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Abstract 
 
Droplet microfluidics is an emerging technology for analysis of single cells and 
biomolecules at high throughput. The controlled encapsulation of particles along with 
the surrounding microenvironment in discrete droplets, which acts as miniaturized 
reaction vessels, allows millions of particles to be screened in parallel. By utilizing 
the unit operations developed to generate, manipulate and analyze droplets, this 
technology platform has been used to miniaturize a wide range of complex biological 
assays including, but not limited to, directed evolution, rare cell detection, single cell 
transcriptomics, rare mutation detection and drug screening.  
 
The aim of this thesis is to develop droplet microfluidics based methods for analysis 
of single cells and nucleic acids. In Paper I, a method for time-series analysis of 
mammalian cells, using automated fluorescence microscopy and image analysis 
technique is presented. The cell-containing droplets were trapped on-chip and imaged 
continuously to assess the viability of hundreds of isolated individual cells over time. 
This method can be used for studying the dynamic behavior of cells. In Paper II, the 
influence of droplet size on cell division and viability of mammalian cell factories 
during cultivation in droplets is presented. The ability to achieve continuous cell 
division in droplets will enable development of mammalian cell factory screening 
assays in droplets. In Paper III, a workflow for detecting the outcome of droplet PCR 
assay using fluorescently color-coded beads is presented. This workflow was used to 
detect the presence of DNA biomarkers associated with poultry pathogens in a 
sample. The use of color-coded detection beads will help to improve the scalability 
of the detection panel, to detect multiple targets in a sample. In Paper IV, a novel unit 
operation for label-free enrichment of particles in droplets using acoustophoresis is 
presented. This technique will be useful for developing droplet-based assays that 
require label-free enrichment of cells/particles and removal of droplet content. In 
general, droplet microfluidics has proven to be a versatile tool for biological analysis. 
In the years to come, droplet microfluidics could potentially be used to improve 
clinical diagnostics and bio-based production processes. 
 
Keywords: Acoustophoresis, Biomarker detection, Cell behavior analysis, Cell 
factories, Droplet microfluidics, Droplet PCR, High throughput biology, Label-free 
enrichment, Single cell analysis 
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Thesis outline 
 
This thesis focuses on the development of droplet microfluidics based methods for 
analysis of single cells and nucleic acids. The thesis is written to give an overview of 
some of the important aspects of droplet microfluidics technology and previous 
research relevant to the thesis. The thesis is presented in four chapters. 
 
Chapter 1 gives an introduction to droplet microfluidics technology. It also presents 
some of the important aspects of the technology, which enables development of 
miniaturized biological assays in droplets. 
 
Chapter 2 gives an overview of previous research, focusing on using droplet 
microfluidics technology for analysis of mammalian cells and nucleic acids. 
 
Chapter 3 summarizes the results and research presented in the four papers contained 
in this thesis. 
 
Chapter 4 contains concluding remarks. 
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Chapter 1 
 
Droplet microfluidics 
 
Droplet microfluidics is a subfield of microfluidics, which involves controlled 
generation and handling of water-in-oil emulsions. Immiscible aqueous and 
continuous oil phases are used to create micrometer sized monodisperse aqueous 
droplets that acts as individual reaction vessels. The droplets can be generated and 
analyzed at kHz frequencies, to perform high throughput assays. The ability to 
compartmentalize cells and particles individually in droplets paves way for 
performing millions of reactions in parallel. In addition, the low reagent and sample 
volume consumption in a picoliter droplet, reduces the cost per assay considerably. 
The droplet assays typically involves three steps: generation of droplets, 
manipulation of droplets, and analysis of droplet content. This chapter briefly 
summarizes some of the important technical aspects of droplet microfluidics. 
 
 

1.1 Microfluidic chip fabrication 
 
The microfluidic chips used for generation and manipulation of droplets are most 
often fabricated by soft lithography1 as shown in figure 1.1. The combination of glass 
and Polydimethylsiloxane (PDMS) is the most widely used material composition for 
fabrication of microfluidic chips, due to its low cost, sufficient resolution and ease of 
fabrication. In addition, the gas permeability of PDMS makes it a favorable material 
for biological applications.  
 
The fabrication process begins with spin coating a negative photoresist, commonly 
SU-8 polymer, on a silicon wafer to achieve desired height of the microfluidic 
channel. The polymer is then exposed to UV light through a photo mask containing 
microchannel structures to cross link the polymer. The unexposed polymer is 
dissolved to expose the microfluidic channel structure. The SU-8 patterned channel 
structure is used as a mold to create microfluidic chips in PDMS. A mixture of 
PDMS and curing agent is poured over SU-8 master, degassed and cured at 65°C. 
The hardened PDMS slab is cut out and peeled off from the master. A biopsy punch 
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is used to cut the inlet and outlet ports to the channel. The PDMS slab is then bonded 
to glass slide following surface activation by plasma oxidation, to form a PDMS-
glass microfluidic device. Surface treatment of the microfluidic channels is essential 
to the aid formation of droplets. The surface treatments used include Aquapel2 and 
fluoro-silanes3, which render the channels fluorophilic and hydrophobic. For 
applications that require electric fields to manipulate droplets in a microfluidic 
channel, integrated electrodes can be created either by injecting salt solution4 or 
molten low-melting temperature solder5 into non-connecting channels that define the 
electrodes. 
 
 

1.2 Surfactants 
 
The microfluidic droplets can be stabilized using surface-active agents, surfactants, 
which reduce interfacial tension and slows down the process of droplet coalescence. 
Droplets can be generated in a microfluidic chip without surfactants. However, in the 
absence of surfactants, the droplets will coalesce on contact, due to high surface 
tension6. Surfactants are amphiphilic molecules with hydrophobic and hydrophilic 
moieties. The surfactant molecules organize the oil/water interface and stabilize the 
droplets as shown in figure 1.2 A. This allows the droplets to be manipulated during 
the assay without coalescing (Figure 1.2 B).   
 
Hydrocarbon and fluorocarbon oil are commonly used as carrier phase to create 
droplets. Among them, the fluorocarbon oil has the advantage of better oxygen 

Figure 1.1: Microfluidic chip fabrication. (1) SU-8 photoresist is spin coated on 
silicon wafer to desired thickness. UV light is passed through photo mask 
containing microfluidic channel structure to crosslink SU-8. (2) The unexposed 
SU-8 is dissolved to expose channel structure. (3) PDMS is poured on SU-8 
masters and cured at 65°C. (4) The hardened PDMS slab is peeled off from the 
SU-8 master. (5) PDMS slab and glass slide are bonded after plasma treatment 
to create microfluidic channel. 



  Prem Kumar Periyannan Rajeswari 
 

 17 

permeability and immiscibility with organic compounds, which makes it a favorable 
carrier phase for most biological assays. Fluorinated oils such as Fluorinert FC-40 
(3M) and Novec HFE-7500 (3M) are widely used in combination with Krytox-based 
surfactants7 such as the EA surfactant from RainDance Technologies8. The ability to 
create biocompatible droplets with adequate stability has been key to the 
development of several biological assays in droplets9, 10. An alternative strategy for 
stabilizing droplets uses functionalized nanoparticles to form a Pickering emulsion11.  
 
 

1.3 Unit operations 
 
The wide range of unit operations available in the droplet microfluidics toolbox 
provides a great degree of control over the droplets and their contents. These unit 
operations can be combined to develop complex biological assay. The more common 
unit operations are described briefly in this section. 
 
 
1.3.1 Droplet generation 
 
A defining characteristic of the droplet microfluidics technology is its ability to 
create monodisperse droplets, to create uniform reaction conditions in all droplets. 
The well-established microfluidic channel configurations for generation of droplets 
are flow focusing12 (Figure 1.3 A) and T-junction geometries13 (Figure 1.3 B).  The 
size and throughput of the droplets are controlled by the flow rates of the phases, the 
geometry of the microfluidic channel and interfacial tension. 

Figure 1.2: (A) Schematic illustration of the surfactant stabilized droplets. The 
amphiphilic surfactant with hydrophilic head and hydrophobic tail covers the 
oil/water interface to provide stability to the droplets.  (B) Surfactant stabilized 
droplets remain intact even when packed tightly during the assay. 
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1.3.2 Droplet manipulation 
 
In droplet microfluidics assays, each droplet acts as an individual reaction vessel. 
Similar to assays in test tubes and microwell plates, droplet assays also involves 
multiple steps to add/remove reagents, incubation and sorting. These steps are 
achieved in a controlled fashion using droplet manipulation unit operations. 
 
 
Droplet fission 
 
Droplets can be split in a controlled manner using shear forces created in T-junction 
or branching channels. The size and number of daughter droplets are controlled by 
the geometry of the channel14. Controlled splitting of droplets in to several daughter 
droplets has been accomplished in order to generate different sized droplets 
simultaneously14, change the composition of the contents of daughter droplets15, 16 
and to reduce the volume of the droplet (Figure 1.4 A)17, 18.  
 
 
 
 

Figure 1.3: Configurations of droplet generation nozzles. (A) Flow-focusing 
junction. (B) T-junction. 
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Droplet fusion 
 
Addition of reagent to the reaction vessel is an essential step in many biological 
assays. In droplet assays, the difficulty in adding reagent to a droplet arises from the 
stability provided by the surfactants. In order to add reagents, the surfactant layer 
surrounding the droplet has to be disrupted when it comes in contact with the reagent 
droplet. The most common strategy for inducing droplet coalescence is to use an 
electric field to temporarily destabilize the surfactant layer when two droplet comes 
in contact19. The channel geometry and the size of the droplet both play important 
roles in ensuring one-to-one droplet merger. By optimizing the flow rate and size of 
the droplets, the smaller reagent-containing droplet can be fine-tuned to catch up the 
larger droplet, within close proximity to the integrated electrodes, in order to enable 
controlled one-to-one fusion (Figure 1.4 B)20, 21. Controlled merging of three droplets 

Figure 1.4: Droplet manipulation unit operations: (A) Droplet splitting. (B) 
Droplet fusion. (C) Picoinjection. (D) Droplet incubation in deep channels. (E) 
Droplet sorter module. Part A: Reprinted with permission from (Ref 17). 
Copyright (2013) American Chemical Society. Part B & D: Reproduced from 
(Ref 21 & 27 respectively) with permission of The Royal Society of Chemistry. 
Part C & E: Reprinted with permission from (Ref 22 & 34 respectively) 
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in a microfluidic chip has also been reported18. However, the greatest challenge in 
achieving one-to-one merger of droplets is to synchronize the frequency of delivery 
of the two droplet populations so that they come into contact in the proximity of the 
electrodes. 
 
Picoinjection is an alternative method for adding reagents to droplets, without the 
need for synchronized droplet delivery. In the picoinjection module, the reagent 
solution is injected through a side channel and comes into contact with the re-injected 
droplets close to the electrodes5, 22, 23. When the electric field is activated, the reagent 
solution merges with the re-injected droplets it comes in contact with, for controlled 
addition of reagents to all droplets (Figure 1.4 C). The re-injected droplets should be 
equally spaced to ensure that all droplets are injected with same amount of reagent. 
The compatibility of picoinjector module for biological assays has also been 
reported5, 24. 
 
 
Droplet incubation 
 
Droplets can be incubated both on-chip and off-chip depending on the requirements 
of the assay. Droplets can be stored sequentially under flow in a channel for less than 
a minute25.  However, increasing the channel length for assays that require longer 
incubation times would also increase the hydrodynamic resistance of the channel. To 
overcome this issue, devices with wider and deeper incubation channels for on-chip 
incubation of droplets have been reported (Figure 1.4 D)26, 27. However, droplets in 
these devices loose their sequential order and have variable incubation times. For 
applications such as droplet PCR and cell cultivation in droplets, which requires 
longer incubation periods, off-chip incubation of droplets is desired. Droplets have 
been collected in PDMS-sealed PCR tubes for thermocycling and re-injected with 
sufficient emulsion stability28. For cell cultivation in droplets, droplets are generally 
collected in a syringe and incubated at optimum temperature. Alternative methods for 
droplet storage in storage vessels with continuous exchange of carrier phase to 
improve oxygen transport during cell cultivation has also been demonstrated29. 
 
 
Droplet sorting 
 
Droplet sorting unit operations facilitates enrichment of droplets of interest from a 
large heterogonous population of droplets. Droplet sorting has been achieved by 
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active and passive techniques. Active sorting of droplets of achieved by triggering 
migration of droplets perpendicularly to the direction of the flow using external 
forces such as electric field acting on charged droplets30, laser beam31, surface 
acoustic waves32, 33 and dielectrophoretic actuation (Figure 1.4 E)34, 35. Sorting 
frequency of up to 30 kHz frequency has been achieved using dielectrophoretic 
forces36. Passive sorting of droplets in microfluidic devices has been carried out by 
enriching droplets based on droplet size differences using slanted pillar arrays37 and 
by using the hydrodynamic flow profile in microfluidic channels38. 
 
 
1.3.3 Droplet content analysis 
 
The outcome of the droplet microfluidic assay can be determined by analyzing the 
contents of the droplets. Fluorescence-based assay have been the most prevalent 
method for analysis of droplets since it is suitable for analysis of droplets at high 
throughput. For on-chip fluorescence analysis of droplets, laser-induced fluorescence 
(LIF) technique is commonly employed. In this technique, laser light sequentially 
excites droplets flowing in a microfluidic channel and the emitted fluorescence is 
recorded using photomultiplier tube modules (PMTs)39. Fluorescence microscopy 
imaging is an alternative for analyzing large numbers of droplets simultaneously. By 
packing droplets in a microfluidic chamber, fluorescence imaging of 1 million 
droplets has been performed40. Other fluorescence-based techniques like fluorescence 
polarization41 and Förster Resonance Energy Transfer (FRET)42 have also been used 
droplets analysis. Bright field imaging techniques have also been used for analyzing 
droplet contents43.  
 
In some studies, droplet contents mostly nucleic acids have been captured on beads 
on analyzed by flow cytometer44, 45. Recently oligonucleotide-barcoded beads have 
been used to capture transcripts from single cells and analyze them in next generation 
sequencing (NGS) instruments46, 47. In addition, a number of analytical techniques 
such as mass spectrometry48 and Raman spectroscopy49 have also been used for 
analysis of droplets. 
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1.4 Single particle encapsulation in droplets 
 
Single cell and single molecule analysis in droplet microfluidics platform relies on its 
ability to encapsulate the particles individually in droplets. The encapsulation of 
particles in droplets is a random process and follows Poisson distribution: 
 

𝑃(𝜆, 𝑘) =
𝜆!𝑒!!

𝑘!
 

 
Where λ is the average number of particle per droplet, k is the number of particle in a 
droplet and P is the probability of obtaining k number particles in a droplet. For a 
starting concentration of 1 particle per droplet on average (λ=1), more than 36% of 
the droplets will be empty and about 27% of the droplets will have more than one 
particle, making it a non-ideal starting concentration (Figure 1.5 A). By diluting the 
starting concentration to λ=0.1, the proportion of droplets containing more than one 
particle is reduced considerably to less than 1% (Figure 1.5 A). However, at this 
starting concentration about 90% of the droplets are empty, reducing the efficiency of 
encapsulation. Ordered encapsulation of cells50, 51 and beads52 in droplets has shown 
increased single particle encapsulation efficiency compared to Poisson distribution 
(Figure 1.5 B). 
 
 

Figure 1.5: (A) Poisson distribution statistics for λ=0.1 and 1. (B) Images of 
Poisson distribution and ordered encapsulation of beads in droplets. Droplets 
containing single bead and multiple beads are marked with white circle and 
white square respectively. Reproduced from (Ref 51) with permission of The 
Royal Society of Chemistry. 



  Prem Kumar Periyannan Rajeswari 
 

 23 

1.5 Applications of acoustics in droplet microfluidics 
 
Acoustic forces have been used to manipulate aqueous droplets, which differs from 
the surrounding continuous phase in terms of density and the speed at which sound 
propagates through the droplet. Surface acoustic waves (SAWs) generated by 
electrodes patterned on a piezoelectric substrate, has been demonstrated to control 
the size of droplets during generation53, selectively sort droplets into multiple 
channels32, 54, steer and split droplets55 and merge droplets56. As the name SAW 
suggests, these devices utilize acoustic waves propagating along the surface of the 
piezoelectric material, emanating from the electrodes, to manipulate the droplets. 
Leibacher et al. demonstrated the use of acoustic waves propagating through the bulk 
material, bulk acoustic waves (BAWs), to manipulate droplets for controlled fusion, 
focusing, sorting and medium exchange57. Here the frequency of the BAW was tuned 
to create a standing wave across the droplet channel to manipulate the droplets. 
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Chapter 2 
 
Droplet microfluidics for biological analysis 
 
2.1 Droplet based mammalian cell analysis 
 
The ability of droplet microfluidics platform to compartmentalize cell along with its 
surrounding environment, as an individual unit has been instrumental in development 
of miniaturized mammalian cell assays in droplets. The droplets retain the cellular 
metabolites and prevents cross-contamination between droplets, enabling millions of 
single cells to be screened in parallel. The mammalian cell assays in droplet have 
been focusing on screening cells based on its response to drugs58 and metabolite 
production8, 59. The genomic and transcriptomic analysis of mammalian cells in 
droplets are briefly described in section 2.2. 
 
An extended period of cultivation is essential for drug susceptibility screening assays 
of mammalian cells in droplets. Periodic analysis of the cell viability and 
proliferation during the assay will show the effect of the drug component on the cell. 
Brouzes et al. demonstrated the use of droplet microfluidics platform for screening 
cytotoxicity of human monocytic U937 cells under different concentrations of 
mitomycin C drug as shown in figure 2.1 A58. The viability of the cells was scored 
periodically in droplets using fluorescent dyes that distinguish live and dead cells. 
The viability of the cells was found to be above 80% for 4 days in droplets. The 
viability of the cells during cultivation in droplet is affected by the depletion of 
nutrients and accumulation of toxins secreted by the cell. Köster et al. showed the 
influence of droplet size on viability of hybridoma cells for 6 hours60. The cells in 
larger droplets showed marginally higher survival rate due to availability of more 
nutrients compared to smaller droplets. The mammalian cell studies in droplet have 
mostly been limited to suspension cells, which do not require a solid surface for 
proliferation. Clausell-Tormos et al. studied the viability of both adherent Jurkat cells 
and non-adherent HEK293T cells during prolonged cultivation in droplets61. Though 
some of the reported studies have achieved good cell viability for extended 
cultivation period, achieving continuous proliferation of mammalian cells has been 
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mostly elusive. Marginal cell growth was observed in the studies reported by Brouzes 
et al.58 and Clausell-Tormos et al.61. However, the versatility of the droplet 
microfluidics platform can be improved further by increasing the proliferation rate of 
mammalian cells in droplets.   
 

Figure 2.1: (A) Cytotoxicity screening workflow. Fluorescently coded droplet-
library of drug compound was fused with cell-containing droplets. After 
incubation, the droplets were fused with viability assay reagent. The viability of 
the cells and the compound-code were then detected on-chip. (B) Droplet ELISA 
for detection of cell surface protein biomarkers. The cells were labeled with 
enzymes using a biomarker-specific antibody. The cells were then encapsulated 
with fluorogenic substrate, which produces fluorescence signal upon incubation. 
Part A: Reprinted with permission from (Ref 58). Part B: Reprinted with 
permission from (Ref 8) © Wiley-WCH Verlag GmbH & Co. KGaA. 
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Joensson et al. reported a sensitive ELISA in droplets for analyzing human-
monocytic surface-protein biomarkers as shown in figure 2.1 B8. The high-
throughput screening capability of mammalian cells in droplets was further 
demonstrated by El Debs et al.59. They reported an integrated assay for screening 
monoclonal antibody producing hybridomas from a background of excess of 
unrelated hybridomas, based on the activity of the secreted antibodies59. Similarly, 
the heterogeneity analysis of cytokine secretion by individual T-cells was reported 
both in droplets62 and in agarose beads63. Mongersun et al. presented a proof-of-
concept time-series analysis of lactate production by individual cancer cells, which 
can serve as a marker for the progression or recurrence of the disease64.  
 
 

2.2 Droplet based nucleic acid analysis 
 
2.2.1 Droplet PCR 
 
Polymerase chain reaction (PCR) is a molecular biotechnology tool developed by 
Kary Mullis in 1983 for amplification of specific DNA sequences65. It uses short 
target-specific DNA fragments known as primers and DNA polymerase enzymes to 
select and exponentially amplify the target DNA region by thermal cycling. PCR 
techniques has been widely used and developed for various biological applications in 
the last three decades.  
 
Emulsion PCR (emPCR) is a variant of PCR, that plays a pivotal role in some of the 
next-generation sequencing (NGS) platforms such as Roche’s 454, Life 
Technologies’ SOLiD and Ion Torrent sequencing. The working principle of emPCR 
is based on dilution and compartmentalization of template DNA in polydisperse 
water-in-oil emulsion prior to amplification, to limit the number of template in each 
droplet to one or a few copies66. The physical isolation of template DNA in droplets 
helps emPCR to minimize the amplification bias and unspecific amplifications, 
compared to conventional PCR technique67. emPCR is also used in BEAMing 
technology for detection and quantification of variations in genes and transcripts68. 
 
With the advent of microfluidic generation of monodisperse droplets, an improved 
variant of emPCR for sensitive amplification of single DNA69 and RNA70 molecules  
was developed. In this thesis, the term droplet PCR (dPCR) will be used to denote 
the PCR amplification carried out in monodisperse droplets that were generated on 
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microfluidic chips. As in the case of emPCR, the template DNA is diluted prior to 
partitioning in droplets, to limit the number of template DNA in each droplet to one 
or none. The droplets are probed after thermocycling to count the number of droplets 
containing PCR products, which represents the number of template DNA in the 
sample. Figure 2.2 shows schematic workflow of dPCR. The homogeneity in droplet 
size generated in microfluidic chip gives better control over the partitioning of 
template DNA in dPCR, compared to emPCR. The amplification of templates in 
dPCR has so far been achieved by thermocycling the entire microfluidic chip69, 70, or 
by flowing droplets through different temperature zones in the chip71, 72, or most 
commonly by off-chip thermocycling after collecting the droplets in tubes44, 73. 
 
In less than a decade since Beer et al. demonstrated sensitive amplification of single 
copy DNA molecules using dPCR69, droplets microfluidics platform has been used 
for performing a wide range of nucleic acid analysis. Few years later, Mazutis et al. 
showed the versatility of the droplet microfluidics platform by performing isothermal 
amplification of single DNA molecules in droplets74. The sensitivity and specificity 
offered by droplet microfluidics platform for amplification of nucleic acids has been 
utilized for detection of rare mutations and for targeted enrichment of genomic loci 
of interests for NGS.  
 
 
 
 
 

Figure 2.2: The droplet PCR workflow involves three steps. (1) The sample 
undergoes limiting dilution prior to compartmentalization in droplets along with 
PCR reagents and target-specific TaqMan probes. (2) DNA amplification by 
thermocycling of emulsion. (3) The droplets are analyzed to detect the number of 
positive droplets (green), which represents the amount of target DNA present in 
the starting sample. 
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2.2.2 Detection of rare mutations 
 
The biggest challenge in detecting rare DNA mutations that are associated with 
development and progression of diseases is to sensitively detect mutated DNA from a 
background of large numbers of non-mutated DNA. Pekin et al. developed dPCR-
based assay for sensitive and quantitative detection of mutations in KRAS oncogene 
from a large background of wildtype genomic DNA (Figure 2.3)28. In this assay, the 
genomic DNA was compartmentalized in millions of picoliter droplets along with 
PCR reagents and two different TaqMan probes that are specific for the mutant and 

Figure 2.3: KRAS mutation detection workflow. The genomic DNA was 
encapsulated in droplets together with PCR reagents and TaqMan probes 
specific for the wild-type and mutant genes. The droplets were thermocycled off-
chip and reinjected in to a microfluidic chip to sequentially analyze the 
fluorescence signal of the droplets. The droplets containing wild-type and mutant 
genes were identified by red and green fluorescence signal respectively. 
Reproduced from (Ref 28) with permission of The Royal Society of Chemistry. 
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wild type DNA. After amplification, the droplets containing mutant and wild type 
DNA were determined by the green and red fluorescence signals produced upon the 
hydrolysis of the respective TaqMan probes. The technique enabled sensitive 
detection of mutated KRAS genes in several cancer cell lines and quantification of a 
single mutant gene in the background of 200 000 wild type gene. They further 
demonstrated screening of 6 common mutations in KRAS oncogene in a single 
experiment, by using six different mutation-specific TaqMan probes. Taly et al. 
presented a similar approach to detect and quantify 7 common mutations in KRAS 
oncogene from circulating tumor DNA in clinical plasma sample75. Two panels of 4- 
and 5-plex dPCR assays were developed to analyze mutations in the plasma samples 
and they were compared with the results obtained from conventional qPCR diagnosis 
of DNA from tumor biopsy. The dPCR analysis detected matching KRAS mutations 
in 14 out of 19 patient. This study shows the applicability of dPCR to screen for 
multiple mutations in clinical samples. 
 
To overcome the limitation of spectral overlap of fluorophores while using different 
fluorescent probes in a multiplex assay, Zhong et al. presented a solution to perform 
5-plex dPCR assay using just 2 different fluorophores73. By varying the 
concentrations of fluorescent probes of the same color, they demonstrated accurate 
detection of copy number of two genes and genotyping of a single nucleotide 
polymorphism based on fluorescence color and intensity. Shuga et. al. used a hemi-
nested dPCR approach to quantitatively measure the concentration of a rare 
chromosomal translocation, which serves as biomarker for follicular lymphoma76.  
The hemi-nested dPCR workflow involved a pre-amplification step to increase the 
concentration of target sequence prior to dPCR. The pre-amplification step helped to 
improve the sensitivity of the assay and offered quantitative detection down to the 
lowest concentration of approximately 10-6 copies of translocation per genome. 
 
 
2.2.3 Target enrichment for next-generation sequencing 
 
Enrichment of a genomic region of interest helps to improve the speed and resolution 
of NGS while brining down the sequencing cost. Tewhey et al. initially demonstrated 
the use of dPCR for enrichment of multiple genomic regions in parallel for NGS77.  
In this workflow, droplets containing primer libraries of about 4000 target specific 
primer pairs were fused with droplets containing fragments of genomic DNA 
template, to perform 1.5 million amplification reactions in parallel. Upon NGS, the 
dPCR-based target enrichment approach was found to have high uniformity in 
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coverage of the targeted genomic regions, which aided in higher variant detection 
rate compared to other enrichment methods. To further improve the enrichment of 
target sequences, Eastburn et al. developed a TaqMan dPCR workflow to identify the 
droplets containing desired target sequences by amplifying a short fragment of the 
target regions as shown in figure 2.478. The TaqMan positive droplets were then 
enriched by sorting and collecting the highly fluorescent droplets. The enriched 
genomic DNA was isothermally amplified for NGS to overcome the errors and bias 
associated with PCR amplification. 
   
 
2.2.4 Single cell genomic and transcriptomic analysis 
 
The ability of droplet microfluidics platform to perform PCR and reverse 
transcription PCR (RT-PCR) reactions in millions of droplets in parallel has been 
widely used for whole genome amplification and gene expression analysis of single 
cells. The whole genome amplification of single cells using multiple displacement 
amplification (MDA) technique in droplets has been shown to improve the 
sequencing coverage and accuracy compared to conventional MDA79-81. The physical 
isolation of genomic DNA fragments from a single cell in thousands of droplets 
improved the amplification uniformity, which is essential for achieving good 
sequencing coverage. Lim et al. presented a dPCR assay for enriching rare and 
uncultivable microbes from a heterogeneous microbial mixture using target-specific 
TaqMan probes4.  

Figure 2.4: Droplet based target enrichment workflow. The genomic DNA was 
mixed with PCR reagents and TaqMan probes specific for the genomic loci of 
interest, prior to encapsulation in droplets. The droplets were thermocycled off-
chip and reinjected into a sorting chip, where the TaqMan positive droplets were 
sorted and enriched. The enriched DNA was purified and NGS analysis was 
performed. Reprinted with permission from (Ref 78). 
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Droplet based RT-PCR has been used for transcriptomic studies of large number of 
single cells. Eastburn et al. utilized the robustness of the droplet microfluidics 
platform to perform RT-PCR in about 50,000 cells in parallel, to detect target cells 
from a heterogeneous cell population17. Tao et al. showed the versatility of the 
droplet RT-PCR assay by characterizing single recombinant viral RNA82. 
Rakszewska et al. presented a hydrogel bead based assay for quantification of 

Figure 2.5: Single cell transcriptomic analysis. A large number of single cells 
were encapsulated in droplets along with lysis reagent, reverse transcription 
reagent (only in B) and capture beads (A) / hydrogels (B) containing uniquely 
barcoded primers. Upon cell lysis, the transcripts were captured by the primers. 
The cDNA synthesized from the captured transcripts were used as templates to 
prepare sequencing library. The synthesized cDNA contains droplet-specific 
DNA barcode, which helps in determining the origin of the transcript from the 
sequencing data. Image permission. Part A & B are reprinted with permission 
from (Ref 46 & 47 respectively). 
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expression profile of two genes83. Macosko et al. and Klein et al. presented similar 
approaches for single-cell RNA sequencing (RNA-seq) in droplets as shown in figure 
2.546, 47. In these studies, unique barcoded primers were used in each droplet, to 
determine the origin of the transcripts from the sequencing data. These methods were 
used to detect rare cell populations among tens of thousands of single-cells based on 
their gene expression profiles. 
 
 
2.2.5 Other applications 
 
The clinical applicability of dPCR has been further demonstrated by quantitatively 
assessing the integrity of DNA extracted from lung adenocarcinoma tissues84. In this 
assay, a multiplex dPCR workflow was developed to determine the amount of 
amplifiable DNA of different lengths present in the sample. The potential of dPCR to 
enrich and screen genes based on the activity of the enzymes encoded by the genes 
was shown by Fallah-Araghi et al.85. About 500-fold enrichment of the enzyme 
coding gene was achieved using this high-throughput in vitro gene screening 
platform and it also enabled screening of over one million genes in less than one 
hour. To improve the throughput of dPCR analysis, Hatch el. al. presented an 
integrated device that could perform both end-point and real time PCR reactions in 
about 1 million droplets by fluorescence imaging40.  
 
The dPCR assays requires prior knowledge of the DNA sequences to perform the 
analysis. In an effort to overcome this, Abate et al. presented a high-throughput 
genotyping method to analyze DNA sequences using a FRET-based ligation assay86. 
By barcoding droplets containing different sets of FRET probes with distinctive 
concentration of fluorescent dyes, they could discriminate the probes that were 
highly complementary to the template and the non-complimentary ligation arising 
from even a single-base mismatch. Though this system offers potential to be used for 
detecting unknown sequences by expanding the assay to include more probes of 
varying length and all possible sequence combinations, the spectral overlap of 
fluorophores will ultimately limit the number of probes that can be used in the assay. 
Lan et al. recently presented a droplet microfluidics approach for barcoding 
fragments of single DNA molecules to perform deep sequencing18. The 
fragmentation and barcoding of DNA molecules in droplets helped to identify rare 
mutations and overcome the sequencing errors associated with long-read NGS 
platforms.  
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The field of nucleic acid processing in droplets has seen commercial interests in 
recent years and some of the major companies are: RainDance Technologies offers 
systems for performing dPCR analysis and target enrichment for NGS; Bio-Rad 
provides a system for dPCR analysis and an integrated system (GnuBIO) for target 
enrichment and sequencing; 10X Genomics offers a droplet-based platform for 
genomic analysis of large number of single cells. 
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Chapter 3 
 
Present investigation 
 
The aim of the research described in this thesis was to develop droplet microfluidics 
based methods for analyzing mammalian cells and nucleic acids. This chapter briefly 
describes the techniques developed to improve the functionality and overcome some 
of the limitations of droplet microfluidics platform. 
 
In Paper I, a droplet microfluidics platform for automated tracking and viability 
assessment of hundreds of single mammalian cells over time is presented. This 
platform can be used for studying dynamic behavior of mammalian cells in droplets.  
 
In Paper II, the influence of droplet size on cell division and viability of mammalian 
cells during long-term cultivation in microfluidic droplet is presented. Achieving 
continuous cell division during long-term cultivation will allow droplet microfluidics 
to be used for screening mammalian cell factories. 
 
In Paper III, a droplet microfluidics workflow for fluorescent color-coded bead 
based readout of droplet PCR assay is presented. The presented technique offers 
scalability to detect more pathogens in the detection panel. 
 
In Paper IV, a unit operation for label-free focusing and enrichment of 
microparticles and cells in droplets using ultrasound is presented. This technique 
could be used for developing droplet microfluidics assays that require label-free 
enrichment of cell or particles in droplets. 
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Paper I: Automated analysis of dynamic behavior of single 
cells in picoliter droplets 
 
The applications of droplet microfluidics have mostly been limited to single-time-
point analysis of droplets to determine the outcome of the assay. Though single time 
point analysis is suitable for most applications, it does not provide sufficient 
information for analyzing dynamic processes like cell behavior. In order to study the 
changes in cellular response to other cells, drugs, biological or environmental factors, 
the cells have to be analyzed continuously over time. 
 
In Paper I87, droplets containing cells were trapped in a static array of traps on a 
microfluidic device. The traps provided defined location for the droplets and enabled 
continuous monitoring by imaging for 11 hours to study the change in viability of the 
trapped cells over time. With the use of automated microscopy and image analysis 
approach, hundreds of cell containing droplets were imaged for 11 hours and the 
viability of the cells were scored over time. A schematic representation of the 

Figure 3.1: Workflow for automated analysis of cell viability over time. (A) 
Calcein AM stained cells were mixed with ethidium homodimer and encapsulated 
in droplets. (B) The droplets were trapped in trapping chamber. (C) The droplets 
were imaged every 17 minutes for 11 hours. The acquired images were then 
analyzed to observe the change in cell viability over time. In this example, cell in 
droplet #1 stayed viable for n hours, whereas the cell in droplet #2 died at time 
point t=3. Reproduced from (Ref 87) with permission of The Royal Society of 
Chemistry. 
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workflow is shown in figure 3.1. 
 
Human embryonic kidney cells (HEK 293T) were stained with calcein AM for 
labeling live cells. The stained cells were encapsulated in 22 pL droplets with growth 
medium and ethidium homodimer in a microfluidic chip with flow-focusing 
geometry. The live cells convert non-fluorescent calcein AM to green fluorescent 
calcein due to esterase activity and once the cells die, ethidium homodimer permeates 
the plasma membrane and emits strong red fluorescence on binding with DNA. The 
generated droplets were trapped in the trapping chambers that were fabricated in the 
chip. 
 
Brightfield and fluorescence image of the droplets were acquired every 17 minutes 
for about 11 hours using a fluorescence microscope with an automated stage. An 
image analysis approach was developed to analyze the large set of images acquired. 
Initially, the droplets were identified from the brightfield image using circular Hough 
Transform based feature extraction method (Figure 3.2 B, E). The binary mask of the 
detected droplets was used to define the traps in the fluorescence image and the 
fluorescent cells inside the traps were segmented from the background (Figure 3.2 C, 
F).  The green and red fluorescence intensities of the cell along with its area were 
calculated from the segmented object. Sliding window algorithm was used to 

Figure 3.2: Automated detection of droplets and cells. (A, D) Overlaid brightfield 
and fluorescence images of droplets containing cells. (B, E) Circular Hough 
Transform algorithm was applied to detect droplets from the brightfield images. 
(C, F) Cells were segmented from the fluorescence image by thresholding. Scale 
bar is 20 µm. (G) Sliding window algorithm was applied to estimate the area of 
the cell over time. The number of cells in each droplet was determined by using 
average area of single cell as threshold. Reproduced from (Ref 87) with 
permission of The Royal Society of Chemistry. 
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calculate the area of the cells over time and the number of cells inside a droplet was 
approximated based on the average area of a single cell (Figure 3.2 G).  
 
The viability of the cells was scored over time based on the green (live) and red 
(dead) fluorescence intensities (Figure 3.3 A, B, C). Automated tracking of cells and 
scoring their viability over time showed that above 97% (n = 635) of the cells stayed 
viable during the 11 hours incubation period. In addition, cell death events were also 
observed in a small population of cells (n = 19) during this period. The time-series 
analysis of cellular viability enabled efficient detection of time points when each cell 
death event occurred (Figure 3.3 D). 
 
The automated image analysis approach used in this study had high accuracy in 
counting cells and it was also able to rapidly analyze large image dataset to track the 
change in viability of large of number single cells over time. This integrated platform 
can be used to study dynamic behavior of large number of single cells. 
 
 
 
 

Figure 3.3: Workflow of CHO cell growth analysis in droplets. The cells 
suspended in growth medium were encapsulated in 33 pL, 180 pL and 320 pL 
droplets. The droplets were collected in a glass syringe and incubated at 37 °C 
for 72 hours. The droplets were reinjected in to an imaging chip and brightfield 
images of the droplets were acquired at 0 hour, 24 hours and 72 hours to analyze 
cell division. The viability of the cells was also measured at these time points. 
Reproduced from (Ref 87) with permission of The Royal Society of Chemistry. 
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Paper II: Droplet size influences division of mammalian cell 
factories in droplet microfluidic cultivation 
 
In Paper I, 19 cell death events and no cell divisions were observed during the 11 
hours incubation period in droplets. The relatively small size of the droplet (22 pL) 
inhibits cell division due to very high cell density and lack of adequate nutrients 
required for long-term survival of the cell. Unlike bacteria and yeast cells, long-term 
cultivation of mammalian cells has been difficult to achieve in aqueous droplets. 
Achieving continuous cell division and maintaining high viability during long-term 
cultivation are crucial factors for using droplet microfluidics as a screening tool for 
mammalian cell factories. 
 
In Paper II88, the influence of droplet size on cell division and viability during 72 
hours of cultivation was studied. Figure 3.4 shows the schematic workflow of the cell 
growth analysis. In this study the division and viability of Chinese hamster ovary  
(CHO) cells, the most widely used production host in biopharmaceuticals industry 
for the production of therapeutic proteins was analyzed. CHO cells were 
encapsulated in 33 pL, 180 pL and 320 pL droplets in a microfluidic chip. The 

Figure 3.4: Workflow of CHO cell growth analysis in droplets. The cells 
suspended in growth medium were encapsulated in 33 pL, 180 pL and 320 pL 
droplets. The droplets were collected in a glass syringe and incubated at 37 °C 
for 72 hours. The droplets were reinjected in to an imaging chip and brightfield 
images of the droplets were acquired at 0 hour, 24 hours and 72 hours to analyze 
cell division. The viability of the cells was also measured at these time points. 
Reprinted with permission from (Ref 88). 
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droplets were collected separately in glass syringes and incubated at 37 °C for 72 
hours. To analyze cell division, the droplets were reinjected into an imaging chip and 
brightfield images of the droplets were acquired at 0, 24 and 72 hours time points 
(Figure 3.5 A). The viability of the cells was also measured periodically to monitor 
the change in viability during cultivation in droplets (Figure 3.5 B). 

Figure 3.5: CHO cell division and viability analysis. (A) Representative 
brightfield images of cells in droplets of all three sizes acquired during the 
reinjection steps. Scale bar is 50 µm. (B) The viability of the cells in 33 pL 
droplets dropped to about 50% after 72 hours of cultivation. The viability of the 
cells cultivated in 180 pL and 320 pL droplets were above 95% even after 72 
hours. (C) Cell division in droplets is determined by the increase in the fraction 
of droplets containing 2 or more cells over time: (a) The fraction of 33 pL 
droplets containing more 2 or more cells increased in the first 24 hours of 
incubation and saturated there after. (b, c) In 180 pL and 320 pL droplets, the 
fraction of droplets containing 2 or more cells increased continuously during the 
72-hour cultivation period. Reprinted with permission from (Ref 88). 
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Cell division in droplets was defined by the increase in the fraction of droplets 
containing two or more cells over time (Figure 3.5 C). In 33 pL droplets, the 
experimental data showed increase in the fraction of droplets containing 2 cells from 
5% to 28% in the initial 24 hours of cultivation. However, no considerable difference 
in cell distribution data was observed at the 72 hours time point, indicating saturation 
of cell divisions in the smallest droplets. In addition, the viability of the cells also 
dropped to about 50% after 72 hours, making the 33 pL droplets unsuitable for 
cultivation period longer than 24 hours. In contrast, continuous cell divisions were 
observed in 180 pL and 320 pL droplets, shown by an increase in the fraction of 
droplets containing 2 or more cells after 72 hours. The fraction of 180 pL droplets 
containing two cells increased from 11% to 65% in 72 hours and in the case of 320 
pL droplets, the fraction increased from 17% to 56% during the same time period. 
The larger size of the 320 pL droplets allowed for more cell divisions to occur than in 
the 180 droplets. This was evident from the experimental data showing a larger 
fraction of the 320 pL droplets contained 3 to 4 cells after 72 hours compared to 180 
pL droplets. The viability of the cells cultivated in both these droplets were also 
above 90% after 72 hours, indicating that both droplet sizes are suitable for long-term 
cultivation of CHO cells. The larger size of these two droplets allows the cells to 
undergo several divisions before attaining its maximum cell density. 
 
This study has shown a direct correlation between the size of the droplet to cell 
division and cell viability. The ability to achieve continuous cell divisions and high 
viability during long-term cultivation opens up new possibilities for screening large 
library of mammalian cell factories for production of therapeutic proteins of clinical 
and economic importance. 
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Paper III: Color-coded bead based readout from droplet PCR 
for the detection of pathogen biomarkers 
 
Droplet PCR assays have enabled detection of rare and significant biomarkers from 
clinical samples with high sensitivity and specificity. Target-specific TaqMan probes 
have been commonly used in droplet PCR assay, to detect the droplets containing 
targets of interest. By using different fluorophores to label TaqMan probes, the 
multiplexity of the assay has also been improved. However, the spectral overlap of 
fluorophores, limit the number of targets that can be analyzed in a single assay to 4 or 
5. In paper III, a strategy for droplet PCR assay readout using fluorescent color-
coded Luminex beads that could potentially improve the scalability of the assay is 

Figure 3.6: Workflow of color-coded bead based pathogen biomarker detection 
by droplet PCR. Target DNA was mixed with PCR reagents and encapsulated in 
9 pL droplets. The droplets were collected in a PCR tube and thermocycled off-
chip to amplify the target DNA. The droplets were then re-injected in to a 
picoinjection chip, where lambda exonuclease and detection beads were injected 
in to the thermocycled droplets. Lambda exonuclease enzyme digests the 
phosphorylated strand of the PCR product during incubation. The detection 
beads were recovered from the droplets and the capture of Cy3-labeled target 
DNA strand to the beads were analyzed in a Luminex instrument. 
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presented. 
 
The workflow of the droplet PCR assay for detecting nucleic acid biomarkers of 
some of the common poultry pathogens: Avian influenza virus (AIV), infectious 
laryngotracheitis virus (ILTV) and campylobacter are shown in figure 3.6. The target 
DNA was diluted to specific concentrations to achieve 0.2 or 1 template/droplet on 
average. The PCR reaction mixture was encapsulated in 9 pL droplets with target-
specific Cy3 and phosphorylated primers. After off-chip thermocycling of the 
droplets, they were re-injected in to a picoinjector chip, to fuse them with lambda 
exonuclease and detection beads. The lambda exonuclease enzyme digests the 
phosphorylated DNA strand to improve the hybridization of the Cy3 labeled DNA 
strand to the respective detection beads. The droplets were broken to recover the 
detection beads and analyze the hybridization signal in Luminex instrument. 
 
The analysis of AIV target DNA in different starting concentrations showed high 
specificity of the assay (Figure 3.7). Lambda exonuclease enzyme was crucial for the 
assay since only 2% of the AIV detection beads were classified as positive when it 
was excluded from the assay (Figure 3.7 A). The number of PCR-positive AIV-
detection beads was 7.6 and 76% for starting target concentration that corresponds to 

Figure 3.7: Hybridization assay readout of AIV target DNA detection 
experiments. The gating threshold used to classify PCR positive beads is shown 
by red line. The percentage of positive AIV detection beads in: (A) negative 
control analysis was 2%; (B) 0.2 target DNA/droplet condition, was 7.6%; (C) 1 
target DNA/droplet condition, was 76%. 



  Prem Kumar Periyannan Rajeswari 
 

 43 

0.2 and 1 template/droplet respectively. The increase in proportion of positive target-
specific beads shows high specificity of the hybridization assay, which is critical for 
biomarker detection assays. The extension of the workflow to detect ILTV and 
campylobacter target DNA also showed high specificity of the hybridization assay 
(Figure 3.8). The percentage of positive detection beads was above 80% and 60% in 
the case of ILTV and Campylobacter respectively. The presented approach for 
detecting the outcome of droplet PCR assay using color-coded beads could 
potentially be used to improve the number of targets that can be screened 
concurrently in a single assay. 
 
 
 
 
 
 
 

Figure 3.8: Hybridization assay readout of AIV, ILTV and Campylobacter target 
DNA detection experiments. The starting concentration of target DNA in all the 
experiments was about 1 template per droplet on average. The percentage of 
positive detection beads was: (A) 67.2% for AIV, (B) 80.8% for ILTV, and (C) 
60.5% for Campylobacter 
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Paper IV: Controlled lateral positioning of microparticles 
inside droplets using acoustophoresis 
 
The wide range of unit operations available in droplet microfluidics toolbox has 
enabled miniaturization of several biological assays. Unit operations such as droplet 
splitting, fusion, picoinjection and sorting have allowed controlled manipulation of 
droplets during the assays. However, the lack of a technique for label-free 
enrichment of cells and particles in droplets has limited the application of droplet 
microfluidics for assays that requires exchange of media or washing steps. 
 
In Paper IV15, an acoustofluidic device for label-free manipulation of microparticles 
and cells inside droplets is presented.  In this integrated device, ultrasonic standing 
waves were generated to position cells and particles inside droplets. After controlling 
the position of the particles to the center of the droplet, the droplets were split in a 
trifurcation exit to enrich the particles in the middle droplet. Schematic image of the 
focusing and enrichment of microparticles inside droplet is shown in figure 3.9. 
 

Figure 3.9: Workflow of acoustic focusing and enrichment of microparticles in 
microfluidic droplets. Droplets containing microparticles were generated in an 
integrated microfluidic chip. Acoustic field created by the ultrasonic transducer 
moved the particle to the pressure node at the center of the channel. Finally, the 
droplets were split into three daughter droplets at the trifurcation outlet of the 
channel and the microparticles were largely concentrated in the center daughter 
droplet. Reprinted with permission from (Ref 15). 
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To demonstrate focusing and enrichment of microparticles, aqueous droplets 
containing 5 µm polystyrene beads were generated in a continuous phase of olive oil. 
The piezoelectric transducer attached to the chip was actuated to create λ/2 resonance 
in the main channel. The standing acoustic wave positioned the beads to the center of 
the droplet as shown in figure 3.10.  Following the focusing step a trifurcation split 
of the droplet was performed to enrich the beads in the center droplet. To determine 
the enrichment of beads by acoustic focusing, the concentration of beads collected 
from the center and side droplets were measured.  The analysis showed more than 
10-fold higher bead concentration in the center droplets compared to the side droplets 

Figure 3.10: Acoustic focusing and enrichment of microparticles in microfluidic 
droplets. (A) When the ultrasound was turned off, the microparticles were 
distributed in the entire droplet and no enrichment in daughter droplets was 
observed.  (B) When the ultrasound was turned on, the particles migrated to the 
center of the droplets, leading to particle enrichment in the center droplet after 
splitting. Reprinted with permission from (Ref 15). 
 

Figure 3.11: Acoustic focusing of red blood cells in microfluidic droplets. (A) 
Random distribution of cells in the entire droplet when the ultrasound was turned 
off. (B) The cells were focused in the center of the droplet when the ultrasound 
was turned on. Reprinted with permission from (Ref 15). 
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when the ultrasound was on. 89% of the beads were enriched in the center droplets, 
which was about 1/3 of the original droplet volume. In a control study without the 
ultrasound focusing, no major difference in bead concentration was observed 
between the center and side droplets. 
 
In addition to focusing and enrichment of microparticles, red blood cells were also 
manipulated in droplets. The cells behaved in similar nature and they positioned in 
the center of the droplet when ultrasound was turned on as shown in figure 3.11. The 
ability to focus and enrich cells and microparticles label-free inside droplets 
overcomes one of the major limitations of droplet microfluidics. This tool will be 
helpful in miniaturizing biological assays that requires cell/particle enrichment and 
removal of medium. 
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Chapter 4 
 
Concluding remarks 
 
The research presented in this thesis aims to improve the functionality of droplet 
microfluidics technology to perform single cell and nucleic acid analysis. 
 
Paper I and Paper II focused on analysis of single mammalian cells in droplet 
microfluidics. Towards this end, an automated method for analysis of dynamic 
behavior of large number of individual mammalian cells (Paper I) and some insight 
into improving the cultivation conditions for mammalian cell factories in droplets 
(Paper II) were presented. The method presented in Paper I can be applied for 
analyzing cellular heterogeneity in response to drugs, cell-cell interaction, metabolite 
production and genetic analysis. The mammalian cell analysis relies on the droplets 
to provide suitable cultivation conditions. Paper II presents the influence of droplet 
size on mammalian cell division and viability during a 72-hour cultivation period. 
The ability to cultivate mammalian cells in droplets for an extended cultivation 
period will pave way for droplet microfluidics technology in the screening of clonal 
libraries for improved production of biopharmaceuticals. This could potentially 
improve the process of creating a stable clone in the biopharmaceuticals industry, 
which is expected to become a US$ 200 billion dollar business by 2017. 
  
On the nucleic acid analysis front, Paper III presents a new strategy to read the 
outcome of droplet PCR assay using fluorescently color-coded detection beads. The 
strategy was used to detect the presence of nucleic acid biomarkers associated with 
some of the common poultry pathogens in a sample. The scalability offered by these 
color-coded beads could potentially improve the detection panel, to screen for 
multiple pathogen targets concurrently in an assay. 
 
Paper IV presents a novel droplet microfluidics unit operation for label-free 
enrichment of particles and cells in droplets using acoustics. This technique could be 
applied for both mammalian cell and particle analysis in droplets, to develop 
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miniaturized biological assays that require controlled enrichment or exchange of 
droplet content. 
 
In conclusion, the studies presented in this thesis show the versatility of droplet 
microfluidics technology for biological analysis. During my years as a PhD student, I 
have witnessed the commercialization of droplet microfluidics technology for nucleic 
acid analysis and next generation sequencing by companies such as 10X Genomics, 
Bio-Rad laboratories and RainDance Technologies. The use of droplet microfluidics 
platform for directed evolution of enzyme is also nearing commercial use. The field 
of droplet microfluidics is currently going through an exciting phase and I believe 
that it will create a lasting impression on many sectors of life science in the years to 
come.  
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Abbreviations 
 
BAW  Bulk acoustic wave 
CHO  Chinese hamster ovary cells 
DNA  Deoxyribonucleic acid 
dPCR  Droplet PCR 
emPCR  Emulsion PCR 
FACS  Fluorescence-activated cell sorting 
FADS  Fluorescence-activated droplet sorting 
FRET  Förster Resonance Energy Transfer 
LIF  Laser-induced fluorescence 
HEK  Human embryonic kidney cells 
MDA  Multiple displacement amplification 
mRNA  Messenger RNA 
NGS  Next-generation sequencing 
PCR  Polymerase chain reaction 
PDMS  Polydimethylsiloxane 
PEG  Polyethylene glycol 
PFPE  Perfluoropolyether 
PMT  Photomultiplier tube 
RNA  Ribonucleic acid 
RNA-seq RNA sequencing 
RT-PCR  Reverse transcription PCR 
SAW  Surface acoustic wave 
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