapsulated in droplets. Following this, droplets containing active enzyme 
were selected by fluorescence activated droplet sorting (FADS)64. This 
strategy has then been used by other groups for enzyme screening, such as 
directed evolution of horseradish peroxidase variants103 (Figure 3.1), 
screening for cellulase activity109 and screening of xylanase, 
cellobiohydrolase and protease activities72. Similarly, an approach measuring 
absorbance instead of fluorescence has been used for directed evolution of 
phenylalanine dehydrogenase85, expanding the range of assays compatible 
with microfluidic droplet sorting. 
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Figure 3.1 Directed evolution of horseradish peroxidase variants. By expressing HRP variants on 
the surface of yeast cells encapsulated in droplets with a fluorogenic substrate, well performing 
enzyme variants could be selected by fluorescence activated droplet sorting (FADS). Reproduced 
from Ref. 103. 

 
Another strategy to achieve enzyme screening in droplets is to combine 
fluorescence activated cell sorting (FACS) with droplets. FACS is typically 
performed on cells or particles in a continuous aqueous phase, but by 
generating water-in-oil-in-water (w/o/w) double emulsions, single cells or 
cell lysate can be compartmentalized together with assay reagents and sorted 
at very high throughputs using a commercial FACS instrument. The first 
examples of w/o/w emulsion for FACS did not use microfluidics for droplet 
generation, instead other methods such as extrusion through a filter41 or 
homogenization40 were used. These methods, although practical for some 
enzyme screening applications, result in polydispere droplets, leading to 
variations in catalyst concentration and thus impacting the performance of 
the assay. Microfluidic generation of the double emulsion provides a more 
controlled process with monodisperse reaction volumes. As a proof of 
concept for directed evolution of enzymes using FACS of water-in-oil-in-
water emulsion, active variants of a promiscuous arylsulfatase have been 
enriched from a background of inactive enzyme variants52 (Figure 3.2). 
Another method of compartmentalizing cells before FACS screening is 
utilizing hydrogel beads110, which have been used for directed evolution of 
phosphotriesters111. 
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Figure 3.2 Directed evolution of promiscuous arylsulfatase by encapsulating enzyme expressing E. 
coli in water-in-oil-in-water emulsion followed by FACS. Reproduced from Ref. 52 under the terms 
of CC BY 2.0 https://creativecommons.org/licenses/by/2.0/ 

 
In addition to screening designed enzyme variant libraries, enzyme activity 
screening has been expanded to screen metagenomic samples17,16. Here, the 
benefits of droplet encapsulation is not only to allow high throughput 
screening of many variants, but also the small size of each droplet making 
possible analysis of unculturable or hard to culture cells that would be 
outcompeted in bulk culture. 
 
Other recent developments in droplet microfluidic screening of enzyme 
variants is dual channel droplet sorting112 in which two channels are used for 
the readout, allowing screening and selection of enantioselective enzymes. 
This new development, as well as many of the advances described above, is 
not limited to evaluation of enzyme activity. With appropriate assays, droplet 
microfluidic screening can also be performed based on based on cell 
phenotype. 
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Droplet microfluidic screening of cell factories 
Engineering the product as in the case of directed evolution of enzymes is 
one part of bioprocess development. Another part is the improvement of the 
cell factory itself. In order to find cell factory variants with higher product 
yield, various phenotypes could be screened for directly, such as amount of 
product or improved secretion, or indirectly, such as feedstock utilization. 
 
Screening of cell factories producing proteins 
Screening for cell factories with increased production of a specific enzyme 
carries many similarities to screening enzyme variants, and largely the same 
types of assays can be used. The main difference is that variations in the 
signal screened for typically stems from the amount of enzyme, instead of 
the enzyme activity. Most cell factory screens of enzyme producers that have 
been performed using droplet microfluidics have focused more on the 
enzyme as a model protein than on the enzyme itself as the desired final 
product. α-Amylase from Aspergillus oryzae is a three-domain protein with 
four disulfide bonds and one glycosylation site, making it a suitable model 
protein for a glycosylated multidomain protein113. As it is readily secreted 
and a fluorescent assay has been developed, it has been used as a model 
protein for droplet based screening of secreted proteins. UV mutagenesis 
libraries of both S. cerevisiae and Aspergillus niger have been screened in 
droplets based on amylase production114,115 (Figure 3.3), enriching variants 
with improved amylase secretion. By performing whole genome sequencing 
of high producing yeast cells enriched from a UV mutagenesis library, genes 
associated with improved protein secretion were identified15. 
 

 
 
Figure 3.3 Directed evolution of S. cerevisiae based on amylase production. By co-encapsulating 
single yeast cells from a UV mutagenesis library with a fluorogenic amylase assay, yeast variants 
producing more enzyme could be selected by FADS. Reproduced from Ref. 114 with permission 
from The Royal Society of Chemistry 



34 | CHAPTER 3: DROPLET MICROFLUIDIC SCREENING OF CELL FACTORIES 

 

Screening of cell factories producing antibodies 
The global market for monoclonal antibodies (mAbs) has been estimated to 
reach almost $125 billion by 20204. In screening of cell factory candidates 
for antibody production, product quality as well as quantity is of importance. 
Assaying both the amount of secreted antibody and retained functionality is 
essential. A few different papers using droplet microfluidics for the screening 
of cells secreting antibodies have been presented. In 2012 El Debs et al. 
presented a fully integrated microfluidic device for screening of hybridoma 
cells secreting antibodies inhibiting angiotensin-converting enzyme 1    
(ACE-1)49. Hybridoma cells expressing the ACE-1 inhibiting mAb 4E3 were 
spiked into a background of unrelated hybridoma cells, encapsulated in 
droplets, and after incubation fused with droplets containing a fluorogenic 
ACE-1 assay. Droplets containing cells expressing 4E3 inhibited the assay 
reaction and could thus be sorted based on decreased fluorescence. In a 
paper the year after, Mazutis et al. presented a protocol for a droplet based 
sandwich assay for the screening of mouse hybridoma cells that secrete IgG 
antibodies against human c-MYC protein116. Secreted IgG was captured on 
beads, and as fluorescently labeled secondary antibodies bound to it, 
localized fluorescence could be detected and used for sorting (Figure 3.4). 
 
 

 
 
Figure 3.4 Sorting cells based on antibody secretion by co-encapsulating single antibody secreting 
cells, fluorescent detection antibodies and single beads coated with capture antibody. The 
sandwich assay localizes the detection signal on the capture bead, allowing sorting based on the 
presence of secreted antibody. Reprinted from Ref. 116. 
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Localized fluorescence as a detection method for specific antibody binding 
was recently developed further by using dual-color normalized fluorescence 
readout117. By detecting signal from both a stained target cell and 
fluorescently labeled secondary antibodies, the antibody signal could be 
normalized against the stained cell signal to compensate for signal variation 
due to different positions of the cell within the droplet as it passes the laser. 
 
 
Screening of cell factories based on metabolites 
Many compounds produced by cell factories are metabolites, either as final 
products or as precursors for other chemicals. Both production and 
consumption of metabolites are of interest in the development of cell 
factories, and can be used as criteria for sorting. In a paper by Wang et al., 
yeast cells were screened based both on metabolite secretion and 
consumption71. Yeast xylose consumption was screened for as this trait is of 
importance for the utilization of lignocellulosic feedstocks. E. coli was 
screened based on L-lactate production. Since lactate is part of the central 
carbon processing in cells, it is useful as a model product, as cells producing 
more lactate also produce more of other metabolites further downstream. 
Cyanobacteria have also been screened for lactate production, by first 
separating two strains with high and low lactate production and then sorting 
a UV mutagenesis library51. Both xylose and lactate can be detected using 
enzymatic assays with a fluorescent product. Other fluorescent assays 
detecting metabolites have also been used for droplet based screening of cell 
factories. Ethanol production by Zymomonas mobilis has been screened for 
in droplets, focusing on the effect of glucose concentration on fermentation 
rather than selecting higher producing variants118. By combining chlorophyll 
autofluorescence with BODIPY staining of lipids, fast growing microalgae 
with higher lipid production have been selected from a EMS mutation 
library50. 
 
For some metabolites, direct enzymatic detection assays or suitable staining 
methods do not yet exist. One solution for the detection of these compounds 
is developing whole cell biosensors. By co-encapsulating biosensing E. coli 
that produce YFP in the presence of p-Coumaric acid together with cell 
factory candidates in droplets, S. cerevisiae producing more p-Coumaric acid 
have been selected from a small library of variants82 (Figure 3.5). Bacterial 
biosensors for other metabolites such as vanillin, L-phenylalanine and 
muconic acid have been developed119, and with continued engineering 
allowing detection of extracellular compounds these hold great promise as 
biosensors for metabolite detection in droplets. 
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Figure 3.5 Cell factory screening using whole cell biosensors. By co-encapsulating S. cerevisiae cell 
factory candidates with biosensing E. coli that produce YFP in the presence of p-Coumaric acid, 
yeast cells producing more p-Coumaric could be selected. Reprinted with permission from Ref. 82. 
Copyright 2017 American Chemical Society. 

 
Screening metabolites using only fluorescent and colorimetric assays limits 
the products available for selection, as development of specific assays for 
each new product is cumbersome and time consuming, if possible at all. 
Label-free detection methods could solve this, and expand the metabolites 
available for selection. One example is Raman-activated droplet sorting, 
using single cell Raman spectra to give a snapshot of the cell’s biochemical 
composition. It has been used for sorting microalgae based on AXT 
production89. As AXT is usually produced intracellularly, cells producing 
AXT have previously been screened using FACS. In the case of microalgae, 
the chlorophyll masks the AXT signal and fluorescence based selection is not 
an option. The throughput is still relatively low at 260 cells/min, but as a 
proof of concept it highlights the method’s potential as a label free screening 
method. 
 
 
Droplet based screening compared to other types of screening 
There are several methods for selection of improved cell factory candidates, 
for example fitness based selection by growth on starch plates20. For 
screening based on production, two main alternative methods to droplet-
based screening are used: microtiter plate based systems and FACS. 
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Microtiter plate screening 
Robotic liquid handling systems (Figure 3.6) in combination with assaying in 
microtiter plates remains a widely used method of cell screening. Cell factory 
screens have been performed in microtiter plates based on production of 
small chemicals120, as well as recombinant antibody secretion121. The 
dispensing time of robotic liquid handlers can reach down to a few seconds 
per sample122, and although the throughput is not as high as droplet 
microfluidic screening it has the advantage of many assays being available. 
As an example, robotic liquid handlers can perform assays involving washing 
steps, which are difficult to perform in droplets (although not impossible, as 
discussed in Chapter 2 Droplet microfluidic unit operations). However, 
some limitations to microtiter plate screening still remain, such as reaction 
volumes. 96-well plates are the standard format, but sometimes 384- or 
1536-well plates suitable for smaller volumes are used. Manipulating 
volumes below the microliter range is heavily influenced by evaporation and 
difficult to reliably handle with these systems122. The larger volumes needed 
also increases the time needed for cell culture to reach detectable product 
levels as compared to droplet culture. 
 
Finally, the cost of performing droplet-based screenings is only a fraction of 
the cost of microtiter plate screenings. Agresti et al. compared the 
consumables cost of droplet based screening and microtiter based screening 
of 5 × 107 reactions and calculated that the total cost for the droplet screen 
would be 107 fold lower103. 
 
 

 
Figure 3.6 Examples of robotic liquid handling systems. A. Tecan Freedom EVO, B. BioDot 
Aspirate/Dispense Platform. Reprinted from Ref. 122. 
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Fluorescence activated cell sorting 
Fluorescence activated cell sorting (FACS) is a very high throughput 
screening method, successfully used for screening of e.g. CHO cells for 
improved therapeutic protein production by co-expression with a cell surface 
protein123, and for identifying genes that increase heterologous protein 
secretion yeast surface display124. However, it has traditionally been limited 
to detecting intracellular or cell surface bound compounds. Enzymes and 
enzymatic assay compounds as well as other secreted products diffuse away 
from the cell, losing the genotype to phenotype link and limiting the 
phenotypes available for screening. As discussed in the section Droplet 
microfluidic screening of enzymes, combining FACS with droplet based 
compartmentalization in the form of w/o/w emulsions or hydrogel beads is 
one way of harnessing the benefits of both technologies. 
 

 
Figure 3.7 A. Schematic of droplet FACS versus single cell FACS of Yarrowia lipolytica producing 
riboflavin. B. Intracellular and extracellular riboflavin production before and after sorting shows 
enriched extracellular production for the population selected by droplet FACS. Reproduced from 
Ref. 125. 

 
In a recent paper by Wagner et al., they investigated the difference between 
screening Yarrowia lipolytica for riboflavin overproduction using FACS of 
single cells versus FACS of cells encapsulated in w/o/w droplets125 (Figure 
3.7). They could show that different phenotypes are selected for in the 
respective formats, where FACS selects for intracellular product 
concentration while droplet FACS selects for the extracellular product 
concentration. In this case, intracellular and extracellular product 
concentrations were not strongly correlated, and the variants selected by 
droplet FACS represented the desired production phenotype better. 



CHAPTER 4: PRESENT INVESTIGATION | 39 

 

 
 
 
Chapter 4:  Present investigation 
 
 
Aim of thesis 
The aim of this thesis is to develop droplet microfluidics based methods for 
screening and sorting of cell factories. Evaluating and selecting improved cell 
factory variants is an important step the engineering cycle of cell factories. 
With advances in metabolic engineering, modeling, and strain construction, 
the number of cell factory variants to evaluate is increasing, and 
development of suitable high-throughput screening methods, such as droplet 
microfluidics, is needed. 
 
In Paper I, we investigate the effect of droplet incubation formats on yeast 
metabolite profiles. The cell culture conditions during screening dictates the 
types cell variants favored, and thus the choice of droplet incubation format 
is crucial in the design of droplet workflows for cell factory screening. 
Controlled screening conditions modeled on the end use condition reduces 
screening bias. 
 
In Paper II and III, we use droplet microfluidics to perform screening 
campaigns of cell factory variant libraries. In both papers, libraries based on 
gene attenuation by interference were used, to find engineering targets for 
improved production of two secreted products In Paper II, the cell factory 
screened was the yeast S. cerevisiae and α-amylase was used as a model for 
protein secretion. In Paper III, the cell factory screened was Synecosystis sp., 
based on improved L-lactate production. 
 
In Paper IV, we use microfluidic droplets to confine microcolonies 
originating from single S. cerevisiae cells producing intracellular 
triacylglycerols (TAGs). By screening microcolonies compartmentalized in 
droplets, we present a method combining the throughput of single cell 
screening methods with the reduced impact of cell-to-cell noise of cell 
ensemble analysis. 
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Paper I: Metabolite profiling of microfluidic cell culture conditions 
for droplet based screening 
 
Cells adapt to perturbations in their environment, allowing them to survive 
in ever changing surroundings126. Culture conditions are therefore of great 
importance for cell factory screening, as product formation is influenced by 
the state of the cell. To reduce screening bias, screening should ideally be 
performed under conditions modeled on the end use conditions. This 
presents a challenge for miniaturization, where the screening vessel volume 
could be as much as 15 orders of magnitude smaller than the intended 
production volume. 
 
Here, we present a study of S. cerevisiae metabolism during culture in 
microfluidic droplets. By encapsulating yeast cells in droplets and sampling 
the emulsion over time, temporal changes in key metabolite concentrations 
for different incubation formats were analyzed.  
 

 
Figure 4.1 A) Emulsion incubated in a syringe and in our semi-open incubation format, respectively. 
B-D) Metabolite profiles of pyruvate, ethanol and glycerol over time from S cerevisiae cultured in 
different incubation formats. Blue triangles for droplet incubated in a syringe, yellow for droplets 
incubated in the semi-open format, red inverted triangles for aerobic control, and green circles for 
oxygen-limited control. 
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Two droplet incubation formats were used; a standard format incubating the 
droplets in a plastic syringe, and a new semi-open droplet incubation format 
(Figure 4.1 A). As a reference, two non-droplet yeast cultures were sampled; 
aerobic shake flask culture as well as oxygen limited culture in a syringe. 
Comparing the metabolite profiles, we found that droplets incubated in a 
syringe resembled the oxygen limited control culture, whereas droplet 
incubated in the semi-open format resemble the aerobic control culture 
(Figure 4.1 B, D). This indicates that droplet incubation in a closed syringe 
does not sustain oxygenation during longer cell incubations in these 
conditions, whereas our new semi-open incubation format tested does 
sustain oxygenation. This information is useful in the design of microfluidic 
screening settings for directed evolution of cell factories. 
 
As retained droplet stability during incubation is key to down-stream droplet 
processing such as sorting, we also investigated the size and stability of the 
droplets incubated in the semi-open format and could show that after 10 
days of culture they remained stable with minimal shrinking (Figure 4.2 A-
C). The incubation formats were also tested by incubating the obligate 
aerobe Bacillus subtilis. We could show that when incubated in a syringe, B. 
subtilis did not grow and produce red fluorescent protein, whereas when 
incubated in the semi-open droplet incubation format it did grow and 
produce red fluorescent protein (RFP) (Figure 4.2 D). 

 
Figure 4.2 A-D) Micrographs of droplets incubated in our semi-open droplet formats after 0 h, 24 h, 
and 10 days, respectively. B) Change in fluorescence intensity over time incubating B. subtilis 
expressing red fluorescent protein in droplets in syringe, droplets in wide tube, oxygen limited 
control culture, and aerobic control culture. 
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Paper II: RNAi expression tuning, microfluidic screening, and 
genome recombineering for improved protein production in 
Saccharomyces cerevisiae 
 
Yeast protein production and secretion is controlled by very complex 
pathways. To create improved cell factories, genes regulating these complex 
pathways, and their effect on protein production and secretion, needs to be 
better understood. By exploring gene attenuation, using e.g. RNA 
interference (RNAi) knockdown libraries, the effect of fine modulations of 
gene expressions can be studied, selecting variants with improved protein 
production. This contrasts with the cruder largely digital knock-in, knock-
out modulation of genes, commonly used. 
 
In this paper, we use the enzyme alfa-amylase as a model protein for protein 
production and secretion in yeast, and screen RNAi knockdown libraries for 
improved protein production. We established an in-droplet alfa-amylase 
detection assay compatible with RNAi modulated cells. The screening and 
sorting workflow (Figure 4.3) was applied to two RNAi libraries with 
different knockdown efficiencies.  
 

 
Figure 4.3 The droplet microfluidic screening workflow used for yeast RNAi knockdown library 
screening. Single yeast cells from a yeast RNAi knockdown library were encapsulated in picoliter 
droplets together with a fluorogenic substrate. The droplets were subsequently incubated, allowing 
the cells to produce amylase, which in turn could hydrolyze the fluorogenic substrate and yield a 
fluorescent product. The resulting fluorescent signal was used to sort droplets based by yeast 
amylase production. The sorted droplet fraction was then plated, and used as starting material for 
the next round of sorting. 
 
Following three rounds of droplet sorting, gene targets improving protein 
secretion were identified by direct experimental validation (Figure 4.4 A) 
and enrichment analysis assisted characterization (Figure 4.4 B). The 
expression level effects of seven of the identified RNAi targets were evaluated 
by reconstructing strains with low knockdown, high knockdown, and 
deletion of the RNAi targets (Figure 4.5 A). 
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Figure 4.4 RNAi targets identified from the screening. A) Hits identified by direct experimental 
validation. B) Hits identified by enrichment analysis assisted characterization. Gold bars indicate 
hits from the low knockdown library (LKD-lib) and orange bars indicate hits from the high 
knockdown library (HKD-lib). 
 
The variations in effect on amylase production supports that gene tuning, in 
contrast to strict overexpression or knockout, could be a valuable 
engineering strategy. As a final step, nine of the identified gene targets were 
used for Cas9 mediated genome recombineering, to further improve protein 
secretion by combinatorial gene tuning. 
 

 
Figure 4.5 A) Reconstructed strains with low knockdown (LKD), high knockdown (HKD), and 
deletion (KO) of RNAi targets show varying effects on amylase yield. B) Biological processes 
associated with the RNAi target genes enriched by screening. 

From the enrichment analysis, we could also categorize the genes in the 
sorted fractions the based on the biological processes involved (Figure 4.5 
B). We found that the genes selected in our screening are part of diverse 
cellular processes, primarily associating with metabolism, and protein 
modification, transport, and degradation. This supports that protein 
production is a complex process, and that global approaches screening large 
libraries targeting diverse parts of the genome is a viable engineering 
strategy. 
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Paper III: Droplet microfluidic screening of a Synechocystis sp. 
CRISPRi library based on L-lactate production 
 
Cyanobacteria are photoautotrophic organisms that use light to convert CO2 
into biomass and products. This makes them promising as cell factories for 
sustainable production of biofuels. Synechocysitis sp. has been engineered to 
produce different types of fuels and chemicals10, but is not yet as well 
characterized as other established microbial cell factories, and further 
elucidation of mechanisms involved in product formation is needed. 
 
One approach to achieve this is to create variant libraries targeting the whole 
genome. The feasibility of these global approaches relies on strain evaluation 
by high-throughput screening, as many variants needs to be tested. This 
makes droplet microfluidics, compartmentalizing single cells with their 
secreted products, a suitable screening method for cyanobacteria variant 
libraries based on extracellular products (Figure 4.6). 
 

 
Figure 4.6 Schematic of the workflow for droplet microfluidic screening of Synechocystis sp. 
CRISPRi libraries based on L-lactate production. After inducing sgRNA and dCas9 expression, 
single cells were encapsulated in microfluidic droplets. Subsequently, the emulsion was incubated 
to allow L-lactate secretion, followed by picoinjection of a fluorogenic L-lactate assay mix and finally 
droplet microfluidic sorting of the top 2% most fluorescent droplets. The sorting output was amplified 
by direct PCR, and sequenced to identify CRISPRi targets enriched by droplet sorting. 
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In this paper, we screen and sort a CRISPRi library based on L-lactate 
secretion at different time points (36 h, 66 h, and 72 h) after CRISPRi 
induction (Figure 4.7). As model library screening experiments indicated 
that some cyanobacteria producing more L-lactate failed to recover on agar 
plates, the library screenings were followed by direct PCR of the sorting 
output to amplify the genetic material for sequencing. This allowed the 
identification of high producing non-growing variants. 
 
 

 
 
Figure 4.7 Histograms of lactate signal produced by the CRISPRi library encapsulated as single 
cells in droplets at 36 h, 66 h, and 72 h post CRISPRi induction. The top 2% most fluorescent 
droplets were selected by droplet microfluidic sorting, followed by sequencing to identify enriched 
sgRNAs. 

 
By selecting sgRNAs found among the top 100 most abundant variants in at 
least two out of the five sorted populations (two at 36 h, two at 66 h, and one 
at 72 h post induction), we compiled a list of 49 candidates for further 
investigation. Out of these candidates, 31 targeted gene ORFs and 18 
targeted anti sense RNAs. 
 
Half of the sgRNAs targeted non-annotated proteins, making it difficult to 
interpret their effect on lactate productivity. Among the remaining we found 
several sgRNAs targeting genes involved in electron transport and energy 
metabolism, as well as many targeting regulatory proteins. 
 
As the next step, these CRISPRi targets need to be reconstructed and tested 
experimentally to validate their effect on L-lactate production.  
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Paper IV: Droplet microfluidic microcolony analysis of 
triacylglycerol yields in S. cerevisiae for high throughput 
screening 
 
Isogenic cell heterogeneity is found in all cell populations127, and can be a 
problem when screening very large variant libraries. The underlying 
assumption in single cell screening of cell factory libraries is that each cell 
tested is representative of that genetic variant. Due to cell-to-cell variation 
among isogenic cells, the phenotype of a particular single cell may differ 
drastically from the mean phenotype, leading to large population overlaps 
between genetically different cells in productivity assessments. Cell 
ensemble analysis such as microtiter plate screening on the other hand, does 
provides cell-to-cell signal averaging, but at the cost of sample throughput. 
 
Droplet microfluidics has been used in several cell factory screening 
campaigns128. As droplets can compartmentalize single cells with their 
immediate environment, the method is mostly used for screening based on 
extracellular products. The compartmentalization also makes it possible for 
single cells to proliferate within the droplet, forming spatially separated 
microcolonies. In this paper, we explore using droplet-confined 
microcolonies for analysis of intracellular compounds, as a way to combine 
the benefits of high-throughput screening with signal averaging (Figure 4.8). 
 

 
 
Figure 4.8 Cell ensemble analysis methods such as shake flasks and microtiter plate screening 
provides cell signal averaging, but at the cost of sample throughput and increased volume per 
library member. Single cell sorting methods such as FACS on the other hand, are typically very high 
throughput but sensitive to heterogeneity in isogenic cell populations for accurately sorting cells. 
Droplet microcolonies offers a route towards combining the benefits of both approaches. 
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As a proof of concept, we chose to investigate triacylglycerol (TAG) 
production in Saccharomyces cerevisiae, comparing a high and a low 
producing strain. Establishing the droplet based format for microcolony 
confinement, we added sorbitol to the media to reduce droplet shrinking and 
increase retention of the fluorescent dye. We could also show that this did 
neither reduce the TAG production nor viability of the cells. 
 
To be able to fully harness the potential of droplet microcolonies in a 
screening campaign, we developed an fluorescence area-based sorting 
method that integrates the fluorescence signal of all peaks in an entire 
droplet as the basis for the sorting decision (Figure 4.9 A, B).  
 
 

 
 
Figure 4.9 A) Schematic of a droplet microcolony passing the excitation laser in a channel 
constriction. B) Schematic of the area-based sorting principle. As soon as a drop event is activated, 
all of the peaks within the defined drop event are integrated, and the sorting decision is triggered by 
the integrated fluorescence area surpassing a pre-set threshold. 

 
Finally, we compared single cell flow cytometry analysis and droplet 
microcolony analysis of the two yeast strains. We could show that in a 
hypothetical sorting scenario, accepting 10% of the low producing strain as 
false positives, flow cytometry would select 30% of the high producing strain, 
whereas droplet microcolony sorting would select 38% (Figure 4.10 A, B). 
This represents a modest increase in single cell discrimination, and a basis 
for further staining improvement and use in other staining scenarios.  
 
Furthermore, we could show that fluorescence area-based analysis of droplet 
microcolonies resulted in better strain separation than analyzing 
microcolonies based on the highest fluorescence peak in each droplet (Figure 
4.10 C).  
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Figure 4.10 Overlaid histograms of S. cerevisiae with low (grey) and high (green) TAG production. 
A) Flow cytometry analysis of single cells from shake flask culture. Cutoff (dashed line) at top 10 % 
of low producing population selects 30 % of the high producing population. B) Droplet micocolonies 
analyzed via fluorescent area integration. Cutoff (dashed line) at top 10 % of the low producing 
population selects 38 % of the high producing population. C) Droplet microcolonies analyzed via 
peak fluorescence. 

 
With future development improving the staining efficiency and sorting 
accuracy, fluorescence area-based sorting of microcolonies will be a useful 
complement to single cell screening of intracellular products as it provides 
both signal averaging and high sample throughput. 
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Chapter 5: Concluding remarks 
 
 
The work presented in this thesis aims to contribute to improved droplet 
microfluidic screening methods of cell factory candidates. 
 
In Paper I, we investigated cell culture conditions in microfluidic droplets 
and found that the droplet incubation format has an impact on yeast 
metabolism. Control of cell culture conditions is fundamental to any 
application of droplet microfluidics with living cells. Establishing 
representative cell culture formats for microfluidic droplets is especially 
important for cell factory screening, as the phenotypes favored are impacted 
by culture conditions, i.e. culture conditions dictates the types of hits that 
will be found. Furthermore, by accurately predicting the performance of 
selected cells in larger scale culture at the screening stage, process 
development costs can be reduced. Characterizing droplet workflows can 
allow the development of screens better representing end use conditions, 
allowing more accurate screening. 
 
In Paper II and III, droplet microfluidic screening campaigns of cell factories 
were performed, based on gene interference libraries. Screening libraries 
targeting the whole genome is a promising method for elucidating complex 
phenotypes, as it does not require any a priori knowledge of mechanisms 
involved. Knockout and overexpression libraries have been screened for this 
purpose. Expression levels also have an impact on cell phenotype, and 
tuning gene expression using CRISPRi or RNAi knockdown is a useful 
approach to create variant libraries exploring the effects of gene attenuation 
on a desired phenotype. We use gene attenuation to improve product 
secretion in yeast and cyanobacteria, and believe the method will be used for 
the engineering of many other cell factory types. To fully evaluate the effects 
of expression tuning, each gene targeted needs to be tested at different 
knockdown levels, necessitating even larger variant libraries than for global 
knockdown or overexpression of genes. These new methods for variant 
library creation further increase the need for high throughput screening 
methods. As droplet microfluidic screening of variant libraries offer both 
compartmentalization of secreted products and high sample throughput, it 
remains a relevant strategy for future screening campaigns, especially for 
extracellular products. 
 
In Paper IV, we explore the use of droplet-confined microcolonies for 
analysis of intracellular compounds. Similarly to Paper I, the aim is to 
improve droplet microfluidic screening by making the screening more 
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representative of the phenotype screened for, and maintaining a high sample 
throughput. Cellular heterogeneity is found in all cell populations, and can 
pose challenges when screening very large libraries. Microtiter plate 
screening provides cell-to-cell signal averaging, but at the cost of sample 
throughput. Single cell screening on the other hand, is typically very high 
throughput but relies on the phenotype of each single cell being 
representative of that variant for accurate sorting. With future development, 
such as combining microclononies with reliable biomass markers, I believe 
droplet microcolonies and area-based sorting will be a useful complement to 
single cell screening of intracellular products as it provides both signal 
averaging and high sample throughput. 
 
In conclusion, I believe droplet microfluidics based methods will continue to 
have a place in the cell factory engineering cycle, as it facilitates high-
throughput screening of compartmentalized cells. As more assays 
compatible with droplet microfluidics become available, ideally label-free or 
easily adapted to detect different products, and with continued efforts in 
automating microfluidic workflows, droplet microfluidics will become an 
even more useful tool for cell factory engineering.  
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Abbreviations 
 
 
 
 
AADS Absorbance-activated droplet sorting 
ALE Adaptive laboratory evolution 
AXT Astaxanthin 
BAW Bulk acoustic waves 
BSA Bovine serum albumin 
CHO  Chinese hamster ovary cells 
CRISPR/Cas 
  

Clustered Regularly Interspaced Short Palindromic 
Repeats/CRISPR associated nuclease) 

DEP  Dielectrophoresis 
DLD  Deterministic lateral displacement 
DNA  Deoxyribonucleic acid 
EMS    Ethyl methanesulfate 
FACS  Fluorescence activated cell sorting 
FADS  Fluorescence activated droplet sorting 
GEMs   Genome-scale metabolic models 
HRP Horseradish peroxidase 
LIF Laser induced fluorescence 
mAbs Monoclonal antibodies 
MALDI-MS Matrix-Assisted Laser Desorption/Ionization – Mass Spectrometry 
PCR  Polymerase chain reaction 
PDMS  Polydimethylsiloxane 
PEG  Polyethylenoxide 
PFPE  Perfluoropolyether 
PMT   Photomultiplier tube 
PTMs  Post translational modifications 
RFP Red fluorescent protein 
RNAi RNA interference 
SAW  Surface acoustic waves 
sgRNA Single guide RNA 
SPLs Synthetic promoter libraries 
TAG Triacylglycerol 
UV Ultra violet 
(w/o/w) Water-in-oil-in-water 
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